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1. INTRODUCTION
This work has as one of its principal aims the study of peripheral and central mechanisms
pertinent to the neural control of the fatigued muscle. In the introductory part, a general overview of multiple spinal mechanisms relevant for the optimisation of α-motoneuron output according to the demands of the fatiguing motor task will be presented.
Particular attention will be paid to the spinal action of small-diameter afferent fibres,
activated or sensitised by the release of metabolites into the interstitium during sustained
muscle contractions. Finally, a short review of the current knowledge about the intersegmental spread of neural input emerging from small-diameter afferent fibres will be
presented. This spinal inter-segmental spread might represent one of the underlying
mechanisms behind referred muscle pain.

1.1 Peripheral effects of muscle fatigue
1.1.1 Spreading of fatigue-related effects within the muscle tissue
Muscle tension can be graded by varying the number of active motor units (recruitment),
by varying the firing rate and pattern of each motor unit (rate coding), or by both
mechanisms. In both small and large muscles the recruitment mechanism plays a major role at low force levels (Kukulka and Clamann 1981). Type S motor units have the
longest duty periods throughout the day and are active in most muscle activities of
moderate strength and speed. This activity pattern corresponds to their discharge that
acts longer during sustained depolarization (Kernell and Monster 1982a, b; Spielmann
et al. 1993). At high force levels, regulation is achieved mainly by variation in the firing
rate and motor unit rotation. Faster contracting, more fatigable motor units come into
play during stronger and faster contractions.
Since muscle pain can develop in muscles engaged mainly in low-force
contractions, e.g., at less than 5% of the maximal force (Viersted et al. 1993), painful
symptoms do not require the activation of large numbers of motor units. The cause of
pain could be related to the sustained or repeated activation of a few motor units only.
Cinderella muscle fibres is the common term for overloaded muscle fibres, which
belong to the earliest recruited motor units, activated even during low-force contractions
(Fallentin 2003; Hagg 2003) and performing most of the motor task. They are prone to
the loss of Ca2+ homeostasis, which might lead to self-destructive processes within the
muscle tissue (Armstrong 1990). The activation of these fibres is taken to be one of
the causes of work-related myalgia.
However, muscle units should not be considered as isolated entities, not even at
the peripheral level. When studying fatigue in the cat gastrocnemius muscle using
distributed stimulation of isolated ventral root filaments, Kostyukov et al. (2000a, b)
noticed that this pattern of activation usually leads to a fast development of highfrequency fatigue (at rates of 40 s-1 per each of the five stimulated VR filaments) and
a strong suppression of the evoked electromyographic (EMG) activity. However, there
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is no experimental evidence so far as to whether the activation and eventual fatigue of
a few motor units might influence the contractile efficiency of other units. This is a real
possibility since fatigue-related ionic and metabolic changes in the muscle part occupied
by a muscle unit may spread through the interstitium to neighbouring muscle fibres. It
is by now well established that the interstitial fluid plays an important role, both participating directly in the excitation-contraction processes and in ensuring the trophic function.
Thus, in one work presented here experimental evidence of spreading of fatigue effects
within the muscle tissue were explored.

1.2 Central processing of fatigue effects
1.2.1 Muscle wisdom hypothesis
When humans perform a sustained maximal voluntary contraction (MVC), isometric
skeletal muscle force declines rapidly, attesting to the ongoing fatigue process. Twitch
contractile properties undergo changes, especially the relaxation, which slows down at
the same time in the whole muscle, motor units and in muscle fibres (for a review see
Bigland-Ritchie 1993). This leads to a reduction of the activation rates required for
twitch fusion and, thereby, alleviates the need for high activation rates which are
particularly fatiguing (review in Marsden et al. 1983; Gandevia 1993). In fact, the
change in motor unit twitch properties is accompanied by a marked decrease in motor
unit discharge rate. This decrease from initially high values develops over several tens
of seconds (Grimby et al. 1981; Bigland-Ritchie et al. 1983; Peters and Fuglevand
1999). It has been hypothesised that the decline in motor unit activity might serve to
counteract the effects of fatigue by optimising the force output of motor units as their
contractile speed slows down (Bigland-Ritchie et al. 1983; Marsden et al. 1983) and to
protect against neuromuscular transmission failure related to sustained, high motorunit discharge rates (Jones et al. 1979; Marsden et al. 1983).
The suggestion that motoneuron firing rates decline in order to match the motor
unit’s contractile speed was referred to as the ”muscle wisdom” (Marsden et al. 1983).
Although the morphological, biochemical, biophysical and physiological properties of
spinal motoneurons and muscle fibres they innervate are, per se, very well matched
(Kernell 1992), it becomes apparent that the moment-to-moment adjustment can hardly
be achieved on the ground of intrinsic properties of motoneurons, because contractile
and fatigue properties of motor units also depend on peripheral circumstances, e.g.,
muscle length (review in Gandevia 2001). Adjustments to these peripheral circumstances
could be performed using sensory feedback. Thus, the ”sensory-feedback hypothesis”
was proposed (Bigland-Ritchie et al. 1986), suggesting that motoneuron firing rates
during fatigue might be additionally regulated by a reflex originating in response to
fatigue-induced changes in the muscle.
Indeed, there are numerous possible processes at the spinal level, which could
contribute to the decline in motor unit firing rate during MVC. They include intrinsic
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properties of motoneurons, reflex effects exerted by large- and small-diameter afferent
fibres on α- and γ-motoneurons and their presynaptic modulation, recurrent inhibition,
as well as other neuromodulatory influences acting on motoneurons and on the
interneuronal spinal network. The supraspinal level is also relevant because it gives
rise to descending pathways (including the corticospinal pathways) that influence
motoneurons and the processes that possibly control their output.
The temporal dynamic of these multiple processes may vary during fatigue. It
was suggested by Gandevia (2001) that, in the first few seconds of a strong sustained
contraction, the intrinsic properties of motoneurons will drive down their firing rate,
possibly supported by inhibitory reflex effects exerted by Ib afferents from the Golgi
tendon organs in the contracting muscle, recurrent inhibition exerted by the firing
motoneurons onto themselves and ”muscle spindle disfacilitation” resulting from
mechanical unloading of the muscle spindles during muscle contractions. Later, depending
upon the metabolic activity of muscle fibres and upon the extent to which the contraction
is ischaemic, reflex input from small-diameter afferent fibres might become more
important. The potential role of each of these mechanisms in skeleto-motoneuronal
adaptation will be briefly described below, in such a manner that particular attention
will be paid to those spinal mechanisms that were investigated in this work.

1.2.2 Possible role of the intrinsic motoneuronal properties
The tendency to ascribe the decline in motoneuron firing rate during a sustained MVC
to intrinsic properties of motoneurons arises because an injection of a depolarising
current into the soma of a motoneuron generates an initially high firing rate that, in the
course of the following 30s, declines through three different phases, known as initial,
early and late adaptation (Kernell and Monster 1982a, b; Sawczuk et al. 1995). Similar
alterations in motoneuronal activity occur with constant-current stimulation delivered
extracellularly or juxtacellularly (Spielmann et al. 1993). These adaptations seem to be
less pronounced in type S motoneurons than in type F and are governed by different
mechanisms. The initial and early adaptations occur rapidly (providing high firing rates
during intermittent repeated contractions), while the late adaptation takes more time.
Although the firing rate of the motoneurons increases with net driving current, the gain
i.e. the steepness of the frequency-current curve (f-I) of motoneurons decreases with
time (Sawczuk et al. 1995). The time course of the late adaptation was assumed
(Gandevia 2001) to be appropriate for matching motor unit firing rate with the decrease
in required motor unit fusion rate due to the slowing of muscle fibre relaxation during
high-force contractions. The late adaptation might provide the mechanism behind the
decline in motoneuron firing rates when they are driven to maximal or near-maximal
firing rates during maximal voluntary efforts (Gandevia 2001). However, this process
is less likely to occur in intermittent or submaximal contractions, because the motoneurons
are not driven by a constant excitatory input (Garland and Kaufman 1995).
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1.2.3 Reflex action exerted by small-diameter muscle afferent fibres
Potential contributions of differently sized muscle afferents on the reflex inhibition
underlying the decline in motoneurone firing rates during fatigue have still not been
completely unravelled, in particular when it comes to their interactions.
A particular role has been ascribed to the spinal effects arising from group III
and IV afferents (Kaufman et al. 1983; Bigland-Ritchie et al. 1986; Woods et al. 1987;
Garland et al. 1988). The first piece of evidence in favour of causative inhibitory action
of group III and IV muscle afferents was the fact that mean firing rates of populations
of motor units remained depressed during MVCs of the biceps brachii and did not
recover during three minutes of rest while the arm was maintained ischaemic. However,
their firing rate did recover within three minutes after the blood flow had been reestablished (Bigland-Ritchie et al. 1986). The possibility that the loss of excitability at
the neuromuscular junction or sarcolemma was the main mechanism behind the observed
depression of motor units was excluded since the maximal M-wave of the adductor
pollicis (evoked by electrical stimulation of the ulnear nerve) remained constant while
the voluntary EMG was depressed (Woods et al. 1987).
Subsequent studies favoured the concept of reflex inhibition of α-motoneurons
during fatigue. When the excitability of the homonymous motoneurons was assessed
using the H (Hoffmann) reflex during fatigue of the soleus muscle under ischaemic
conditions, the H-reflex became reduced significantly. By contrast, ischaemia alone,
and electrical stimulation without ischaemia failed to induce a reduction in the H-reflex
(Garland and McComas 1990). In another study, compression of the sciatic nerve was
used to preferentially block large fibres, as estimated by the absence of the soleus Hreflex (Garland 1991). In subjects in whom the block remained stable (and the Hreflex vanished) the EMG during MVC declined. On the other hand, Bigland-Ritchie
et al. (1992) found no difference in motoneuron discharge rate when the twitch
contractions were slowed by a change in muscle length.
1.2.3.1 Properties of small-diameter muscle afferent fibres
The properties of small-diameter muscle afferent fibres are well suited for monitoring
of the peripheral effects of muscle fatigue. The free nerve endings of group III and IV
muscle afferents are abundant and widely distributed throughout the muscle. These
afferents are normally silent or maintain low background discharge rates (<1Hz in
cat). They comprise a polymodal group of fibres which respond to muscle stretch,
palpation and contraction (Mense and Stahnke 1983; Hayward et al. 1991), changes in
temperature as well as muscle ischaemia (Kaufman et al. 1983; Mense and Stahnke
1983; Kaufman et al. 1984; Kaufman and Rybicki 1987). Their discharge could be
increased during strong contractions and fatigue, particularly if the contraction pattern
and its intensity disturb muscle perfusion. They respond to the release of metabolites
into the interstitial fluid. Many are chemically activated and/or sensitised by muscle
metabolites and/or inflammatory substances such as the potassium ions, lactate,
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histamine, arachidonic acid and bradykinin (Mense 1993; Le Bars and Adam 2002;
Decherchi and Dousset 2003). Fatigue-induced activation of group IV muscle afferents
(Darques and Jammes 1997) appears to be mediated by the interstitial release of lactic
acid and inflammatory substances (Darques et al. 1998). Muscle ischaemia, maintained
after the contraction, sustains the discharge of many small-diameter muscle afferents
(Mense and Stahnke 1983). It may increase their stretch sensitivity (Hayward et al.
1991) but at the same time reduce their contraction sensitivity (Mense and Stahnke
1983). Muscle ischaemia maintained after the contraction prevents the contractioninduced elevation in blood pressure from returning to control levels. The remaining
elevation is the result of a reflex, supported by the firing of small-diameter muscle
afferents (Kaufman et al. 1982). Monitoring of blood pressure is widely used in human
experiments to indirectly estimate fatigue- and ischaemia-induced activation of group
III and IV muscle afferents.
On the other hand, acute hypoxaemia, which enhances nitric oxide (NO)
production, depressed the activation of group IV afferents following muscle fatigue
induced by low-frequency direct muscle stimulation (Arbogast et al. 2000). Endogenous
NO production in a resting muscle attenuated the spontaneous activity of group IV
muscle afferents and their activation after repetitive muscle contractions (Arbogast et
al. 2001).
It has also been proposed that some of these fibres could detect changes in pH
values of the interstitium while other endings appear to monitor vasodilatation within
the muscle and perhaps respond to the changes in local fluid volumes and intramuscular
pressure (Paintal 1960).
Taken together, the described data might be considered as evidence supporting
the assumption that small-diameter afferent fibres comprise the afferent arm of muscle
fatigue-induced inhibitory reflex on α-motoneurons.
1.2.3.2 Effects of small diameter afferent fibres on skeleto-motoneuron
afterhyperpolarization
It is still not entirely clear whether the activation of group III and IV afferents during
long-lasting fatiguing contractions might influence intrinsic motoneuron properties. The
changes in motoneuronal adaptation characteristics may result from changes in (a)
baseline membrane potential, (b) afterhyperpolarization (AHP) and (c) input resistance.
Changes in (a) baseline membrane potential correspond to the changes in bias, whereas
changes in (b) AHP and (c) input resistance correspond to the changes in the intrinsic
parameters determining motoneuronal gain in response to synaptic inputs (Windhorst
et al. 1997a). The duration of AHP is a major determinant of the rate of maintained
motoneuron discharge (Kernell 1965), and its time-course and magnitude are important
for the motoneuronal gain. It should be assumed that if the changes in AHP contribute
to the adaptation during long-lasting fatiguing contractions, AHP area and amplitude
should be enhanced and its duration prolonged. However, the activation of
chemosensitive group III and IV muscle afferents (by intra-arterial injections of meta-

9

bolites such as bradykinin and serotonin into feline calf muscles) reflexly reduced AHP
amplitude and area, while AHP decay time-constant increased (Windhorst et al. 1997a).
These effects result partly from the reduction in cell input resistance in parallel with
the increased synaptic input. It is concluded that fatiguing muscle contractions, by
eliciting an activation of group III and IV, evoke a facilitation of the synaptic input to
the motoneurons and a change in their AHP properties. These changes per se tend to
diminish the effect of AHP on motoneuronal discharge.

1.2.4 Muscle spindle afferent fibres input
Feedback from large-diameter afferent fibres has also been suggested to modulate
motor unit discharge rate. Large-diameter muscle afferents seem to be optimally suited
to monitor the change in motor unit contractile properties during fatigue (Windhorst
and Kokkoroyiannis 1991). Muscle spindle Ia afferents are highly sensitive to small
muscle fibre length changes, usually responding to twitch contractions of even single
motor unit with a reduction in the firing rate. However, it should be noted that during
voluntary isometric contractions muscle spindle endings are also recruited by fusimotor
and skeletofusimotor neuronal activity (Vallbo 1971; Burke et al. 1979; Wilson et al.
1997). The firing rate of Golgi tendon organs (GTO) increases in response to single
motor unit contractions. It is assumed that the changes in the discharge pattern of
GTOs might reflect the changes in the activation and recruitment of motor units during
fatigue, but the role of GTOs in muscle fatigue still remains unclear.
The initial microneurographic recordings demonstrated that the discharge rate of
muscle spindle endings during static voluntary effort at submaximal intensities declines
at first rapidly, and then slowly (Vallbo 1974; Macefield et al. 1991).
The first direct measure of spindle afferent activity in humans during fatigue
indicated a decline in their discharge rate, which might lead to α-motoneuron
disfacilitation. Sustained voluntary contractions of human ankle dorsiflexors lasting a
minute, at submaximal intensities (up to 30% of MVC), were associated with a decline
in the discharge rate in 72% of spindle endings, recorded from the peroneal nerve
(Macefield et al. 1991). It might be expected that in such circumstances the level of
fatigue was minimal, although the EMG required to maintain the target force increased,
suggesting that these contractions were indeed fatiguing. Furthermore, spindle afferents
with the highest initial discharge rate showed the most prominent decline (Macefield et
al. 1991; Macefield et al. 1993). Even during fatiguing conditions the afferents could
still respond to stretch by increasing their discharge rate, which suggests that they
preserve the susceptibility to local length changes and to theγ-drive.
Bongiovanni and Hagbarth (1990) recorded single motor unit discharge during
one-minute maximal voluntary contraction of ankle dorsiflexors, while the tendon vibration of the m. tibialis anterior lasted 20 - 25 s. During the MVC tendon vibration did
not exert any effects. However, during muscle fatigue it could induce an increase in
the EMG as well as an enhancement of single motor units’ discharges, albeit only for a
short time. One possible explanation was that fatigue evokes a decline in the discharge
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rate of spindle afferents, which could be alternatively activated by vibration. Interestingly,
this decline in spindle activity was partly ascribed to the fatigue of intrafusal fibres on
the ground of results of Decorte et al. (1984), who showed that electrical stimulation of
fusimotor axons lasting nine hours evoked glycogen depletion from the intrafusal fibres.
Nevertheless, it is highly unlikely that such a mechanism may account for the observed
changes during one-minute MVC.
However, several findings suggest that muscle spindle input can facilitate human
motoneurons during strong isometric contractions and fatigue. The discharge rate of
tibialis anterior motoneurons recorded proximally to a complete peroneal nerve block
was approximately 30% lower then the maximal firing rates of control motoneurons
during attempted maximal contractions (Macefield et al. 1993). Although the origin of
the afferent inflow was not determined, this observation suggests the existence of a
predominantly facilitatory input from the muscle in these conditions. The decline in
motor unit firing rate during sustained contractions might also be minimized during
”non-isometric” regimes of muscle activity (Griffin et al. 2000).
The described findings are in fact well in accordance with the idea of spindlederived excitation, which has been demonstrated on animals. The gain of muscle spindle
input during fatigue seems to increase in the cat (Christakos and Windhorst 1986) and
this effect would tend to compensate for the effects of fatigue. As force declines
during fatigue there is progressively less extrafusal loading so that, under the assumption
of constant fusimotor drive, co-activated muscle spindle afferents might be expected
to increase their discharge rate. However, even if large-diameter afferents change
their discharge pattern in response to changing contractile properties, it might still be
possible that this does not significantly influence motoneuron firing rates (Windhorst
and Kokkoroyiannis 1991).
1.2.4.1 Fusimotor control of muscle spindle activity
In animal studies, the background discharge and dynamic (but not static) length sensitivity
of muscle spindle endings increased during muscle fatigue evoked by electrical stimulation of ventral root filaments at seven times the motor threshold (MT), i.e. at the
intensities that stimulate both α- and γ-axons (Nelson and Hutton 1985). These changes
were absent at stimulus intensities of 1.1 MT that activate only skeletomotor axons.
This was the first direct observation that adaptive changes in muscle spindle afferents
occur during muscle fatigue in dependence of the activation of intrafusal fibres (fusimotor
drive). However, it should be noted that muscle spindle afferent discharge, as a way to
indirectly estimate fusimotor activity, has not yet been recorded during strong fatiguing
contractions in humans.
Populations of feline spindle endings showed a reduced capacity to discriminate
muscle length changes following the fatigue of the heteronymous muscle (Pedersen et
al. 1998). This reduced capacity of the populations of MSA has been ascribed to
fatigue-induced changes in the fusimotor drive to the afferents composing the ensemble.
Experimental studies on reduced animal preparations suggest a complex pattern
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of the fusimotor drive that might be related partly to the type of contraction (isometric
vs. isotonic) and partly to the interference of additional reflex inputs from sources
other than the contracting muscle.
In a denervated hindlimb preparation on decerebrate cats (in which all nerves
except the nerve supplying the muscle under study were cut), long-lasting contraction
of the gastrocnemius lateralis and soleus muscle (GLS), elicited by the electrical stimulation of the peripheral nerve or the L7 ventral root, evoked early and late changes in
the discharge rate of gastrocnemius medialis (GM) fusimotor neurons. The early changes
consisted of an initial, short-lasting increase in the firing rate at the onset of muscle
contraction. The late changes, presumably related to muscle fatigue per se, were
reflected in an increase in the discharge rate, gradually developing towards the end of
the contraction, with mean values of 5.5 imp/s, and outlasting the contraction by 20 320 s (Ljubisavljevic et al. 1992).
It was assumed that the early response reflects the activation of different muscle
receptors, exerting tightly coupled reflex action on the fusimotor neurons, which were
activated by the onset of muscle contraction. The early response was mainly ascribed
to the enhanced discharge of mechanically sensitive group III muscle afferents with
low thresholds. The activation of these fibres by short-lasting isometric contractions
evoked almost always a fixed excitation of fusimotor neurons of homonymous and
synergistic muscles (Ellaway et al. 1982), thus providing to the CNS the information
about the onset of muscle contraction rather than about the level of developed muscle
tension. The early response was also attributed to contraction-evoked discharges of
secondary endings (Hunt 1951; Rymer et al. 1979), since the activation of group II
muscle afferents has been shown to exert strong reflex effects on fusimotor neurons
(Appelberg et al. 1983b). Subsequent decrease in the firing rate was partly ascribed to
afferent discharges from the Golgi tendon organs responding with high discharge
frequency to an increase in the muscle tension (Hutton and Nelson 1986) and which
were demonstrated to evoke a predominantly reflex inhibition of the fusimotor neurons
(Ellaway and Murphy 1980). The decline in fusimotor discharge rate could also occur
due to short-lasting discharge of Renshaw cells, usually observed at the onset of muscle
contraction evoked by ventral root stimulation (Anastasijevic and Vuco 1978),
presumably due to the excitation of Renshaw cells by afferent inflow from high-threshold
muscle afferents (Piercey and Goldfarb 1974). On the other hand, the long-lasting late
increase in fusimotor discharge rate has been attributed to the autogenic excitation of
fusimotor neurons by group III and IV muscle afferent fibres, whose activation was
provoked or enhanced by the appearance of metabolites and inflammatory substances
in the muscle interstitium. It is well established that the discharges of small diameter
chemosensitive afferent fibres exert potent excitatory reflex effects on fusimotor neurons
of both flexors and extensor muscles (Jovanovic et al. 1990; Djupsjöbacka et al. 1995
a,b; Thunberg et al. 2002).
In a similar decerebrated preparation, if the overall innervation of the hindlimb is
preserved intact, the responses of the majority of fusimotor neurons changed as
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compared to the previous denervated condition. In 63% of the cells the early response
became prolonged, while the late response was apparent in 50% of all the neurons,
being shorter than the late response of fusimotor neurons in a denervated preparation
(Ljubisavljevic et al. 1994). The authors suggested that such discrepancy might be due
to the spontaneous activity of muscle afferents of any group originating from innervated
non-contracting muscles as well as due to the spontaneous activity of Renshaw interneurons. The reflex effects exerted by the afferent inflow from muscle spindle primary
endings were excluded because of their rare and weak autogenic reflex influences on
fusimotor neurons (Appelberg et al. 1983c). The level of spontaneous activity in group
III and IV muscle afferents is rather low and was assumed not to contribute prominently
to the alterations in fusimotor neuron responses (Berberich et al. 1988). Alternatively,
the observed changes in the responses were ascribed in particular to potent reflex
influences from group II muscle afferents (Appelberg et al. 1983b) and to recurrent
pathways (Appelberg et al. 1983a). An enhancement of the early responses might be
caused, in part, by the redistribution of the activity among Renshaw interneurons inhibiting
different γ-motoneuron pools. Since mutual inhibition exists between Renshaw interneurons projecting to motoneurons of different muscle groups, enhanced afferent discharges from sources other than the contracting muscle could provoke an activation of
Renshaw interneurons projecting to the motoneurons of non-contracting muscles
(Piercey and Goldfarb 1974) and further inhibition of Renshaw interneurons projecting
to the motoneurons of the triceps surae muscle. According to Ljubisavljevic et al.
(1994), lower incidence and smaller magnitude of late fusimotor responses in innervated
as opposed to denervated preparations might suggest that the early and late reflexes to
fusimotor neurons are mediated through different reflex pathways, and might be
differentially influenced by afferent inflow, discharges in recurrent pathways or
presynaptic inhibition.
A different regime of muscle contraction (isotonic) induced somewhat different
changes in the pattern of fusimotor neurons activity (Ljubisavljevic et al. 1995) compared
to isometric conditions. In the majority of observed neurons (70%) a prolongation of
the early response was recorded, while the late response was shorter. It was assumed
that the origin of the early response was the same as in the previously described
isometric regime. However, lower incidence and duration of late responses were ascribed
to faster muscle recovery in isotonic conditions and to less expressed accumulation of
metabolites due to muscle contraction and /or fatigue.
Reflex increase in the discharge rate of fusimotor neurons, which developed in
parallel with the fatigue during long-lasting muscle contractions, was sufficient to affect
afferent discharges from muscle spindle endings in decerebrate cats (Ljubisavljevic
and Anastasijevic 1994). In the denervated hindlimb the pause in the firing and the
decrease in the discharge rate of both group I and II afferents due to the unloading at
the onset of muscle contraction were soon overcome, turning to an increase above the
spontaneous activity level towards or at the cessation of muscle contraction. Such
increase in spindle afferent discharge rate was partly ascribed to extrafusal fibre re-
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lengthening as the muscle fibres become fatigued and to movement-dependent
(hysteretic) after-effects on muscle spindle discharge (Kostyukov and Cherkassky
1992; Proske et al. 1993; Kostyukov 1998). However, this increase was completely
abolished after procaine blockade of small-diameter afferents and fusimotor axons.
This was taken as the evidence that the post-contraction increase in the discharge rate
of muscle spindle afferents develops predominantly due to the reflex-induced late
increase in the fusimotor activity. The authors suggested that functional implications of
this enhancement might lie in the net support of skeletomotor activity, thus counteracting
the inhibitory reflex effects on α-motoneurons exerted by small-diameter afferent fibres
(Ljubisavljevic and Anastasijevic 1994, 1996) .
However, fatigue of the masseter muscle in rats was followed by a reduction of
the field potentials evoked in the trigeminal motor nucleus by trigeminal mesencephalic
nucleus stimulation and by a decrease in the discharge frequency of masseter muscle
spindle afferents in the majority of the examined units (Brunetti et al. 2003).
In the latest experiments conducted by Kostyukov et al. (personal communication)
fatigue of the gastrocnemius muscle elicited by VRL7 stimulation at 1.7 times the
motor threshold evoked a reduction in stretch-evoked EPSPs and spike discharges of
skeleto-motoneurons, recorded intracellularly. Fatiguing stimulation was sometimes
associated with irregular slow waves of depolarisation, which could reflect enhanced
synaptic inflow. These EPSP were ascribed to the activation of spindle group Ia
afferents, whose discharge could be related to the direct activation of β-axons during
electrical stimulation of ventral roots.
1.2.4.2 Changes in short-latency and long-latency reflexes
Experimental data on humans reveals strong fatigue-related suppression of
monosynaptic excitation of group Ia muscle spindle afferents to motoneurons supplying
the exercising muscle. H-reflex amplitudes and short-latency responses to muscle stretch
decreased after fatiguing contractions irrespective of whether the fatigue is evoked by
direct muscle or muscle-nerve simulation (Garland and McComas 1990; Butler and
Thomas 2003) or by voluntary contractions (Enoka et al. 1980; Balestra et al. 1992;
Duchateau et al. 2002).
Fatigue of the abductor policis brevis and flexor digitorum longus muscles induced
by a sustained MVC and/or by electrical stimulation of the median nerve at the wrist
induced a slow decrease in the normalized H-reflex (Duchateau and Hainaut 1993)
but does not alter the long-latency reflex (LLR). Both the H-reflex and the LLR are
transmitted by Ia fibres, but the LLR is routed transcortically. The decrease in muscle
spindle discharge was not assumed to have a key role in H-reflex reduction during
muscle fatigue, well in accordance with the observation that changes in spindle afferents
discharge frequency have a faster development than the H reflex decrease (Macefield
et al. 1991). Rather, the drop in H reflex magnitude was explained by a decline in the
transmission along neural elements between the nerve stimulation and the motoneurons
responding in the H-reflex, presumably due to the enhanced presynaptic inhibition of Ia
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terminals induced by fatigue-related muscle afferent inflow or by the inhibition of
interneurons in the oligosynaptic pathways. The slow time course of the H-reflex
decrease during fatigue was ascribed to muscle metabolic or chemical processes
mediated by group III and IV muscle afferent fibres. Different behaviour of the LLR
compared to the H-reflex in the sustained contractions was in part explained by a
stronger descending central drive as a result of the higher excitability at supraspinal
levels during muscle fatigue. This proposition is in agreement with the observation of
increased ‘Bereithschaftspotential’ or readiness potential and the suggestion of intensified
central nervous activation required for sustained contractions (Freude and Ullsperger
1987).
Activation of group III and IV afferent fibres may influence motoneuron activity
via different oligo- and polysynaptic interneuronal pathways. The inhibitory interneurons which mediate the effects of groups III and IV are diverse (Schomburg 1990;
Jankowska 1992). As a consequence, inhibitory reflex effects might be mediated, at
least partly, by inhibitory interneurons intercalated in other spinal pathways, such as
neurons mediating presynaptic inhibition, non-reciprocal group I inhibition or recurrent
inhibition (Windhorst and Boorman 1995). Relevant data concerning the fatigue and
pain-induced changes in presynaptic and recurrent inhibitory systems will be briefly
described.

1.2.5 Presynaptic inhibition
The CNS of a mammal or any other vertebrate is continuously exposed to a barrage of
afferent impulses coming from various receptors to such an extent that it exceeds its
overall information-processing capabilities. For that reason, the central action of these
excessive afferent impulses has to be selectively reduced or abolished by inhibition. In
vertebrates, afferent sensory terminals in the spinal cord are prime targets of presynaptic
inhibitory synapses from interneurons, whose actions allow afferent inputs to be
controlled. Unlike the post-synaptic control mechanism, presynaptic inhibition allows
selective control of neuronal responses to synaptic input (Rudomin 1999; Rudomin and
Schmidt 1999). In this context, it is of outmost importance that the presynaptic interneurons are subject to many modulating influences from segmental afferents and tracts
descending from supraspinal structures (Schomburg 1990; Jankowska 1992; Rudomin
and Schmidt 1999). Afferent influences include inputs from group III and IV afferents,
whereby presynaptic inhibition may be modulated during muscle fatigue and pain (see
below).
It has been known for a very long time that a prolonged depolarisation of the
central end of a dorsal root occurs after an afferent volley arrives at the neighbouring
dorsal root. Even a brief event in the axons sets off prolonged changes in their neighbours
(Baron and Matthews 1938). Such evoked dorsal-root potential (DRP) is associated
with the depolarisation of afferent terminals (primary afferent depolarisation, PAD),
which is taken as electrophysiological evidence of presynaptic inhibition (for a review
see Eccles 1964; Rudomin 1999; Rudomin and Schmidt 1999). Already Frank and
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Fourtes (1957) demonstrated that the electrical stimulation of posterior biceps and
semitendinosus nerves (PBSt) at low intensities evokes presynaptic inhibition by reducing
the size of the EPSP of gastrocnemius-soleus (GS) motoneurons, without having any
postsynaptic effects on these motoneurons. Thus, there were no changes in the ionic
permeability of the post-synaptic membrane, and there was no associated membrane
potential change, neither at the normal resting potential nor when the depolarizing or
hyperpolarizing currents alter the membrane potential. It is concluded that the reduction
of the EPSP of motoneurons appears as a consequence of diminished excitatory action
of group Ia presynaptic impulses.
On the other hand, EPSP depression was correlated with the depolarisation of
presynaptic fibres. When sufficiently large, this depolarisation led to the generation of
impulses in presynaptic fibres, i.e. to antidromic discharges. It was more directly displayed in intracellular recordings from primary afferent fibres, whose enhanced
excitability was tested by brief current pulses (Eccles et al. 1961).
It is by now well known that PAD, associated with presynaptic inhibition, is
produced by GABA-ergic interneurons that make axo-axonic synapses with the
intraspinal terminals of afferent fibres. Following the release of GABA by spinal interneurons and the activation of GABAA receptors in afferent terminals, there is an efflux of
chloride ions that produces PAD and reduces transmitter release from afferent terminals
(Rudomin 1999).
The organizational pattern of presynaptic inhibition is complex. The control of the
interneurons intercalated in presynaptic inhibitory pathways is separately organized for
each fibre afferent type, in such a way that segmental reflex pathways of Ia and Ib
afferents can be independently modulated (Rudomin et al. 1983). Such an arrangement may generate functional fractionation that could be used in the re-shaping of the
spatio-temporal motor activity during fatigue (Windhorst and Boorman 1995). Besides,
GABA-ergic interneurons can simultaneously exert presynaptic inhibition on primary
afferents and postsynaptic inhibition of motoneurons (Jankowska 1992; Stuart and
Redman 1992). Therefore, in addition to their effect on synaptic transmission on Ia
afferents, last-order presynaptic inhibitory interneurons may provide another postsynaptic
inhibitory pathway to motoneurons from muscle afferents influenced by muscle fatigue.
Although most terminals derived from specialized muscle afferents receive
presynaptic inhibition, the effects can vary even for a single afferent, depending upon
the location of the terminal, in the ventral horn near the motoneuron or elsewhere
(Walmsley et al. 1995; Lomeli et al. 1998). This differential control of muscle spindle
afferents can be exerted through descending projections from motor centres (Lomeli
et al. 1998).
By assessing the changes in the effectiveness of a Ia monosynaptic volley, Hultborn
et al. (1986) found that the level of tonic presynaptic inhibition of muscle spindle afferents
innervating the contracting muscle was reduced at the onset of contraction. However,
when the contraction was maintained, the presynaptic gate was established again,
even throughout the ramp contraction (Meunier and Morin 1989). It has been proposed
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that, during voluntary contractions in humans, decreased presynaptic inhibition allows
Ia activity to contribute to the excitation of voluntarily activated motoneurons, while
increased presynaptic inhibition prevents the activation of motoneurons not involved in
the contraction, thus increasing motor contrast (Rossi et al. 1999). The strength of
presynaptic inhibition is highly dependent upon the task to be performed, with for
example progressively diminished presynaptic inhibition of the soleus spindle afferents
during the transition from stance to locomotion at increasing speeds (Capaday and
Stein 1986). This strength may also change in dependence of the amplitude, duration
and timing of the stance phase of locomotion (Gossard 1996). Similar mechanism
could be expected to operate during fatiguing conditions.
This so called ”classical” type of presynaptic mechanisms should be distinguished from the homosynaptic depression or post-activation depression related to the
mechanism of changed (reduced) probability of transmitter release at previously active
Ia terminals (Hultborn et al. 1996; Wood et al. 1996). At frequencies of stimulation
below 100 Hz, transmitter depletion and depression of excitatory postsynaptic potentials seem to occur (Curtis and Eccles 1960). This might provide a self-regulating
mechanism for counteracting excessive Ia synaptic drive to motoneurons. While Ia
impulses evoke a powerful monosynaptic excitatory action on the motoneurons, at the
same time they give rise to presynaptic events that lead to the long-lasting depression
of the reflex.
1.2.5.1 Group III and IV induced modulation of presynaptic inhibitory system –
an unresolved issue?
Segmental presynaptic inhibition, acting as a gain regulator at the premotoneuronal
level might decrease both the H-reflex and short-latency stretch reflex during muscle
fatigue (see also Windhorst 2003)
A recent study conducted on spinalized rats raised the possibility that group III
and IV afferents exert their effects in fatigue by inhibiting group Ia terminals
presynaptically (Pettorossi et al. 1999). Field potentials from the GL motor pool and
ventral roots potentials were recorded in response to proprioceptive afferent stimulation and analysed before and during fatiguing tetanic muscle activation. Both pre- and
post-synaptic waves shown an initial enhancement and, after long-lasting series of
tetanic contractions, increasing inhibition. It was assumed that the monosynaptic reflex
was inhibited presynaptically by group III and IV muscle afferents that are sensitive to
the toxic action of capsaicin. Interestingly, some of the small-diameter afferent fibres
enter the spinal cord through ventral roots. Their action would allow fatigue-induced
signals from the muscle to reduce the importance of proprioceptive feedback in the
control of motor units during fatigue.
Similarly, reinforcement of the presynaptic inhibition has been suggested to occur
in humans during fatigue of the abductor policis brevis and the flexor digitorum longus
induced by a sustained contraction at 10-15% of the MVC and by electrical stimulation
of the median nerve (Balestra et al. 1992), or during the fatigue of exercising calf
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muscles at 10% of the MVC (Avela et al. 2001).
Presynaptic inhibition exerted from small-diameter afferent fibres might also be
modulated during muscle pain, though differential subset of group III and IV afferent
fibres might be activated during muscle pain as compared to fatiguing conditions.
In humans, nociceptive volleys arising from dorsal foot muscles (extensor digitorum
brevis) at rest, evoked long-lasting depression of Ia excitation (H-reflex) and Ib inhibition of soleus motoneurons. Presynaptic inhibition of Ia terminals projecting to soleus
motoneurons was potentiated (Rossi et al. 1999). It was assumed that the gating of
sensory information from muscle spindle afferents by nociceptive input decreased the
gain of the soleus stretch reflex and weakend the spinal link from the gastrocnemus
muscle to soleus motoneurons and from the quadriceps muscle to soleus motoneurons,
established by heteronymous projections of group Ia and Ib reflex pathways.
However, the alterations of the H-reflex during hypertonic saline-induced pain in
the tibialis anterior and the soleus (Matre et al. 1998) or the masseter muscle (Svensson et al. 1998) in humans were absent or the H-reflex was enhanced, speaking against
prominent changes in the presynaptic inhibition evoked by small-diameter afferent input. It is possible that their reflex effects are countered by a post-synaptic mechanisms
in pain condition.
Hypertonic saline infusions into human back muscles did not diminish the local
short-latency response to muscle tap, which is taken as the evidence, at least for these
muscles, that the stretch reflex is not altered by the increased firing of small-diameter
afferents (Zedka et al. 1999). The observed differences could partly be explained by
the reduced sensitivity of the stretch reflex to presynaptic inhibition, in comparison
with the H-reflex. Due to the temporal dispersion of the afferent volley underlying the
stretch reflex, the combination of spatial and temporal summation of EPSP contributes
to its size, whereas spatial summation is mainly involved in the evoking of the H-reflex.
It was assumed that previous activity of the afferents and the temporal summation
may decrease the effects of the presynaptic inhibition and thus account for the differential effect of presynaptic inhibition on H-reflexes and stretch reflexes (Morita et al.
1998). Contrary to the stretch reflex, the procedure for evoking the H-reflex bypasses
the spindle. Furthermore, pain-induced modulation of the fusimotor system is suggested
as the most probable underlying mechanism for the facilitated stretch reflexes in the
soleus and masseter muscles (Matre et al. 1998; Wang et al. 2000; Svensson et al.
2001; Wang et al. 2001; Wang and Svensson 2001), but single MU recordings revealed
that the effects might not necessarily be excitatory (Sohn et al. 2000).
Interestingly, pain sensation from tissues other than the muscle may also affect
the H-reflex. Nociceptive cutaneous input may act at the premotoneuronal site to
inhibit the H-reflex of the tibialis anterior in humans (Ellrich and Treede 1998).
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1.2.6 Recurrent inhibition
1.2.6.1 Modulation of spinal recurrent inhibition by muscle fatigue and group
III and IV muscle afferents
Renshaw cells receive their main excitatory input from α-motoneurons and inhibit αmotoneurons, Ia inhibitory interneurons, fusimotor neurons, motoneurons and other
Renshaw cells, and there are suggestions that they are driven more strongly by the
fast-fatiguable motoneurons (Hultborn et al. 1988). They exert classical autogenic
inhibition of homonymous and synergistic motoneurons (Van Keulen 1981) with weaker
effects on γ-motoneurons (Ellaway 1971; Kemm and Westbury 1978). Although Renshaw cell inhibition may limit motoneuron discharge rate in sustained effort, particularly
affecting high-threshold motoneurons, their effects are complex. Their activity might
be modulated by descending motor pathways, local interneurons and by afferent feedback (for a review see Windhorst 1996). The modulation of recurrent inhibition by the
activation of group III and IV afferents during muscle fatigue and pain seems to be
more prone to alteration than the presynaptic inhibition
Windhorst and Kokkoroyannis (1991) recorded the discharge of cat Renshaw
cells in response to motor axon stimulation at time-varying rates simulating motoneuronal
adaptation during fatigue. During such a test, the relation between their discharge
rates was non-linear. The gain of the system transforming motor axon activation rate
into Renshaw cell discharge rate underwent dynamic changes during the first few
seconds (up to 10 s), starting from an initially high value and then proceeding through
steadily declining values, which then increase again to reach the plateau. In other
words, recurrent inhibition was strong over the initial few milliseconds and could thus
contribute to the early adaptation of motoneuron firing rate. Later, it became depressed
for several seconds, and then became stronger again. It was assumed that the latter,
intrinsic increase in gain could contribute to the prolonged decrease in motoneuron
discharge rate.
Since Renshaw-cell activity could be modulated by afferent feedback originating
from the receptors of different modalities (Jankowska 1992) it has been suggested that
the activity of these cells could change during long-lasting muscle contractions under
exposure to altered input of group III and IV afferents (Hayward et al. 1988). Windhorst et al (1997b) demonstrated that close intra-arterial injection of muscle metabolites such as the lactic acid, KCl, bradykinin and serotonin into the calf muscles of
spinalized cats evokes a mixture of excitatory and inhibitory effects on lumbosacral
Renshaw cell spontaneous activity, but the most consistent property was the depression of their antidromic response to motor axon test stimulation. This might suggest
that the Renshaw cells are less easily excited by motoneurons during increased activation
of group III -IV afferents, thus contributing to motoneuron disinhibition.
Renshaw cell inhibition is subject to other modulatory influences as well. Central
factors that may change the after-hyperpolarization, motoneuron firing threshold and
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axonal threshold may determine the potential role of recurrent inhibition during fatigue.
Renshaw cell inhibition usually decreases as the descending drive to motoneurons
increases. In the experiments of Hultborn and Pierrot- Deseilligny (1979) the weakest
contractions of the soleus muscle in humans were accompanied by an increase in the
recurrent inhibition at the onset of contraction. With greater contraction forces, the
inhibition of the test reflex was replaced by its facilitation, which grew concomitantly
with increased contraction forces. This was taken as an indicator that the recurrent
inhibition is progressively decreased, as new motor units become recruited and
contraction force increased.
In humans, Rossi et al (2003) showed that nociceptive muscle stimulation of the
soleus muscle fails to modify the excitability of Renshaw cells at rest. By contrast,
during steady weak voluntary contraction of the soleus (5 - 10 % of MVC), the same
nociceptive stimulation increased recurrent inhibition to homonymous motoneurons.
According to Rossi et al (2003), muscle nociceptive discharge potentiates (presumably
through central pathways) the facilitation of soleus motoneurons and Renshaw cells
coupled to them, already elicited by voluntary contraction per se. Recurrent inhibition
might contribute to limiting the motoneuronal activity during contraction and pain, to
adapting motoneuron firing rate to the modified properties of motor units as muscle
fatigue develops, or both.
It has been shown, however, that recurrent inhibition can differentially be controlled
during fatiguing submaximal and maximal efforts (Gandevia 2001). It is assumed that
during a sustained MVC descending inhibitory drive to the Renshaw cells declines
faster than the excitatory descending drive to the motoneurons, increasing thus the
gain in this negative feedback circuitry. During maximal isometric contractions of the
soleus muscle in humans, for example, within the first 30 - 40 s, the reference reflex
remained roughly constant, while the test reflex decreased, which was taken as an
indicator of increased recurrent inhibition (Kukulka et al. 1986). However, during
sustained submaximal isometric contractions, while motor unit recruitment increased,
recurrent inhibition decreased during fatigue, presumably due to the potentiation of the
inhibitory voluntary drive to Renshaw cells (Löscher et al. 1996a, b).

1.3 The case of spinal mechanisms of muscle fatigue at cellular
level
In the previous chapters some of the mechanisms that shape the firing pattern of motor
units in order to optimise their force output were described. As mentioned above, the
mechanisms are manifold. Sophisticated electrophysiological techniques allow probing
into these mechanisms and revealing their potential role in the optimisation of α-motoneuron output. However, the techniques are restrictive in the sense that they only
allow monitoring of particular spinal mechanisms operative under fatiguing or painful
conditions, although these mechanisms mutually affect each other and cooperate in a
complex way. In this study the initiation of c-fos expression was used to monitor changes
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in intra- and inter-segmental spinal neuronal circuits due to long-lasting muscle
contractions and intramuscular injections of an algesic agent. This technique is considered now as one of the most powerful methods for the labelling of cells that undergo
intensive long-lasting activation, thus providing information on their spatial distribution
within the CNS.

1.3.1 c-fos expression in the spinal cord
Hunt et al (1987) demonstrated that it is possible to monitor the activity of nociceptive
neurons of the dorsal horn, with single-cell resolution, using immunohistochemical
localization of the c-fos proto-oncogen. Noxious stimulation (application of radiant
heat or mustard oil) to the hind paw of rats resulted in massive expression of c-fos
gene in neurons in the dorsal horn of the spinal cord.
Expression of the c-fos gene is rapid: c-fos m-RNA can be detected within 15
minutes, whereas it reaches its peak approximately 30 - 40 minutes after the presentation of an appropriate inducing stimuli. The Fos protein is rapidly synthesized and
translocated to the nucleus (Greenberg and Ziff 1984) and the levels of the protein
peak about two hours after the induction of gene transcription. c-fos and jun are
members of inducible gene families whose protein products form an array of
homodimeric and heterodimeric complexes that function as transcriptional regulators
by interacting with DNA sequences related to the AP-1 and CRE motifs. Thus, the
initiation of c-fos expression is involved in signal transduction cascade that links
extracellular events with long-term intracellular adaptations (Harris 1998). Since the
findings of Hunt et al. (1987) Fos protein was employed as a functional marker to
identify the activity of spinal and supraspinal neurons in response to noxious stimulation
(Presley et al. 1990), inflammation (Pretel and Piekut 1991) or motion (Jasmin et al.
1994).
Following the infiltration of the GS muscle with carageenan in anaemically
decapitated high spinal cats, the number of Fos-ir (immunoreactive) cells was significantly
increased in laminae I-II, V-VI and VII of segments L6 and L7 and in laminae V-VI
and VII of the segment S1 on the ipsilateral side. Increased Fos-ir was found in the
main projection areas of afferent fibre terminals from the GS muscle. Such lamellar
distribution of Fos-ir neurons paralleled the finding of an increase in the monosynaptic
reflex of flexor and extensor motoneurons, presumably not mediated via the γ-spindleloop (Schomburg et al. 2004).
The Fos protein is not the only marker of noxious events. Still, it can reveal the
activation of the populations of neurons that are specifically related to the modality of
the stimulus or to the behaviour occurring during stimulus presentation. For example,
continuous walking for one hour evoked a high level of Fos expression in the cervical
and lumbar spinal cord of the rat (Jasmin et al. 1994), i.e. in those laminae which
overlap with the projection zones of afferent fibres responding to non-noxious stimuli the inner part of the substancia gelatinosa (lamina IIi), the nucleus proprius (laminae
III-IV) and the medial parts of laminae V and VI. Considerable labelling was observed
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in lamina VII and in the motoneurons. However, an increase in c-fos expression in
lamina I and the outer substantia gelatinosa (lamina II0) or the lateral, reticulated portion of lamina V, which contains neurons predominantly responsive to noxious stimulation (Besson and Chaouch 1987), was not observed. Despite the fact that this study
seems to suggest that spinal Fos expression is not a specific marker of neurons activated
by noxious input, this finding should not be overemphasized since an overwhelming
number of studies have clearly highlighted the preferential expression of spinal Fos by
noxious stimulation.
Functional implications of enhanced c-fos expression in the dorsal horn following
procedures that evoke hyperalgesia and allodynia are still unknown. It is suggested
that c-fos expression plays a role in late onset, transcription-dependent central
sensitisation (Ji et al. 2003). There is some evidence that Fos acts to promote the
expression of dynorphine, an opioid peptide with a presumed analgetic effect in the
dorsal horn of the spinal cord (Hunter et al. 1995). Intrathecal administration of the
antisense oligonucleotide to c-fos mRNA for four hours blocked the synthesis of the
Fos protein in the spinal neurons that could be induced by formaline injection. This
treatment also prevented the expression of prepodynorphine mRNA and increased the
level of pain in response to the formaline test. Expression of dynorphin is co-localized
with c-fos: following carageenan-induced inflammation of the hind paw, over 80% of
the spinal neurons immunoreactively labelled for dynorphine were also labelled for Fos
(Draisci and Iadarola 1989). Thus, by inducing the synthesis of opiod peptides in the
spinal cord, Fos protein appears to be involved in the inhibition of heightened or prolonged
nociception.
Recently, c-fos neuronal activity mapping was used in the investigation of supraspinal sites involved in the exercise pressor reflex induced by long-lasting contractions
in cats (Li et al. 1997; Williams et al. 2000) and in rats (Maisky et al. 2002). Significant
c-fos expression was shown in the nucleus tractus solitarius, the site of convergence
of muscle ergoceptive, nociceptive and baroreceptive signals (Toney and Mifflin 2000),
indicating a key role of this medullary nucleus in the rapid resetting of the baroreceptor
reflex by nociceptive and ergoceptive muscle afferent input (Potts 2001). Beside, Fosir was also prominent in the caudoventrolateral, rostroventrolateral and intermediate
nuclei, suggesting their relevance for the integration of the central drive and the peripheral
reflexes controlling cardiovascular adaptation to exercise (Li et al. 1997). However,
these structures are also known to be integrated with the systems modulating the
processing of nociceptive signals (Lima and Almeida 2002). Ascending projections
(glutamatergic or substance P-ergic) from nociceptive dorsal horn neurons located in
layers I, V and X to the nucleus tractus solitarii and bilateral descending projections
from the nucleus tractus solitarius to layers I-III (Almeida et al. 2002) provide anatomical
evidence of spino-bulbo-spinal loops which might mediate analgesic actions, although
their activation during muscle fatigue still remains unknown.
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1.3.2 Activation of nitric oxide synthase (NOS) - containing neurons
In spite of numerous data concerning the activation of spinal neuronal circuits with
NOS containing neurons by nociceptive muscle afferent input, little is as yet known
about their alteration during long-lasting muscle contractions. NOS-imunoreactive cells
are demonstrated in the spinal cord of rats, predominantly in superficial laminae I and
II, in the area around the central channal (lamina X), and in the intermediolateral (IML)
nucleus (Valtschanoff et al. 1992; Saito et al. 1994; Hoheisel and Mense 2000). Acting
as a retrograde neuronal messenger, NO is also involved in the NMDA-induced
facilitation of transsynaptic effects, central sensitisation and hyperalgesia (Meller and
Gebhart 1993). Spinal hyperalgesia is shown to be caused not only by NO synthesized
by the constitutive nNOS but also by the inducible microglial NOS (Meller and Gebhart
1993; Watkins et al. 1997). NO also evoked a dose-dependent potentiation of c-fos
expression in response to noxious stimulation (Lee et al. 1992).
The functional properties of NO synthesizing neurons in the dorsal horn are still
controversial. The co-localization of NOS and GABA in many of these cells suggest
that they are inhibitory interneurons (Valtschanoff et al. 1992). It has been suggested
that NO released from dorsal horn neurons could be involved in the modulation of the
background activity of neurons producing spontaneous cord dorsum potentials (cCDPs)
(Manjarrez et al. 2001). Following intrathecal administration of a NOS inhibitor L-NGnitro arginine (LNOArg), spontaneous depolarization of dorsal horn neurons was
enhanced. Hoheisel and Mense (2000) demonstrated a tonic depressive effect of NO
on the background activity of rat dorsal horn neurons in deeper layers, the effect being
restricted to nociceptive neurons. A lack of NO could lead to vasoconstriction and an
increase in neuronal activity due to ischaemia (Yezierski et al. 1996), but the
concentrations of L-NAME used in that particular study (NG-nitro-L arginine methyl
ester, unspecific NOS blocker) were much lower than those needed to cause marked
ischaemia. It is assumed that a reduction in spinal NO synthesis, which often occurs
during persistent nociceptive input, likely elicits increased background activity in
nociceptive neurons and thus might contribute to chronic, spontaneous muscle pain in
humans (Mense 2003).
Alternatively, static contractions of skeletal muscles were shown to induce
enhanced NO production in spinal dorsal horn neurons (Wilson et al. 1999), which
could enhance the excitability of dorsal horn cells, modulate excitability of motoneurons
and activate somato-autonomic reflexes. During peripheral tissue injury and inflammation, the sensitisation of wide-dynamic range (WDR) spinothalamic tract (STT) neurons
in deep layers of the dorsal horn was ascribed to processes involving NO (Lin et al.
1999). Peripheral injuries may thus lead to a cascade of events: increased spinal release of excitatory amino acids, increased post-synaptic Ca2+ influx, increase in NOS
activity, release of NO, sensitisation of dorsal horn neurons. This sensitisation seems to
be partly mediated by a NO-elicited reduction in glycin and GABA-mediated inhibition
of STT neurons (Lin et al. 1999).
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Differential effects of NO on spinal neuron excitability are even reported in
vitro. The effects of various NO donors and NO-containing solutions on spontaneously active neurons in slices of lumbar spinal cord, in the regions with the highest concentration of NO, were variable. In lamina X, 93% of all investigated neurons increased
their firing rate. By contrast, 49% of the neurons in laminae I and II were inhibited and
only 28% were excited. Both effects were present during the synaptic transmission
blockade, and were reversible. Apart from direct action mediated through cyclic GMPgated channels, the NO / cyclic GMP pathways were shown to modulate ionic
conductance in other ways, possibly by phosphorylation or dephosphorylation of ionic
channels (Pehl and Schmid 1997). The underlying processes in vivo are more complex.
The modulation of dorsal horn excitability by NO may be determined through a complex
balance between the excitatory and inhibitory effects at different sites or by different
concentrations of NO and its metabolites within the brain tissue, as is also supposed to
be the case for the sympathetic activity in the medulla (Zanzinger and Seller 1997).

1.4 Vicious circles related to muscle cramps and chronic
myalgia
Muscle fatigue itself might initiate the adaptive changes in skeletomotor activity. Further
on, changes in skeletomotor activity may be tuned by the γ-motoneuron – muscle
spindle system. This system would then operate as a positive feedback loop potentially
playing a beneficial functional role by supporting the waning activity of the fatigued
muscle, so as to stabilize the joint and/or to maintain the position of the limb (Ljubisavljevic
and Anastasijevic 1996).
The same loop is suggested to play a potentially important role in chronic muscle
pain. Schmidt et al. (1981) advanced a vicious circle hypothesis based on their findings
showing that small-diameter chemosensitive afferent fibres exert strong excitatory
reflex effects on both flexor and extensor fusimotor neurons. Increased fusimotor
activity would increase the discharge rates of group I and II muscle spindle afferents
and further enhance the α-motoneuron output leading to an increase in muscle tone.
Consequently, an enhanced release of metabolites, and an increase in the activity and
sensitivity of group III-IV afferents might be provoked. Schmidt et al. (1981) used this
model for the explanation of muscle cramps observed in spasticity.
Mense (1991) expanded the original idea by suggesting that vicious circles might
be behind the development of chronic muscle pain, either operating locally in the damaged
tissue or via spinal reflexes that affect the biochemical milieu of muscle nociceptors.
However, carrageenan infiltration of the LGS muscle, known to induce artificial myositis,
did not enhance the γ-discharge. It did, however, inhibit the resting activity and decrease
the excitability of fusimotor neurons in response to electrical and natural stimuli (Mense
and Skeppar 1991). The authors interpreted their findings as not supportive of the
vicious circle model while, instead, they might explain the weakness and the reflex
atrophy of lesioned muscles.
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Additionally, it has been suggested that γ-spindle loop becomes operative in
occupational muscle pain and work-related myalgia. Johansson and Sojka (1991)
suggested a pathophysiological model of chronic muscle pain and tension disorders.
Since the time of its origin, this hypothesis has been further complemented with additional
experimental findings and somewhat expanded. The hypothesis states that, under those
circumstances when group III and IV chemosensitive muscle afferents, joint afferents
and certain descending pathways are activated, the activity of both Ia and II muscle
spindles would be enhanced via the enhanced fusimotor drive. An increase in the
activity of γ-motoneurons would act detrimentally and cause a reduction in the information transmission capacity of muscle spindle afferents due to the worsening of information coding and to increased systemic noise, thus evoking a derangement of
motor coordination. As a spin-off effect, altered activity of Ia muscle spindle afferents
would impair position sense and sensorimotor integration at higher levels (Djupsjöbacka 2003). Co-contraction of antagonistic muscles and insufficient rest periods can
also be assumed to occur, leading to a significant release of metabolites into the interstitium
(van Dieen et al. 2003). Finally, increased interstitial concentration of metabolites may
excite the sympathetic outflow to the skeletal muscle. This would further disturb the
balance between sympathetic vasoconstriction and metabolic vasodilatation, having in
the end a detrimental effect on the muscle due to the impairment of oxygen and nutrient
supply (Passatore and Roatta 2003).
A particular role was ascribed to the group II muscle spindle afferents, which
exert potent reflex effects on fusimotoneurons of both homonymous and heteronymous
muscles.The group II muscle afferents may be part of another positive feedback
loop:increased activity of secondary spindle afferents increased activity of gamma
motoneurons decreased information transmission from muscle spindles.
It was also assumed that different muscle spindles in homo-and heteronymous
muscles on both body sides are connected to each other via the secondary muscle
spindle afferents and the γ-motoneurons. That way an individual muscle spindle is at all
times under the influence of the whole network. This provides the ground for the
mechanisms of spreading of pain from primary to other muscles in chronic pain conditions
(Johansson et al. 2003).
However, there are also the other mechanisms that might contribute to the spreading
of muscle pain, and they might involve inter-segmental spreading of nociceptive signals
and they might occur by activation of inter-segmental fusimotor reflexes.

1.4.1 Spreading of nociceptive signals from cervical to lumbar regions and
vice versa
There are a few studies demonstrating inter-segmental fusimotor reflexes. In
pentobarbital anaesthetised cats, α- and γ-lumbar motoneurons were excited by stretch
applied to individual dorsal neck muscles (Murthy et al. 1978), the effects being of
tonic nature. Experiments conducted by Ellaway and Murthy (1984) on decerebrate
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cats point to high threshold receptors in dorsal neck muscles as source of spinal reflex
action on hindlimb fusimotor neurons. Noxious pressure, excessive stretch or an
intramuscular injection of KCl into individual dorsal neck muscles in decerebrate cats
affected the discharge of GS fusimotor neurons, excitation predominating over inhibition. Similarly, following bradykinin-evoked activation of chemosensitive nerve endings
in masticatory muscles, stretch sensitivity of the majority of afferent fibres originating
from dorsal neck muscles was altered, indicating enhanced static fusimotor drive (Hellström et al. 2000) and thus providing evidence for reflexes between masticatory and
dorsal neck muscles.
Propriospinal neurons, along with their connections, might be likely candidates
for the mediation of inter-segmental fusimotor reflexes. That way, propriospinal
connections might support the spread of neck muscle pain to lumbar regions.
Propriospinal neurons are defined as those spinal cells that send their axons into the
white matter of the funiculi, but do not form ascending pathways to the brain (Kostyuk
and Maisky 1972; Vasilenko and Kostyukov 1976). Passing through several segments
they ramify again in the grey matter where they establish contact with other spinal
neurons. These spinal connections may be long or short. However, some propriospinal
neurons function not only as propriospinal neurons but also as ascending tract cells (for
a review see Jankowska 1992). Cells that give origin to the long descending propriospinal
tract are found in deep layers of the spinal cord, especially in laminae VII and VIII.
Cells of shorter propriospinal fibres have more extensive distribution, occupying both
dorsal and ventral horns, with the exception of laminae IX (Menetrey et al. 1985). It is
assumed that the cells of laminae V, VIII and X could be a part of both the propriospinal
and the ascending tracts conjointly.
Propriospinal pathways connecting cervical and lumbar enlargements have been
of particular interest for a very long time because of their potentially important role in
forelimb-hindlimb coordination in quadripeds (Jankowska et al. 1974). It is suggested
that they could also be relevant for tonic protective reflexes e.g. for protective reflex
reactions elicited by long term stimulation of nociceptors that limit movement in the
injured body area (Irving 1980). However, the spino-bulbo-spinal loops might also be
involved in the transmission of influences from neck nociceptors to the lumbar spinal
cord.
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2. AIMS
2.1 General objectives
The thesis aimed to explore multiple peripheral and spinal mechanisms associated with
muscle fatigue. The overall goal was to determine the potential role of a complex
spinal pre-motoneuronal network by which the nervous centres involved in motor control
enable the loaded muscles to work properly. As a forerunner, the first question addressed
was whether the activation history of multiple motor units of an individual muscle may
affect the contractile ability of their neighbouring, inactive units, thus promoting spatial
spreading of fatigue and pain between different muscle parts. It was then of particular
interest to get an overview of the spinal location of the neurons that are activated by
long-lasting muscle contractions or intramuscular injection of algesic agent, using Fosimmunoreactivity. Using neurophysiological techniques, possible contributions of selected
spinal neuronal systems to skeleto-motoneuronal adaptation to muscle fatigue were
then examined, including the fusimotor, presynaptic and recurrent inhibition systems.
One question was whether and how the fusimotor activity could be altered in different
conditions, in dependence of the regime of muscle activity and due to additional afferent
inflow emanating from sources other than the contracting muscle. Furthermore, since
the transmission of activity of group Ia fibres during fatigue might be subjected to
presynaptic inhibitory influences exerted by small-diameter afferent fibres (Pettorossi
et al. 1999; Rossi et al. 1999), the intensity and time course of post-fatigue alterations
of presynaptic inhibitory pathways following long-lasting muscle activity were
investigated. Finally, since group III and IV fibres may also exert influences on αmotoneurons through postsynaptic mechanisms, post-fatigue induced changes in
recurrent inhibition were addressed in this work.
All these mechanisms reveal different interactive aspects of the adaptation of
motor control to muscle fatigue.

2.2 Specific aims
Paper I
To assess whether conditioning, fatiguing stimulation of multiple motor units of the GM muscle in decerebrate cats may alter the contractile properties of neighbouring
inactive units, measured by changes in EMG and tension.

Paper II
To study the pattern of lamellar distribution of spinal interneurons in the lumbar spinal
cord in rats following fatiguing contractions of the triceps surae muscle.
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Paper III and IV
To determine the changes in the patterns of activity of fusimotor neurons during different regimes of muscle activity (isometric vs. lengthening contractions) of calf muscles
in decerebrate cats, alone and concomitantly with additional input from the skin (i.e.
under conditions that partly simulate locomotion).

Paper V
To explore the changes in the gastrocnemius-soleus (GS) monosynaptic reflexes (MSRs)
following muscle fatigue in decerebrate cats, and to investigate to what extent the
activity of interneurons intercalated in presynaptic and recurrent pathways could
contribute to the observed alterations in motoneurons excitability.

Paper VI
To study the distribution of spinal interneurons in the cervical and lumbar spinal cord
following intramuscular injections of capsaicin into the dorsal neck muscles in cats.
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3. METHODS
All experiments were performed in accordance with the NIH guidelines for the use of
experimental animals, the European Community Council’s Directive dated the 24th of
November 1986 (86/609/EEC) and regulating the use of experimental animals and
with the approval of the local Animal Ethics Committees of the Umeå University, the
Bogomoletz Institute in Kiev and the Institute for Medical Research in Belgrade. All
efforts were made to minimize the number of animals used and their suffering.

3.1General surgical procedures and nerve-muscle preparations
3.1.1 Cat experiments (Paper I, III, IV and V)
The animals were initially anaesthetized by inhalation of a mixture of oxygen and nitrous
oxide (1:2) with halothane (2.5%, Hoecht). The inhalation anaesthesia was kept until
the insertion of a catheter into the right external jugular vein, after which it was gradually
replaced with intravenous administration of pentobarbital sodium (Sigma) - 1 ml of a 10
ml-1 solution administered intravenously every 15 min during subsequent surgical
procedures. The common carotid artery was cannulated for the measurement of arterial
blood pressure. Mean arterial blood pressure was continuously monitored and kept at
physiological levels (above 100 mmHg) by intravenous infusions of Rehydrex or Dextran (Macrodex, 6% with sodium chloride, Pharmacia). The end-expiratory CO2 was
continuously monitored. The depth of anaesthesia was assessed by monitoring pupillary
diameter, absence of the withdrawal reflex to pinching of the hind paw, and absence of
the corneal reflex and marked blood pressure reactions (exceeding 10 mm Hg) to
noxious stimuli. Body temperature was monitored via a rectal thermometer and
maintained close to 37 °C with a heating lamp and an in-house made hot-water cushion
placed under the belly of the cat. If necessary, the animals were artificially ventilated
to keep the end-tidal CO2 concentration at 3.8% - 4.5%.
A laminectomy was performed in the region of the lumbar enlargement of the
spinal cord (Papers I and V). Decerebration was performed by a section of the brain
stem at the intercollicular level, the nervous tissue rostral to the section was removed
and the anaesthesia was discontinued.
The animal was suspended within a firm frame and additional pins were inserted
into the femur and the tibia to rigidly fix the knee joints. The experiments were performed on gastrocnemius-soleus muscles (GS). The muscles were either completely
dissected free (Paper V) or sometimes, in addition to that, the two heads of the
gastrocnemius muscle were separated from each other, with (Papers III and IV) or
without (Paper I) the soleus muscle, preserving the connecting blood vessels. Their
tendons were detached at the distal insertions, leaving a small bone chip from the heel,
which was used to attach the tendon using a steel wire to a force-transducer or a
servo-controlled muscle stretcher. The muscles were held extended by 3 mm from the
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length at which the slack was just taken up (Papers III and IV).
All ipsilateral hind limb nerves except those innervating the whole triceps surae
(Paper V) or just the GM muscle (Paper IV) were cut. In Paper III, besides the GM
nerve, the sural nerve was also left intact. The hind limb muscles were placed in pools
formed by surrounding skin flaps. A similar pool was formed around the exposed spinal
cord. The pools were filled with mineral oil whose temperature was kept close to 37 37.5 °C by means of radiant heat.
In Paper I, filaments from L7 or S1 ventral roots (VR) were dissected free from
the cut roots, and their distal ends were placed on the stimulation electrodes to allow
test and conditioning stimulation of the GM muscle. In addition, the distal part of the
nerve supplying the GL muscle was also stimulated in order to monitor possible variability in animal state that could have affected contractile properties of the whole muscle.
Neither the testing nor the conditioning stimulation of the GM evoked cross-activation
of the GL. The common tendon was split between the parts going to the GM and the
GL up to the calcaneum. This allowed force recordings from both muscles independently,
provided that the test, conditioning and control stimulations were not applied simultaneously. In two experiments the soleus muscle was prepared for test-conditioning reactions,
while the reactions in the GM muscle were used as a control. In two other experiments,
conditioning stimulation was applied to the quadriceps muscle, while the test contractions
were also recorded in the GM. In this case the nerve supplying the quadriceps was cut
and its distal end placed on immersion electrodes fixed at the interior side of the hip.

3.1.2 Rat experiments (Paper II)
In Paper II, chloral-hydrate (Sigma, 400 mg/kg, i.p.) was used to induce and maintain
the anaesthesia.
Animals were divided into control (intact and sham-operated animals) and test
groups (groups 1 and 2).
In test group 1, the GS muscle was prepared for direct muscle stimulation. In test
group 2, in which VRL5 stimulation was used for evoking long-lasting contractions of
the triceps surae muscle, laminectomy was performed in the region of the lumbar
enlargement (L4-L6) of the spinal cord. The dura was incised and the right VRL5 was
dissected free and cut close to the spinal cord. Since this surgical procedure evokes a
bilateral increase in c-fos expression per se, animals were allowed to stabilize their
basal levels of c-fos expression during the following six hours (Presley et al. 1990).
After this period, the distal part of VRL5 was stimulated using a bipolar hook electrode
placed in the spinal cord pool formed from surrounded skin flaps and filled with warm
mineral oil (37 - 37.5 °C). The pelvis, knee and ankle on the stimulated side were firmly
fixed by clamps.
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3.2 Stimulation and recording
3.2.1 Modes of muscle stimulation
Long-lasting muscle contractions in isometric (Papers I, II, III and V) and, additionally,
in eccentric regimes (Paper IV) were evoked by:
1) Stimulation of the distal part of ipsilateral VR S1 (Paper V; cats) or L5 (Paper II;
rats)
2) Stimulation of the separate filaments (usually 4 - 5) dissected free from the same
VR L7 or S1 (Paper I)
3) Stimulation of the peripheral nerve to the GLS muscles (Papers III and IV) and
4) Direct stimulation of the whole triceps surae muscle (Paper II)
In Paper VI, excitation of small-diameter muscle afferent fibres and exaggeration
of their reflex pathways was evoked by intramuscular injection of an algesic substance
(capsaicine) into the dorsal neck muscles of the cat.
A detailed description of each protocol is given below.
3.2.1.1 Paper I
Test (T) and conditioning fatiguing stimulations (CFS) of the GM muscle were applied
to separate distal filaments dissected free from the same L7 or S1 VR. The corresponding
VR was usually divided into five to seven filaments. The TS, applied on a single filament, consisted of 12 s of regular stimulation trains at a rate of 10 s-1, each train being
preceded and followed by a single stimulus.
Distributed stimulation (DST) was applied to four or five isolated VR filaments
for CFS. Distributed stimulation of isolated ventral root filaments is considered a
rather simple and effective way of simulating natural muscle activation. This method
allows the evoking of almost smooth muscle contractions with small force oscillations
even at low stimulation rates. This is an advantage of the DST in comparison with the
synchronous activation of VR filaments. The entire CFS consisted of 15 or more
repetitions of single stimulation sessions. Each stimulation session had a duration of 12
s, with repetitive regular stimuli usually occurring at a rate of 40 s-1 per filament,
separated by rest intervals of 40 s duration. When the CFS was applied to a single VR
filament, its rate was in the range of 10 - 50 s-1. Exceptionally, for the CFS of the
quadriceps muscle 10 s pulse trains at 50 s-1 were applied 15 times every 20 s. Pulse
trains of four to five times higher rates were computer generated for the distributed
stimulation and the pulses were then cyclically distributed to five separate channels via
a custom-built electronic device. Duration of the stimulus pulses was 0.2 ms, while the
intensity was set to 2.5 - 3 times the motor threshold.
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3.2.1.2 Paper II
Conditioning stimulation of the triceps surae muscle in rats was evoked either by direct
muscle stimulation (n=7) or by stimulation of the distal part of ipsilateral VR L5 (n=7).
Wire EMG electrodes (see below, Paper I and II) were used for direct muscle
stimulation.
The entire duration of the CFS was 30 min, divided into periods lasting one minute. Each period included a 40 s period of intermittent stimulation and a 20 s period of
rest. The 40 s stimulation period was further partitioned into repetitive intervals, which
consisted of 500 ms of regular stimuli at 100 s-1 and 500 ms of rest.
The duration and the intensity of stimulus pulses were set to 0.2 ms and to three
to five times the motor threshold, respectively. In the case of direct muscle stimulation,
particular attention was paid to the stimulus intensity, which never exceeded 1.5 - 2
mA. This was important in order to avoid potential direct electrical activation of group
III and IV afferents (Noguchi et al. 1999). However, we could not entirely rule out the
possibility that some of the low-threshold afferents were activated during stimulation.
3.2.1.3 Papers III and IV
Continuous (Paper III) or repetitive isometric or eccentric muscle contractions (Paper
IV) were elicited by the electrical stimulation of heteronymous nerves with respect to
the nerves from which the fusimotor activity was recorded (see Fig. 1)
puller
(3)
(2)

GM

(1)

vibrator
GLS

Fig. 1. Experimental set-up. Recording of fusimotor activity from thin filaments of the GM
nerve during isometric (Paper III and IV) and /or repetitive, lengthening contractions of the
GLS muscle (Paper IV) evoked by peripheral nerve stimulation (1) in decerebrate cats.
Fusimotor neurons were identified based on their conduction velocity which was in the
range of 10-45m/s. The impulse traffic in the parent GM nerve (2) was averaged by triggering
it with the single spikes recorded from the filament (3). Records to be averaged were
delayed.Thus, the time of an efferent impulse in the whole GM nerve prior to its occurance in
the filament could be determined. Conduction velocity was estimated from the distances
between (2) and (3) and the conduction time. In Paper III non-noxious, mechanical stimuli
(10 Hz, 2 mm vibration) were applied to the skin area located on the lateral aspect of the heel
in order to examine the interaction between cutaneous and fatigue-induce afferent input on
fusimotor activity.
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The intensity of electrical stimulation was set to 1.3 times the motor threshold
(usually 0.06 - 0.10 V) at a rate of 40 s-1, until the muscle tension fell to approximately
one third of the initial value, which was taken as the standard criterion of muscle
fatigue (Hayward et al. 1988; 1991). Since electrical stimulation at the applied stimulus
strength could evoke antidromic activation of skeleto-motoneurons the estimated motor threshold was checked at the end of each experiment after severing the muscle
nerves proximal to the site of stimulation.
In Paper III, non-noxious cutaneous afferent input was induced by mechanical
stimuli (10 Hz, 2mm peak-to-peak amplitude vibration) applied to the skin area overlying
the calcaneal area of the hind limb (see also Ellaway et al. 1996; 1997). This area is
innervated by the sural nerve, which occupies the lateral aspect of the heel spreading
several centimetres proximal and distal to the calcaneum. The vibration of a discrete
skin zone was evoked using a prodder 1 mm in diameter, attached to an electromagnetic
shaker via a flexible shaft (Pye Ling V47). Vibration was always applied approximately
at the same spot just below the insertion point of the tendon into the calcaneum. The
degree of indentation was adjusted in order to evoke a brief discharge of multiple
afferent units in the sural nerve.
In Paper IV, LGS muscles were subjected to repetitive isometric or lengthening
contraction regimes. Sequences of repetitive isometric contractions, muscle stretches
and / or both simultaneously (i.e. lengthening contractions) were applied for 250 - 450 s
(Fig. 2). As in the previous paper, isometric contractions were elicited by electrical
stimulation at a rate of 40 s-1, at 1.3 times the motor threshold (duration of trains 4 s,
rest intervals 2 s).

Fig. 2. Experimental protocol used for eliciting the sequences of isometric muscle contractions
(c), muscle stretches (r), and lengthening muscle contractions (rc) in Paper IV
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Repetitive 4-mm LGS muscle ramp stretches, at a velocity of 1 mm/s, were
produced by a servo-controlled electromechanical puller (Pye Ling 706) and applied at
6-s intervals, alone or simultaneously with muscle contractions. To provide adequate
muscle tension before lengthening, the stretches started slightly after the stimulation
(Hesselink et al. 1996).
The described pattern of repetitive lengthening muscle contractions was chosen
in order to simulate muscle activity in natural conditions. The amplitude of the stretches
(but not their velocity) was kept in the physiological range, similar to that occurring in
locomotion (Bonasera and Nichols 1994). However, in these experiments, at the end
of the fatiguing protocol, muscle tension fell to less than 30% of its initial value. Thus,
according to the afore-mentioned criterion, muscles could not have been considered
fatigued, in spite of their long-lasting activity.
3.2.1.4 Paper V
Conditioning fatiguing contractions of the whole triceps surae muscle were evoked by
long-lasting intermittent stimulation of the distal part of ipsilateral VR S1. Stimulation
periods of 20 s, or in several experiments of 10 s duration, with repetitive regular
stimuli occurring at a rate of 50 s-1, were separated by rest intervals of 10 s duration.
The entire duration of the fatiguing stimulation (FST) was 10 or 12 minutes. The duration
of stimulus pulses was 0.2 ms; their intensity was set at 1.3 times the motor threshold.
The drop in tension during individual stimulation periods increased prominently over
time, reaching 25 - 30% of the initial value at the end of the stimulation sequence.
3.2.1.5 Paper VI
The experiments were performed on cats anaesthetized with α-chloraloze (Sigma, 50
mgkg-1 i.p.). Capsaicin (5 mg, Sigma) dissolved in 1 ml of Tween 80 (7%) and sterile
isotonic saline (93%) were injected in the treatment group of cats (n = 6), while the
control group (n=3) received only the vehicle (Tween 80 and saline). The intramuscular
injections (IMI) were made ipsilaterally, on the right side, through a thin needle inserted
into several spots over the rostral parts of the trapezius and splenius muscles (100 ml
into each of the 10 sites in the rostro-caudal extent).

3.2.2 Force and EMG recording
A force transducer, with a compliance of 20 - 50 mmN-1 and a resonance frequency
close to 1.5 kHz was used to record muscle force (Papers I, II, III, IV and V).
Additionally, in Paper IV, muscle length changes were recorded using a displacement
transducer (Tektronix 015-0168-00), the output of which also served as the feedback
signal for the stretching system.
EMG signals were recorded separately from the GM and the GL, or the soleus
muscle (Paper I), or from the whole triceps surae muscle (Paper II) using pairs of
intramuscular wire electrodes. The electrodes were prepared from lacquered silver
wires, 0.15 mm in diameter. The wires were introduced into a hypodermic injection
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needle, their insulation was removed from a length of about 2 mm from the end and the
bare ends were bent close to the needle end. Two such needles were inserted into the
muscle belly to a depth of about 4 - 5 mm, whereupon the needles were withdrawn.
The wires remained stuck and effectively fixed inside the muscle. The electrodes
were inserted in the middle part of the muscle, along the longitudinal axes at a distance
of about one third of the entire muscle length measured from the calcaneus. The wire
electrodes were connected to the isolated input units of Brownlee model 440 amplifiers
(Brownlee Precision Co, USA). The amplifier frequency bandwidth was set to a range
of 10 Hz - 7.5 kHz.

3.2.3 Recording of the fusimotor activity (Papers III and IV)
Spike discharges of single fusimotor neurons were recorded from thin filaments, cut
out from the intact GM nerve and dissected free from de-sheathed fascicles. Fusimotor
neurons were identified based on the conduction velocity which was in the range of 10
- 45 m/s. In order to estimate the conduction velocity the back-averaging method
developed by Bostock and Sears (1976) was used in the following way: the impulse
traffic in the parent nerve was averaged (128 sweeps), by triggering it with the single
spikes recorded from the filament. Records to be averaged were usually delayed by 5
ms. Thus, the time of occurrence of an efferent impulse in the whole GM nerve prior
to its occurrence in the filament could be determined. Conduction velocity was estimated
from the distance between the two recording sites (one on the whole nerve and the
other on the dissected filament) and the conduction time.

3.2.4 Recording the monosynaptic reflex (MR) and dorsal root potential
(DRP) (Paper V)
In order to record monosynaptic reflexes and to elicit recurrent inhibition, the VR L7
was cut at the maximal possible distance from the point of its exit from the spinal cord
and divided into five to seven filaments. From one of the filaments MSRs were recorded,
while one of the other filaments was stimulated in order to evoke recurrent inhibition.
It was possible to elicit MSRs with only one stimulus applied to the GS nerve, but such
records were usually unstable during the long-lasting test procedure. For that reason,
on most occasions, MSRs were evoked by pairs of stimuli at 2 ms intervals. The
duration of the stimuli was 0.2 ms. Current intensity was adjusted to evoke MSRs in
the range of 60 - 70% of their maximal amplitude and not to exceed 1.3 - 1.4 times the
threshold for the appearance of an afferent wave in the cord dorsum potential (CDP)
after single pulse stimulation.
To record dorsal root potentials (DRPs) a small filament was carefully dissected
from the most caudal rootlet of the L7 dorsal root up to its entry into the cord and
transsected 20 mm from the entry zone. The central end of the filament was placed on
a bipolar hook electrode (distance between the leads was 10 mm). One lead was
positioned 1 mm from the cord and the other on the cut end of the root. The experimental set-up is presented in Fig. 3.

35

Fig. 3. Experimental set-up. Recording of the monosynaptic reflex (MSRs) from a single
filament, dissected from VR L7 (7), evoked by electrical stimulation of the GS nerve (1) at 1.3
- 1.4 times the threshold current for the appearance of an afferent wave in the cord dorsum
potential (5) after single pulse stimulation. The effects of presynaptic and recurrent inhibition
on GS MSRs were estimated by its conditioning by stimulating 1) the peripheral nerve for
PBSt (2) and 2) a VRL7 filament adjacent to the one from which MSR was recorded (4). The
level of presynaptic inhibition was also estimated by recording the dorsal root potentials
with antidromically evoked discharges from filaments dissected from the most caudal rootlet
of the L7 dorsal root (6). Unconditioned and conditioned MSRs and DRP were recorded and
compared before and after FST applied to the distal part of VRS1 (3). Decerebrate cat.

The signals of the MSRs, the cord dorsum potential and dorsal root potentials
were all amplified by Brownlee model 440 amplifiers (Brownlee Precision Co, USA).
Frequency bandwidth was set to a range of 10 Hz to 5 kHz for the recording of MSRs
and CDPs and 0.1 Hz to 10 kHz for the recording of DRPs.
The effects of presynaptic and recurrent inhibition on GS MSRs were studied by
conditioning the GS MSRs by stimulating the nerve to posterior biceps and semitendinosus muscles (PBSt) and a VR L7 filament adjacent to the one from which the
MSR was recorded. In both cases, pairs of stimuli at 2 ms intervals were applied either
to the PBSt nerve or to isolated VR filaments. The interval between conditioning and
test pairs of stimuli was set at 20 ms. The timing of both conditioning stimuli corresponded
to the occurrence of the maximal intensity of presynaptic and recurrent inhibition
(Brooks and Wilson 1959; Manjarrez et al. 2000). The intensity of PBSt stimulation
was adjusted to evoke about 20% inhibition of test MSRs under control conditions. The
current intensities were in the range of 1.3 -1.5 times the threshold value for the
appearance of an afferent wave in the cord dorsum potential.

3.3 Data acquisition and analysis
EMG signals, muscle tension, blood pressure as well as the signals recorded from
filaments of the ventral and dorsal roots, dorsal root entry zone (CDP) or peripheral
nerve together with stimulation markers were sampled by the input-output interface
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device CED Power 1401 (Cambridge Electronic Design, UK), while the Spike 2
software (Cambridge Electronics Department, UK) was used for data acquisition and
further processing. Input signals were digitised with 12-bit resolution at the rates of 1
kHz for the tension and blood pressure (Paper I, II, III, I V), 10 kHz for the monosynaptic
reflex and cord dorsum potentials (CDP, Paper V and VII) and 15 kHz for the EMG
(Paper I) and dorsal root potential with antidromic spikes (DRP, Paper V).
Fusimotor discharges were recorded before (50 - 100 s), during (250 - 450 s) and
after muscle contraction, and together with the tension recordings (Papers III and IV)
stored on a magnetic tape and / or analysed on-line using a Hewlett-Packard 9817
computer. The action potentials were converted to voltage steps, which were sampled
at 20 ms intervals. The output signal from the tension transducer was amplified, stored
on a magnetic tape and A/D converted (sampling interval 80 ms) simultaneously with
fusimotor discharge.
Further analysis was performed off-line. Data analysis and diagram plotting was
performed using the Origin 6.0 or 7.0 software (OriginLab Corporation, USA), while
the statistical analyses were performed using the SPSS 10.0 for Windows (SPSS Inc.,
USA).

3.3.1 Paper I
Quantitative analysis of pre-fatigue and post-fatigue test responses (120 unfused
isometric contractions evoked by 10 s-1 regular stimulation in each test or control reaction)
included the calculation of tension peak amplitudes and M-wave amplitudes. Means
and statistical deviations of peak tensions and M-wave amplitudes of post-fatigue
responses were normalized to the corresponding pre-fatigue mean values. Statistically
significant differences of both parameters compared to their resting values, as well as
their mutual difference, were examined using two-population Student’s t-test.

3.3.2 Papers III and IV
Quantitative analysis of fusimotor discharges, recorded at distinct time intervals was
as follows: Mean value and standard deviation of the spontaneous activity was calculated
from the counts of spikes per second intervals from a 100-s period immediately preceding
the beginning of stimulation. In Paper IV the amount of change, when present, was
estimated by calculating the number of action potentials above the spontaneous firing
rate during the whole stimulation period. The differences between the area underneath
the firing rate curve during the stimulation periodand the area underneath the mean
spontaneous firing rate were taken as the responses to the applied stimuli. Statistical
significance of the increase in the number of spikes during sequences of contractions,
as well as their mutual differences, were examined using Student’s paired t-test. With
some modifications, a similar method was applied in Paper III.
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3.3.3 Paper V
Statistical significance of post-fatigue changes in MSR amplitude and in the intensity
of presynaptic and recurrent inhibition was determined by repeated measures analysis
of variance (ANOVA). Time interval of measurement (prefatigue - pre-test versus
post1 test versus post2 test etc.) was used as the within-subject factor. Provided that
the changes of parameters under study were significant in successive time intervals,
post hoc comparisons were performed using the Bonfferoni adjustment for multiple
comparisons.

3.4 Fos immunohistochemistry and NADPH-d histochemistry
(Papers II and VI)
3.4.1Perfusion
The rats were perfused after the end of the fatiguing stimulation i.e. two hours after
direct muscle stimulation or eight hours after lumbar laminectomy, when the fatigue of
triceps surae was evoked by VR stimulation (Paper II). The cats were perfused two
hours after i.m. capsaicin injection (Paper VI). Perfusion protocol was the following:
At first, control and test group of animals were additionally anaesthetized with
sodium-pentobarbital (Sigma 70 - 75 mg kg-1 i.p.) The animals were then perfused
through the ascending aorta, at first with phosphate-buffered saline (PBS, pH=7.4)
containing heparin (25 000 units/l) and sodium nitrite (0.2%), and further with 4%
paraformaldehyde in a 0.1 M phosphate buffer (pH 7.4). The spinal cord was isolated,
lumbar L1-L6 segments of rats (Paper II) and cervical (C1-C8) and lumbar (L1-L7)
segments of cats (Paper V) were post-fixed in the same fixative overnight and
cryoprotected in phosphate-buffered 10% and 30% sucrose at 4°C for 48 h.
Frontal frozen sections of the spinal cord (30 µm thick in Paper II or 40 µm in
Paper V) were cut. About 50 - 80 sections from each spinal segment were collected in
wells, filled with PBS and subjected to further immunohystochemical and hystochemical
procedure.

3.4.2 Fos-immunohistochemistry
For the visualisation of Fos-ir neurons in different spinal layers (laminas) of ipsi- and
contralateral sides to the stimulated (treated) one, the avidin-biotin-peroxidase technique
was used (Hsu et al, 1981), using a rabbit polyclonal antibody directed against the cFos protein (Oncogene Research, Ab-5, USA), and a commercial kit (ABC; Vector,
PK 4002, USA). After several rinses in 0.01 M PBS, the sections were incubated in
PBS with 3% normal goat serum (NGS, Sigma) and 0.3% Triton-X-100 (Sigma) for 30
minutes at room temperature. Free-floating sections were then placed in primary rabbit
antiserum against the Fos protein, diluted (1:2000) in PBS containing 3% NGS and
0.4% Triton X-100 for 48 h at 4°C. The sections were further incubated in biotinylated
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goat anti-rabbit immunoglobulin G (1:200) and avidin-biotin-peroxidase complex (ABC)
using the standard method. In order to obtain black-purple reaction product, the sections
were reacted in 0.05 M Tris-buffer (pH = 7,4), containing chromogen 3,3’ diaminobenzidine tetrahydrochloride (DAB, Sigma), 0.2% nickel-ammonium-sulphate and
substrate 0,005% hydrogen peroxide for 10 minutes. Fos-ir nuclei were detected as
black nuclei. The sections were washed in PBS to block staining reactions, mounted
on gelatine-subbed slides, air-dried, cleared in xylene and cover-slipped with Entellan.

3.4.3 NADPH-d histochemistry
To evaluate the possibility of double-labelling of Fos-immunoreactivity and NADPH-d
reactivity in the neurons, one half of all Fos-immuno-stained sections from each particular
segment were further incubated in a 0.1 M phosfate buffer (pH 7.4), containing 0.3%
Triton X-100, 0.1 mg/ml nitroblue tetrazolium (Sigma) and 0.5 mg/ml β-NADPH tetra-sodium salt, reduced form, at 37 °C for 30 - 60 min, according to the standard
method of Vincent and Kimura (1992). All NADPH-d reactive neurons were detected
as light-blue cells with unstained nuclei.
Following the reaction, the sections were rinsed in phosphate buffer saline (pH
7.4) and mounted on gelatine-subbed slides, air-dried, immersed in 100% alcohol, cleared
in xylene and cover-slipped with Entellan.

3.4.4 Statistical analysis
The data reported here were obtained from every fifth section in the rostrocaudal
extent. Up to 10 (rats) and 20 (cats) sections were taken from each particular spinal
segment and analysed. The mean number (± SEM) of Fos-ir neurons per section of
the same group was counted in laminae I-X of the grey matter bilaterally, compared
and analysed using Student’s t-test for paired data (Paper II) or the ANOVA (Paper
VI). The differences between the compared values were taken as statistically significant
at p<0.01.
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4. RESULTS
4.1 Paper I
In most mammalian muscles (including the cat GM muscle), muscle fibres of different
motor units intermingle, so that the fibres belonging to different motor units may lie
close to each other. Such intramuscular architecture allows that muscle fibres of a
single motor unit do not function as isolated entities, but may actually influence each
other. Conditioning fatiguing stimulation (CFS) was applied to multiple motor units of
the GM muscle of cats in order to assess whether their activation may affect neighbouring,
inactive units. CFS was evoked by distributed stimulation of usually four to five filaments, originating from ipsilateral L7 or S1 ventral roots. For the test reaction, low
frequency stimulation with a frequency of 10 s-1 and duration of 12 s was applied on a
single filament, dissected from the same ventral roots. To exclude somato-sympathetic
reflexes during CFS, a full rhizotomy of the lumbo-sacral spinal cord was performed.
An example of the experimental protocol is presented in Fig. 4. Test EMG and
tension were recorded from the GM, whereas control EMG and tension were recorded
from the GL. The test (T) and control (C) stimulations were performed before the
CFS (T1, C1) and following its cessation, at distinct time intervals (T2, C2; T3, C3) in
order to reveal recovery processes. During CFS the tetanic tension and the EMG of
the GM muscle declined prominently. Test reactions changed markedly and a clear-cut
drop in tension records of the GM could be observed at distinct time intervals, e.g.
from T1 to T2 and further on to T3. Twitch contractions evoked by a single stimulus
declined from T1 to T2 and from T2 to T3. In the pre-fatigue test, the twitch that
followed the low-frequency train was potentiated compared to the twitch preceding
the stimulation. This potentiation effect disappeared immediately after the CFS (T2)
and partly recovered later on (T3). At the same time, in T2 and T3, post-twitches
significantly exceeded the force amplitudes at the end of repetitive 10 s-1 stimulation.
Low-rate stimulation (10 s-1) usually evoked non-fused or partly fused contractions of
the GM muscle. The steady-state amplitudes of the low-frequency contractions (after
the initial fall of twitch amplitudes at the onset of stimulation) were prominently reduced
after the CFS (see T1 vs. T2 in Fig. 4B, lower row), followed by their gradual recovery
several minutes later (T3). EMGs of the test reactions (Fig. 4B, upper row) were
reduced following the CFS (T2) and recovered almost completely after a rest period
(T3).On the contrary, only minor changes in both the EMG and the tension occurred in
the GL muscle (compare C1, C2 and C3 in Fig. 4B).

4.1.1Quantitative description of changes in EMG and tension
Quantitative analysis of the changes in EMG and tension across different experiments
is presented in Fig. 5.
In the initial five experiments, the parameters of CFS that could evoke noticeable
depression in the test reactions were defined (Fig. 5, A-C). Neither the tension, nor
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Fig. 4. An example of the experimental protocol. Ventral root L7 was divided into seven
filaments of approximately equal cross-section. Test stimulation (T1-T3) was applied on one
filament, while CFS was applied on the remaining five (in the form of distributed stimulation
at 40 s-1 per filament). The seventh filament was not used in this experiment. Test reactions EMG and tension were recorded from the GM , while the control reactions were recorded from
the GL (panels A and B, different time scales). As seen in panel A, the test (T) and control (C)
stimulations were performed at distinct time intervals before (T1) and after the CFS (four
repetitions). In panel B only the first two post-test responses are shown. CFS comprised of 16
repetitions of a single stimulus session (each lasting 12 s), every 40 s. Arrows S1-S3 in the
upper left corner of panel B represent time points for the extraction of single M-waves presented
in a larger time scale in Fig. 7.
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Fig. 5. Quantitative changes in test (T1, T2…) and control (C1,C2…) reactions, recorded
from the GM and GL muscles before (T1,C1) and after (T2,C2; T3,C3 etc) the fatiguing run. In
the first series of experiments, only the test reactions of the GM were assessed, as presented in
panels A - C. Panels D - H display the data with control contractions. Data points and
vertical bars represent the mean and the standard deviation of 120 contractions during test
stimulation (12 s duration, 10 s-1). The tension peaks are indicated by squares and solid lines
and the EMG amplitudes are shown as circles and dashed lines, respectively. The test and
control reactions are labelled using filled and unfilled markers, respectively. Changes in
EMG and tension are normalized to estimated mean values before the CFS (pre-test values).
The parameters of CFS for each particular experimental protocol were: A) 10 s-1, 4 filaments,
17 repetitions B) 40 s-1, 4 filaments, 16 repetitions C) 40 s-1, 5 filaments, 16 repetitions D) 40
s-1, 5 filaments, 16 repetitions E) 40 s-1, 5 filaments, 24 repetitions F) 40 s-1, 5 filaments, 17
repetitions G) 40 s-1, five filaments, 15 repetitions H) 40 s-1, five filaments, 16 repetitions.
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the EMG of post-test vs. pre-test reactions differed significantly when 10 s-1 distributed
stimulation was applied to four or five filaments of the same size (Fig. 5A). Similarly,
changes were absent following the application of the CFS on a single filament at high
rates (up to 40 - 50 s-1, 8 test-conditioning-test sessions - TCT). By contrast, both the
EMG and the tension of test reactions changed after the application of higher rates of
distributed stimulation per filament (40 s-1 or 50 s-1). Of the 15 TCT sessions five are
presented in Fig. 5D-H. The CFS-evoked drop in force was usually more prominent
compared to the drop in the EMG.
A complete restoration of EMG reactions in successive tests applied within an
interval of 5 - 20 min after the CFS was noticed in eight out of 15 TCT reactions (see
Fig. 5D-F), whereas force recovery was observed rarely (in only three cases, as
shown in Fig. 5E). A summary of post-fatigue depression in the test reactions following
CFS is shown in Fig. 6. Quantitative analysis of test and control reactions (120 unfused
isometric contractions evoked by 10 s-1 regular stimulation in each test or control reaction)
included the determination of tension peak amplitudes and M-wave amplitudes.
An example of fatigue-induced changes in M-waves of test reactions of the GM
is shown in Fig. 7. Immediately after the CFS, the amplitudes of M-waves decreased,

Fig. 6. Summary of quantitative changes in the EMG and tension of test contractions
immediately after the CFS (T2). Results from 15 TCT sessions are presented on the left side of
the panel. CFS was applied to four or five filaments of the L7 VR (8 TCT sessions) or S1 VR (7
TCT). Means and SD of peak tensions (plain bars) and M wave amplitudes (filled bars) were
normalized to mean values of the test reactions preceding the CFS (T1) (cf. Fig.5). Mean
values and SD of the EMG and the tension calculated from the values on the left side are
displayed as wider bars at the right side of the graph.
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Fig. 7. Changes in the M-wave of test
reactions of GM units before (T1) and
after the CFS (T2, T3). M-waves are
shown superimposed. S1 and S3 show
EMG records within the same tests in
response before and after train of stimuli;
S2 is from the middle of the train (6 s after
its start).

whereas their delay increased, all of which was followed by a clear tendency towards
the restoration of both parameters after the rest period. Fig. 7 shows that S1, S2 and
S3 waves were very similar before the CFS (T1). The first two components (positivenegative) were almost completely superimposed. The time latency of late components
decreased (compare S1 and S2) followed by a restoration in S3. Immediately following
the CFS, the M-waves have changed. The first positive component had been reduced
in amplitude and has become somewhat wider, reflecting a partial loss of conductivity
of fast fibres. The second negative component had disappeared. The subsequent
sequences of late components changed as well and the duration of M-waves decreased, presumably reflecting partial loss of conductivity of slow muscle fibres. The Mwaves of the S2 record increased both in amplitude and duration, and these changes
were preserved in the S3. Following a rest period, the M-waves tended to recover to
their initial form (T3), but still remained more variable then before the CFS.
The experiments described so far support the idea that depressive fatigue-related
effects might spread within muscle tissue. Further experiments were performed in
order to define possible mechanisms as to how the activation of one muscle part alters
the contractile efficiency of its neighbour. Distinct changes in the systemic blood pressure
were observed during the CFS, usually closely associated with the changes in muscle
tension. However, blood pressure alterations per se were not responsible for the observed
depressive effects in the EMG and the tension in test contractions. For example, CFS
stimulation of the remote quadriceps muscle evoked similar changes in blood pressure,
whereas neither the tension nor the EMG of MG test reactions decreased. Also, passive
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squeezing of the belly of the GM muscle at a pressure which did not exceed the
systolic blood pressure of 120 mm Hg or the occlusion of the popliteal artery failed to
induce concomitant changes in EMG and tension, as observed by high-rate distributed
CFS. Thus, an increase in intramuscular pressure during tetanic contractions and local
hypoxia could not fully account for the obtained results and the involvement of other
possible mechanisms underlying the observed effects was suggested (see original paper).
Subsequent experiments were devoted to the studies of spinal action of smalldiameter afferent fibres elicited by muscle fatigue, and their role in the adjustment of
spinal motor output. Paper II described changes in the lamellar distribution of spinal
interneurons in the lumbar spinal segments of the rat, evoked by fatiguing long-lasting
muscle contractions. Possible contributions of selected spinal neuronal systems to
skeleto-motoneuronal adaptation to muscle fatigue were then explored.Changes in the
activity of fusimotor neurons during muscle fatigue, with and without concomitant input from other afferent sources (e.g. skin)(Paper IV) and in different regimes of
muscle activity (continuous, intermittent isometric vs. eccentric contractions)(Paper
III ) were estimated . In Paper V a quantitative estimate of the magnitude, time dynamics
and the direction of changes of the activity of skeleto-motoneurons and some of the
interneurons that mediate presynaptic inhibition or recurrent inhibition following longlasting fatiguing contractions was performed.

4.2.Paper II
Paper II describes changes in the lamellar distribution of spinal interneurons in the
lumbar spinal segments of the rat, activated by fatiguing long-lasting muscle contraction.

4.2.1 Dynamic of triceps surae muscle fatigue development
In order to quantify the development of fatigue of the triceps surae muscle evoked by
high-rate intermittent stimulation (100 s-1), test stimuli (10 s-1 over 12s) were applied
before and after a 30-min long-lasting fatiguing run. After the fifth fatiguing session the
tension declined to 50%, whereas after the 30th session it declined to 70% of its initial
value. This drop in tension was followed by a corresponding drop in the EMG. An
example of the fatiguing protocol is presented in Fig. 8.

4.2.2Fos-immunoreactivity and NADPH-d reactivity after fatiguing stimulation
Following fatiguing muscle contraction induced by direct or VRL5 stimulation, the
number of Fos-ir neurons and the pattern of their distribution have changed. Fatigueassociated c-fos gene expression was more extensive in the L2-L5 segments on the
stimulated side. Immunoreactive neurons were mainly noticable in the dorsal half of
the spinal grey matter and only occasionally recorded in the ventral horn.
After direct muscle stimulation the number of Fos-ir neurons increased ipsilaterally
in the outer part of layer 2 (2o), in the nucleus proprius (layers 3 and 4) and in the neck
of the dorsal horn at the L4/L5 level. In the L2 and L3 segments, while Fos-ir was not
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Fig. 8. Isometric contractions of the triceps surae muscle following a standard fatiguing 30min protocol evoked by VRL5 stimulation. Muscle contractions during the first five and the
last (30th) stimulus session are shown, in different time-scales (A, B). Test records (force and
EMG) of the triceps surae muscle before and after fatiguing sessions are presented (C, D)

expressed so pronouncedly in the superficial layers, many labelled cells were noticed
in the intermediolateral cell column (IML) and in the neck of the dorsal horn of the
ipsilateral side. By contrast, layer 8 contained more labelled cells on the contralateral
side, where, sporadically, Fos-ir motoneurons could also be observed. A few labelled
cells could be observed around the central channel. The distribution of Fos-ir neurons
on ipsi- vs. contralateral side was asymmetrical. The ipsilateral side contained higher
numbers of labelled cells in each segment compared to the conralateral side.
Following VRL5 stimulation, notable accumulation of Fos-ir cells was noticed in
the superficial layers, e.g. in layers 1 and 2(2o), occupying mainly the middle and the
lateral part of the layers (Fig. 9A-D). A small number of cells were noticed in the
inner part of layer 2(2i) and in the nucleus proprius (layers 3 and 4). In layer 8 a few
labelled cells were recorded bilaterally, and scarce numbers of cells were also observed
around area 10.
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Fig. 9. Photomicrographs of Fos-ir and NADPH-d-positive spinal neurons following VRL5
stimulation.
Low- (A, C) and high-magnification (B, D) images of ipsilateral (A, B) and contralateral (C,
D) dorsal horns in the L4 segment. Open and filled stars denote the same sites on the images
in different resolutions (A, B) and (C, D). Note clear ipsilateral predominance of Fos-ir
neurons in the superficial layers (1and 2o). NADPH-d reactive neurons (designated by open
arrows) were located in layers 2i, but their sporadic occurrence could be recorded in layers
3 - 6.
E) Area 10 around the central channel (CC) in the L4 segment.
F) Two kinds of stained cells were intermixed in the ipsilateral neck of the dorsal horn (layer
5), the intermediolateral cell column (IML), the intermediate zone (layer 7) and in area 10 of
the L2 segment.
G) High resolution photomicrograph of area 10 designated by the open star in (F); Open
arrows in B, E, and G denote NADPH-d reactive cell groups.
(A, C, and F) Bars represent 100 µm; (B, D, E, and G) bar represents 25 µm.

The maximal density of Fos-ir neurons following direct muscle stimulation was
noticed in the L2-L5 segments, predominantly in layers 1 and 5. The medial part of
layer 5 (5m) of the L2 segment counted on average 27 ± 2 cells (mean ± SEM), and
that their number increased significantly, reaching 33 ± 3 cells more caudally at the L5
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level. The estimated asymmetry coefficient (defined as the ratio of recorded cells
within the same layers on the ipsi- vs. contralateral side and expressed in percent) for
the layer 5m was 230 % for the L2 segment and increased to almost 1200% for the L5
segment. Another noticeable accumulation of Fos-ir cells was located in the superficial
layers of the dorsal horn, layers 1, 2o and in the reticulated zone of layer 5, partially
overlapping with the projection zone of high threshold muscle afferents. Layer 1
contained 12 ± 1 cells per section in the L2 segment, and the number of Fos-ir neurons
also increased gradually in the caudal direction, reaching its maximum in the L5 segment (20 ± 2). The estimated asymmetry coefficient for layer 1 was 240% for the L2
segment and 760% for the L5 segment. The number of Fos-ir cells on ipsi-vs. contralateral side was significantly different throughout layers 1 to 7 in L4 and L5 segments
(p<0.001, Fig. 10).
Following the VRL5 stimulation the majority of the cells recorded in the dorsal
horn were localized in layers 1 and 2o of the L3-L5 segment (~70% of their total
number). In these layers, the differences between ipsi- and contralateral numbers of
labelled cells were statistically significant (p<0.001). The mean number of cells per
section increased in rostrocaudal direction (Fig. 11). The estimated asymmetry

Fig. 10. Quantitative analysis of the distribution of Fos-ir neurons after direct muscle
stimulation, throughout different layers of L1-L6 segments. Each bar represents the mean
number ± SEM of labelled cells per section, defined in a group of four rats. Asterisks indicate
significant differences in the number of labelled cells in ipsi- vs.contralateral sides for a given
layer (* p<0.01, ** p<0.001).
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Fig. 11. Quantitative analysis of Fos-ir neuron distribution in different layers of L1-L6 segments
after VRL5 stimulation (B). Significant differences in the number of labelled cells in ipsi- vs.
contralateral sides for a given layer are indicated by asterisks (*p<0.01 and **p<0.001).

coefficient for layer 1 was 180%, for the L3 segment and 270% for the L5 segment .
Lamellar distributions of Fos-labelled neurons overlap almost completely with the
known termination patterns of high-threshold muscle afferents (Mense and Prabhakar
1986) confirming the assumption that the modulation of the motoneuronal discharge
during muscle fatigue is mediated through the activation of high threshold nociceptive
muscle afferents.
Distribution of NADPH-d reactive neurons. Lamellar distribution of NADPHd reactive neurons was similar over all experimental groups of animals. Throughout
L3-L6 segments, such reactive cells were located in two distinct regions: in the dorsal
horn (layers 2i, 3 and 5) and in area 10. In L1 and L2 segments an additional cluster of
NADPH-d reactive cells was recorded in the intermediolateral cell column (IML).
NADPH-d-reactive neurons in area 10 had an elongated form and surrounded the
central channel. Many Fos-ir neurons were intermixed with NADPH-d-positive cells
within the superficial layers (1, 2i) and the nucleus proprius, however double-labelled
cells were never observed (see Fig. 9). Following fatiguing contractions, significant
differences in the number of NADPH-d positive neurons between the ipsi- and the
contralateral sides in all experimental groups of animals were not observed (p>0.2).
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4.3 Paper III
Following the description of the spinal location of the neurons that are activated by
long-lasting muscle contractions it was of interest to probe into the activity of the
fusimotor system, which contributes to skeleto-motoneuronal adaptation to fatigue.
The aim of the work described in Paper III was to assess whether differential
regime of muscle activity (isometric vs. eccentric) might be reflected in fusimotor
responses due to differential composition of afferent inflow provoked under these
conditions. Responses to sequences of either muscle stretches and /or isometric and
lengthening muscle contractions of LGS muscles were studied on 25 fusimotor neurons
of the GM. Spontaneous firing rate of these cells varied between 4 and 17 impulses/s
(mean firing rate was 12 impulses/s) and their conduction velocity was in the range of
16 to 34 m/s.
Differences in the responses to sequences of lengthening vs. isometric contractions
could have been assessed in 13 cells. In other units, changes occurred in either the
level or the pattern of spontaneous activity.

4.3.1Responses of fusimotor neurons to intermittent muscle contractions and/
or stretches
Changes in discharge rate during long-lasting, intermittent sequences of isometric or
lengthening muscle contractions occurred in 23 out of 25 fusimotor neurons and in 16
cells during the sequences of muscle stretches applied alone.
At the onset of contraction, an abrupt increase in the discharge rate could be
observed, subsiding gradually towards the end.
In eight of the cells the firing rate, though remaining above the spontaneous activity
level throughout the sequence, was modulated with each successive stretch or
contraction, increasing at its beginning and declining during its release. A typical example
of such a pattern of discharge is presented in Fig. 12A.
In the remaining 15 units, however, modulations due to individual contractions
and/or stretches were either slight or absent, as presented in Fig. 12B.
The response pattern was the same both for muscle stretches and contractions in
all except in one of the fusimotor neurons recorded. This unit responded vigorously
only to muscle stretches.
Changes in fusimotor discharges at the end of contraction trials and/or stretches
were occasionally encountered. Two fusimotor neurons responded to the cessation of
sequences of both muscle contractions and stretches with a transient decrease in the
firing rate to levels below the spontaneous activity level (see Fig. 12A). The discharge
rate of additional three units was diminished only following the contraction sequences.
On the contrary, in four fusimotor neurons the increase in firing rate outlasted the
end of sequences of muscle contractions (isometric or eccentric) for up to 50s.
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Fig. 12. Two different fusimotor response patterns to sequences of isometric muscle contractions
(c), stretches (r), and lengthening contractions (rc). Modulated and unmodulated changes
in actual discharge rate are presented on panels A and B, respectively. Mean spontaneous
firing rate is represented by horizontal lines. Changes in muscle tension during sequences of
lengthening contractions are shown on the left and right lowermost traces.

4.3.2 Responses of fusimotor neurons to muscle lengthening vs. isometric
contractions
In order to compare the magnitudes of the responses of different patterns (with and
without modulations in firing rate due to individual contractions and stretches within the
sequence), the number of spikes during the whole stimulus session was calculated.
The number of spikes during the sequence of both isometric and lengthening contractions
was significantly greater than that expected to occur due to spontaneous activity (p=
0.007 and p= 0.002 for isometric and lengthening contractions, respectively, Fig. 13).
Mean number of spikes during the sequences of isometric and lengthening muscle
contractions, normalized to the mean number of those expected to occur spontaneously during the same period of time, was 1.33 (range 1.01-2.25) and 1.42 (1.03-2.35),
respectively. This increase in spike discharge above the spontaneous activity was
significantly greater during the sequences of lengthening contractions than during the
isometric ones (p=0.039). Fusimotor activity was also increased during the sequences
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Fig. 13. Responses of fusimotor
neurons to trains of isometric (r),
lengthening muscle contractions
(rc) and muscle stretch (r) normalized to the expected spontaneous
firing rate.

of muscle stretches applied alone (p=0.011), beyond the expected spontaneous activity
levels (normalized values: 1.33, range 1.02-3.39) in the majority of recorded cells. In
conclusion, in fusimotor units responding to muscle stretches, the increase in the number
of spikes during the sequences of lengthening muscle contractions was much smaller
then the one that would be attained if the responses to muscle stretches and isometric
contractions were summed linearly. On the other hand, in the units showing no overt
response to muscle stretches, responses to lengthening muscle contractions were larger
than responses to isometric contractions. The difference in the increase of actual discharge rate of fusimotor neurons during isometric as opposed to lengthening muscle
contractions was small and presumably not reflected in a differential regulation of
spindle afferent activity.

4.4 Paper IV
The effects of cutaneous stimulation on the responses to fatiguing contractions of LGS
muscles were studied on 26 GM fusimotor neurons. Spontaneous firing rate of these
cells varied between intermittent low rates (less then 5 impulses/s) and sustained rates
of 32 impulses/s (mean discharge rate 14.2 impulses/s), whereas the conduction velocity
of their axons varied from 15 - 35 m/s.
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Fig. 14. Predominant effect on changes in firing rate of two GM fusimotor neurons of the
long-lasting GLS muscle contraction and skin vibration (left and right) when both stimuli
were applied simultaneously. Responses to long-lasting GLS contractions alone (upper panel),
to skin vibration (middle panel) and to both stimuli applied simultaneously (lower panel)
are shown. Actual discharge rate is shown by the thin line, while the same discharge rate,
smoothed by five point averaging, is shown by the thick line; horizontal continuous and
dashed lines represent the spontaneous firing level (mean ± SD, respectively). Lower traces
show changes in muscle tension. Skin vibration is marked by the horizontal continuous line
below the records.

4.4.1Responses of fusimotor neurons to long-lasting, continuous muscle
contraction and fatigue
Changes in the discharge rate of fusimotor neurons during long-lasting continuous
fatiguing contractions of heteronymous muscles were similar to those initially described
(Ljubisavljevic et al. 1992). They consisted of an initial transient increase in the discharge rate at the onset of the contraction, followed in some units by a decrease below
the resting firing level, and a late, slowly developing long-lasting increase in the firing
rate, which outlasted the contraction (Fig. 14, upper panel).

4.4.2 Responses of fusimotor neurons to skin vibration
In fifteen fusimotor units vibration of a distinct skin surface (sural nerve innervation
zone) alone evoked an enhancement of firing rate, while in ten units no overt changes
could be recoded. Marked increase in the firing rate was observed in three units, even
throughout the whole period of skin vibration, and one of these cells is presented in
Fig. 14 (left). The response of the remaining units was less well expressed (see Fig.
14 right), and was reflected either as a transient increase in the firing rate at the onset
of vibration or as a gradual, slow increase in the activity towards the cessation of
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vibration. A slight transient decrease in the firing rate was found in only one fusimotor
neuron.

4.4.3 Responses of fusimotor neurons to muscle fatiguing contraction and
simultaneous skin vibration
Effects of skin vibration on the changes in fusimotor firing rate during simultaneous
GLS contraction and fatigue varied between the units.
When both stimuli were applied together, the response pattern similar to that
developing during the fatiguing contractions per se was preserved in 15 units (as
presented in Fig. 14, left). In six of them, both the initial and late responses remained
unchanged; in the other six they were decreased, while in three units they were
increased, both in amplitude and duration.
The pattern of changes in the firing rate evoked by skin vibration during muscle
contraction prevailed only when the reaction to the vibration alone was very prominent
(three units) (Fig. 14, right).
In eight units, activity pattern evoked when both stimuli were applied together
differed markedly from the pattern evoked by either stimulus applied alone, as shown
on the examples in Fig. 15. The initial increase in firing rate was prolonged and the
rate did not return to the resting level before the start of the late response or before the
end of contraction. Its duration varied between 5 s and 130 s (mean 66 s) and between
40 s and 250 s (mean 171 s) in the absence and presence of skin vibration, respectively.
On the contrary, late responses were either completely abolished (three units) or reduced
in duration (five units), barely outlasting the contraction itself. The late responses
outlasted the end of the contraction by 30 - 200 s (mean 104 s) and 0 - 50 s (mean 11
s) in the presence and absence of skin vibration, respectively. Differences in the duration
of both early and late responses to muscle contraction and fatigue, in the presence and
absence of skin vibration, were statistically significant (paired t-test, p=0.001 and
p=0.006, respectively). Magnitude of the responses tended to differ as well in the
absence or presence of skin vibration. The initial increase in the firing rate also tended
to be larger in the presence of skin vibration (3.5 and 2.7 times the mean resting
discharge rate on the average, respectively) while the late response tended to decrease
(1.3 and 1.5 times the mean discharge rate, respectively). However, these differences
did not reach the level of significance.
Example of two cells with a new pattern of discharge during concomitant input
from fatiguing muscle and stimulated skin surface, firing at rest at fairly different rates
(above and below 20 Hz) are demonstrated in Fig. 15A and B, respectively.
In conclusion, the stimulation of the skin surface near the triceps surae muscle,
located at the plantar aspect of the heel, evoked either no overall changes in the pattern
of fusimotor responses to muscle contraction and fatigue (58% of the units), or evoked
an enhancement of the early, tension-related response followed by a depression of the
late, fatigue-induced response (31% of the units), while in the remaining 11% of the
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Fig. 15. Changes in the fusimotor response pattern when skin vibration was applied
simultaneously with muscle fatiguing contractions. Discharge rates of two GM fusimotor
neurons from the same experiment, firing at rest at a rate below and above 20 Hz, A and B
respectively, are shown, top to bottom: during long-lasting contractions of GLS, during skin
vibration, when both stimuli were applied concomitantly, and spontaneous activity.
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units the responses were similar to those provoked by skin vibration alone. The data
presented suggest a potent influence of afferent inflow of origin other than the contracting
muscle on fatigue-induced changes in fusimotor activity, which could be reflected in
muscle spindle outflow.
While previous studies described the fatigue-induced alterations of the fusimotor
system, it was of interest to probe into the activity of other selected spinal neuronal
systems which contribute to skeleto-motoneuronal adaptation to muscle fatigue i.e. to
probe into activity of presynaptic and recurrent inhibitory systems.

4.5 Paper V
4.5.1 Fatigue-evoked changes in the monosynaptic reflex (MSR) amplitude
In this study the fatigue-related changes of the MSR amplitude of triceps surae
motoneurons and possible mechanisms underlying the observed changes in decerebrate
cats were addressed.
Fig. 16 represents an example of the experimental protocol. Fig. 16A shows the
superposition of all 12 MSRs recorded before the FST, comprising one test period.
Each test series (pre, post1…post4) consisted of 12 MSRs evoked before and after
the cessation of the FST in different time intervals. The post 1 series was evoked
about 30 s after the end of the FST, while the following test responses were evoked in
10 - 15 minute test intervals. In Fig. 16B, averaged MSRs before (thick line) and 10
minutes after (thin line) the FST are superimposed. Changes in the arterial blood pressure
were minor, while muscle tension declined prominently within each stimulus session
and throughout the whole FST protocol (Fig. 16C). The mean ± SEM of individual
MSRs were determined for each test period, normalized to the mean value of the
MSRs of the pre-test period and plotted as a function of time, as presented in Fig.
16D. The reduction of the MSR amplitude after the cessation of fatiguing trials was
prominent and long-lasting. Immediately after the FST the drop in MSR amplitude was
small and measured about 0.12 of the pre-fatigue value of MSRs. Maximal reduction
of 0.48 of the mean value of MSR was recorded during post2-test, approximately 10
minutes after the FST, followed by its gradual recovery.
Data from different experiments were compared and the results are presented in
Fig. 17. For statistical analysis, all data points from different experiments were sorted
into six successive time intervals of different duration, as indicated by the horizontal
lines labelled pre and post1-post5. MSRs were maximally reduced immediately after
the FST (post1) or somewhat later, with an average of 0.640 ± 0.004 of the pre values,
remaining stable during 25 minutes and then slowly recovered. No differences were
found for pairs within the first three post-fatigue groups and for the post1- post4 and
post3-post4 pairs. However, a clear-cut restoration of the MSR amplitude could be
observed. Statistically significant differences (Repeated Measures ANOVA, p<0.05)
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Fig. 16. Changes in monosynaptic gastrocnemius-soleus reflexes (GS MSRs) after fatiguing
GS stimulation. A) 12 individual MSRs, recorded in pre-fatigue (pre) test are superimposed.
MSRs were evoked by two electrical stimuli (labelled as dots), applied to the nerve for GS,
with the current intensity 1.4 times the threshold value for the appearance of the first afferent
wave in CDP record. B) averages of pre (thick) and post2 (thin line) MSRs. C). Isometric
contractions of the triceps surae muscle following a standard fatiguing stimulation (FST)
evoked by VRS1 stimulation are presented in the middle trace, stimulus markers in the bottom
trace and blood pressure at the top. D) Changes of MSR amplitudes over time, normalized to
the mean pre-fatigue values. Horizontal bar designates the duration of FST.

appeared between pairs post2- post4, post1-post5, post2-post5, post3-post5 and
post4-post5.

4.5.2 Fatigue dependent changes in the strength of presynaptic inhibition
Two approaches were used in order to reveal whether changes in presynaptic inhibition could contribute to fatigue-related depression of the MSRs.
In the first approach, GS MSRs were conditioned by stimulating the PBSt nerve
(see Methods). Data for the analysis were taken only from those experiments in which
the stimulation of the PBSt did not evoke MSRs in VRL7 filament, from which the GSMSRs were recorded. FST of the GS muscle evoked strong suppression of both
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Fig. 17. Post fatigue changes of MSRs. A) 21 fatigue tests were run in 16 different experiments;
in five experiments the test procedure was repeated in the opposite hindlimb. For data
comparison, all curves (such as the one in Fig. 16D) were plotted on a diagram, with a time
axis whose zero point (t=0) was set at the midpoint of the post1 period. B) For statistical
analysis all data points from different experiments were sorted into six successive time intervals
of different durations (indicated by horizontal lines labelled as pre and post1-post5), where
each interval contained approximately the same number of data points. For easier distinction,
the data points belonging to successive time slots are marked as white and black circles.
Mean values ± SEM determined for each plot are shown in the bottom graph, with the prefatigue control shown as the grey bar.

unconditioned (GS) and conditioned (PBSt + GS) monosynaptic reflex amplitudes (Fig.
18A). Time dynamics of the changes of MSRs amplitudes before and after the FTS
are presented in Fig. 18B; the data are normalized to the mean value of pre-fatigue
MSRs. In this particular experiment both curves show maximal reduction immediately
after the FST, followed by their gradual recovery during subsequent 40-60 minutes.
The inhibition of the conditioned MSRs was more prominent, and its recovery slower.
In order to quantify this difference, a presynaptic ”inhibition intensity index” was defined
as I = 1 - Mc / Mu, where Mu and Mc are the mean amplitudes of the unconditioned
(GS) and conditioned (PBSt + GS) MSRs, respectively. When the conditioned reflex is
fully suppressed (Mc=0), this index is equal to 1; in the absence of presynaptic inhibition (Mc=Mu) this index becomes 0. As might be seen from the diagram, the inhibition
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Fig. 18. Post-fatigue changes in the presynaptic inhibition of the GS MSRs induced by
conditioning stimulation of the nerve to the PBSt. A) Fatigue-evoked changes in the GS
MSRs, without (left column) and with (right column) preceding stimulation of the PBSt nerve
(time interval between conditioning and test stimulation was 20 s). Averaged records, n=12.
The intensity of PBSt stimulation was set so as to evoke approximately 20% inhibition of GS
MSRs in the pre-fatigue tests. B) Changes of unconditioned (open circles, GS) and conditioned
(filled circles, PBSt + GS) MSR amplitudes over time, normalized to pre-fatigue values of the
MSRs. C) Presynaptic ‘inhibition intensity’ plotted as a function of time (for a definition see
text).

intensity first increased to a maximum at around 40 minutes after the FST, followed by
its recovery to the pre-fatigue value.
Statistical analysis of the data from nine experiments shows that the ’inhibition
intensity’ tended first to increase after the FST and then to decline. Statistically significant
differences in the ”inhibition intensity” were shown for two pairs of test groups, namely
for pre – post2 (increase of ”inhibition intensity”, p<0.01), and post2 – post4 (decrease
of ”inhibition intensity”, p<0.05).
Since PAD presents electrophysiological evidence of presynaptic inhibition, another assessment of presynaptic inhibition was performed by recording the DRPs and
the antidromic discharges from the filaments dissected from dorsal root L7. An example
of fatigue-evoked changes of slow components of DRPs is presented in Fig.19. After
the procedures of smoothing and averaging, DRPs recorded in the pre and post1 post4 periods were compared, and the pre and post1 averages were superimposed in
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Fig 19. A) Superimposed averages of 12 individually filtered DRPs from pre- and post-fatigue
period. Each individual DRP was obtained after off-line digital filtering of the raw record
using the FFT procedure with a 0.01 Hz cut-off frequency in order to eliminate the spikes
(antidromic discharges). The dotted line indicates zero potential. B) For quantitative analysis,
the filtered DRP records in all five test periods were integrated over time, as indicated by
arrows in A. Together with normalized MSR amplitudes, the means ± SEM (n=12) of the
integrals were determined for each test period, normalized to the mean value of pre test and
plotted as a function of time.

Fig. 19A. The post1 DRP was larger than the pre DRP. Individual filtered DRP
records in all five test periods were integrated over the time interval indicated by
arrows. The means + S.E.M. (n=12) of the integrals were calculated for each test
period, normalized to the mean value of pre test and plotted as a function of time (open
squares) together with normalized MSR amplitudes (filled squares) (Fig. 19B). MSRs
and slow components of DRPs changed in opposite directions. The maximal increase
of the DRP area occurred just after the FST, reaching nearly 1.24 of the pre-fatigue
value, while the MSR amplitude dropped to 0.71of its pre-fatigue value. The intensity
of antidromic discharges increased after the development of fatigue as well. In summary,
the enhancement of primary afferent depolarisation (PAD) reflected in the increased
DRPs and in the frequency of antidromic afferent discharges are consistent with the
notion that presynaptic inhibition could participate in post-fatigue depression of GS
MSRs.

4.5.3 Fatigue-dependent changes in the strength of recurrent inhibition
Recurrent inhibition was elicited by conditioning stimulation of a VR L7 filament lying
close to the filament used for the recording of GS MSR. Fig. 20 shows representative
examples of the changes in the strength of recurrent inhibition occurring after the FST.
Fig. 20A displays raw data, with muscle force on top, blood pressure in the middle,
and MSRs at the bottom. The amplitudes of unconditioned and conditioned MSRs,
labelled ”GS” and ”Rec + GS”, respectively, decreased after the FST and then recovered
slowly. Plots of means + S.E.M. of MSR amplitudes over time are shown in Fig. 20B.
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Fig. 20. Fatigue-dependent changes in the intensity of recurrent inhibition. A) Muscle forces
in distinct pre- and post-fatigue periods (upper trace), blood pressure (second trace from the
top), stimulus marks and evoked MSRs (lowermost pair of traces, GS, unconditioned
monosynaptic reflexes; Rec + GS -reccurently conditioned monosynaptic reflexes). B)
Amplitudes of the unconditioned (GS) and conditioned (Rec + GS) MSRs in different time
intervals, normalized to the mean value of unconditioned MSRs. C) Recurrent ‘inhibition
intensity’ plotted as a function of time (see text for definition).

Again, as in the previous section, an ”inhibition intensity index” was computed and
plotted in Fig. 20C. The recurrent ”inhibition intensity” had a temporal profile opposite
to that of the presynaptic inhibition. It initially decreased following FST, and after reaching
a minimum at around 40 min. increased quickly towards the pre-fatigue level. These
general features were seen in eight different experiments. Statistically significant
differences emerged for two pairs of test groups i.e., pre – post3 (decrease of ”inhibition intensity”, P<0.05), and post3 – post4 (recovery, etc. increase of ”inhibition
intensity”, P<0.01). Altogether, the results presented here suggest that fatigue-induced
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drop in monosynaptic reflex amplitude may, in part, occur due to increased presynaptic
inhibition, while recurrent inhibition plays only a minor role.

4.6 Paper VI
All previously mentioned studies have focused on intrasegmental mechanisms that
may underlie muscle fatigue and pain-related effects. In this work Fos-ir in the cervical
and lumbar segments was evaluated before and after intramuscular injections of capsaicin
into feline trapezius-splenius muscles.
In the control group of cats, a small number of Fos-ir neurons per section were
recorded in the cervical and lumbar spinal cord. On the contrary, two hours after
capsaicin injection, significant increases in the mean number of Fos-ir cells were found
in both cervical and lumbar segment levels, with a notable accumulation of

Fig. 21. Photomicrographs and schematic representation of laminar distributions of Fos-ir
neurons in the cervical and lumbar spinal cord two hours after a capsaicin injection into
right neck muscles. Note the prevalence of Fos-ir neurons (black nuclei, elongated or round
in shape) and the staining of glial cells (small reactive nuclei, irregular in form) in the
ipsilateral dorsal horn of the C4 segment (A, B) and in the contralateral dorsal horn of
segments L4 - L5 (C, D). The boxed area in (A) denotes the site presented at a higher
magnification in (B), showing the dorsolateral part of the dorsal horn with large labelled
nuclei in lamina I (arrows). (E, F) presents a schematic summary of the mean number of
labelled neurons per section in different laminae (I-X) of C3 - C4 and L4 - L6 segments. LFlateral funiculus. Scale bars: 200 µm and 50 µm for (A, C) and (B, D), respectively.

62

Fig. 22 Quantitative analysis of Fos-ir neuron distributions in different laminae of the cervical
(C3 - C5) and lumbar (L4 - L6) segments after capsaicin injections into feline dorsal neck
muscles. The mean number (± SEM) of labelled neurons per section was defined in groups of
six cats. Asterisks indicate significant differences in the number of labelled cells compared
with the number on the corresponding contralateral side for each given lamina (*p < 0.01).

immunoreactive cells, particularly at levels C3-C5 and L4-L6. There were no significant
differences in the number of labelled neurons between the contralateral side of the
treatment group and either side of the control group.
Mean number of Fos-ir cells per section was two times higher in the cervical
than in the lumbar segment (for example, 33 ± 4 in the C3 vs.15 ± 3 in the L4 segment,
p<0.01).
The majority of Fos-ir neurons in the cervical segments were recorded on the
ipsilateral side, comprising 84% and 85% of all the labelled cells in the C3 and C4
segments, respectively, and this number was significantly different from the contralateral side (p < 0.01) (Fig. 21A, B and 22A). The number of labelled cells increased
significantly within laminae I, V and VII, and with clear dominance in lamina I (37 % in
C3 and 30 % in C4 of the mean number of cells per section, see Fig 22 A). Numerous
small and giant Fos ir-nuclei (>10 µm), both round and elongated in shape, were intermixed
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with Fos-ir glial nuclei of irregular form (<5 µm).
The number of labelled cells increased bilaterally in the lumbar segments, and
there were no significant difference between ipsi- (57%) and contralateral (43%) sides
(Fig. 21C, D and 22 B).
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5. DISCUSSION
The work presented here reveals different interactive spinal mechanisms involved in,
or related with muscle fatigue. The study of these mechanisms may provide important
insights into the strategies and processes employed by the CNS in the optimisation of
performance of its neuromuscular periphery. It might also unveil the processes that
may become deficient in everyday occupational settings, during long-lasting repetitive
fatiguing contractions, which are known to be associated with the development of
chronic muscle pain conditions.

5.1 Experimental evidence of spreading of fatigue effects
between different muscle parts
The results presented in Paper I show that the activation history of multiple motor
units of an individual muscle might affect the contractile ability of their neighbouring
inactive units, thus promoting spatial spreading of fatigue between different muscle
parts.
Fatiguing stimulation of a set of motor units evoked a noticeable decrease in the
tension of test contractions of another, previously inactive set of motor units. Interestingly,
maximal depressive effects of conditioning fatiguing stimulation were observed when
distributed high-rate (40 s-1) stimulation of four or five filaments of the supplying VRs
(L7 or S1) was applied. Low-rate (10 s-1) stimulation of a single filament, or distributed
stimulation of five filaments at this rate was usually insufficient to influence the test
contractions.
A tension drop in test muscle contractions following CFS was always accompanied
by a reduction in the amplitude of M-waves. The latency of the M-waves often increased,
suggesting a failure of action potential propagation along the sarcolemmal membranes
or motor axon terminals. Both tension and EMG demonstrated a tendency towards
recovery after several minutes of rest and the recovery of the EMG was quicker than
that of the tension. Yet, the amplitudes of M-waves were unstable following CFS and
during restoration.
The observed effects were probably caused by manifold processes such as: 1)
the diffusion of metabolites from active to inactive muscle fibers 2) lowering of the
efficiency of neuro-muscular transmission due to the squeezing of motor terminals and
due to the effects of metabolites on action potential propagation along motor axon
terminals, and 3) the increase in intramuscular pressure which might evoke local hypoxia.
In particular, we assume that changes in interstitial K+ concentration might have
played a pivotal role. An increase in interstitial K+ might have led to a decrease in
amplitude and propagation velocity of action potentials in active and inactive, neighbouring
muscle cells. Reduced action potentials would have further decreased the release of
Ca2+ from the sarcoplasmatic reticulum, resulting in a diminished force output (Westerblad et al. 1993; Fitts 1994). Slow continuous loss of intracellular K+ may take hours to
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revert, possibly because at least a part of this K+ has been transferred to other tissues
and is not readily accessible for reuptake.
An increase in the K+ concentration in the interstitial fluid could also have reduced
action potential propagation along motor axon terminals, thus providing one of the possible
causes of neuro-muscular propagation failure.
Apart from altered K+ dynamics, free radicals produced during muscle contraction
might have also effectively modified muscle contractile efficiency (Reid 1998; Marechal
and Gailly 1999) of both active and inactive, neighbouring muscle fibres. It is known
that endogenous NO limits the force developed in skeletal muscles (Kobzik et al. 1994).
The isometric forces produced during twitch and submaximal tetanic contractions of
rat diaphragm fibre bundles were increased by NOS blockade or by NO scavengers,
shifting the force-frequency relationship leftwards. Nitric oxide donors reversed this
effect. Kobzik et al (1994) hypothesised that endogenous NO decreases submaximal
force by modulating the excitation-contraction coupling. On the other hand, there is
increasing evidence that endogenous NO is essential for optimal myofilament function
during active shortening (Morrison et al. 1996). However, excessive production of NO
may diminish the sensitivity of myofibrilla to Ca2+ (Andrade et al. 1998). Also, NO and
its derivative peroxynitrite may inhibit mitochondrial respiration (Brown and Borutaite
1999). It might be expected that NO diffuses from active to inactive fibres in spite of
its short lifetime of 10 - 15 s and if not captured by scavengers.
Together with other vasoactive metabolites, NO could also modify regional blood
flow in skeletal muscles during their fatiguing activation (Porter et al. 2000) and thus
indirectly influence the contractile efficiency of non-activated fibres. Vasodilatation
per se increases nutrient and oxygen supply and facilitates the washing-out of
inflammatory substances, so it might improve the contractile abilities of both stimulated
and non-stimulated muscle parts. However, vasodilation can exert detrimental effects
if not balanced by sympathetic vasoconstriction, as a consequence of plasma fluid loss
into the extracellular space (Maspers et al. 1991).
CFS presumably evoked significant increments of intramuscular pressure.
Increased intramuscular pressure could evoke the occlusion of intramuscular circulation.
Occlusion of blood flow during high-rate intermittent stimulation of the gastrocnemius
muscle in rat evoked a depression of both tension and EMG (De-Ruiter 1996). Simulation of impaired circulation by mechanical occlusion of the popliteal artery in our
experiments evoked a reduction in the tension of test reactions, not paralleled, however,
by a reduction in EMG. Passive squeezing of the muscle belly (which did not exceed
120 mmHg) also failed to evoke changes in test reactions. It turns out that the changes
in the intramuscular pressure, per se, could not have been the main underlying
mechanism for the depression of the test reactions. During CFS, though, local gradients
of intramuscular pressure could be much stronger, exceeding systolic blood pressure
by more than ten times during strong tetanic stimulation (Ameredes and Provenzano
1997) and evoking a harmful loss of the plasma fluid into the interstitium. Thus, regional alterations of intramuscular pressure and local hypoxia might have also diminished
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the contractile efficiency of the inactive set of motor units.
Spreading of the effects of fatigue between different muscle parts may further
complicate motoneuronal adaptation to now peripherally altered contractile properties
of their motor units once previously inactive neurons became active, thus disturbing the
optimal regulation of motoneuronal activity.

5.2 Experimental evidence of fatigue-induced activation of
small - diameter afferent fibres
Fatigue-induced appearance of metabolites in the interstitium could provoke excitation
and/or sensitisation of high-threshold afferent fibres, with complex effects on the spinal premotoneuronal network involved in the modulation of motoneuronal output.
Fatigue-related alterations of small-diameter afferent fibre discharge have not been
monitored directly in our studies and the evidences concerning their activation are thus
indirect. Namely, it would have been extremely difficult, if not impossible, to simultaneously record from a representative sample of group III and IV afferents and in parallel
record the variables of primary interest in the present studies.
Paper II provides functional anatomical evidence of spinal effects of fatigueinduced activation of group III and IV afferents and describes a fatigue-evoked pattern
of lamellar distribution of spinal interneurons in the lumbar spinal cord of rats. Following
fatiguing stimulation of the triceps surae muscle in rats, most of the Fos-immunoreactive
cells were localized in the superficial layers 1, 2o and 5 of the dorsal horn. Their
number was increased in rostrocaudal direction, from L2 to L5 segments. Such lamellar
distributions of Fos-labelled neurons overlap almost completely with the known termination patterns of high-threshold muscle afferents (Mense and Prabhakar 1986), and
their labelling can thus be attributed to the activation of these afferents, if only by
correlation.
Activation of group III and IV muscle afferents during fatiguing muscle
contractions is also suggested by timing arguments. Thus, significantly enhanced c-fos
immunoreactivity in the dorsal horn of the lumbar spinal cord in rats was noticed only
following a 30-min fatiguing protocol of the triceps surae. By contrast, five minutes of
contraction only slightly increased the number of Fos-ir neurons. Furthermore, in our
experimental conditions, only fatiguing contractions of long duration evoked observable
changes in spinal interneuronal and motoneuronal excitability. The strong depression of
the monosynaptic reflexes (MSRs), as well as the alterations in presynaptic and recurrent
inhibition (Paper V) were observed only after the application of a fatiguing protocol of
longer duration (15 - 20 min). Further, the recovery of MSR amplitude, as well as the
recovery of presynaptic and recurrent inhibition intensity was rather slow, occurring
within an hour after the fatiguing trials. Altogether, these delayed and long-lasting effects
would be expected under the assumption that they resulted from reflex effects of
small-diameter muscle afferents activated by the accumulation of metabolites and
inflammatory substances in the muscle interstitium, with a possible involvement of
peripheral and/or central sensitisation.
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5.3 Could neuromuscular propagation failure (NPF) contribute
to fatiguing effects?
To what extent could the effects of long-lasting muscle activity be ascribed exclusively
to factors within the muscle and to what extent do they include a component of
neuromuscular transmission failure? Some authors reject the concept of substantial
contributions of the neuromuscular block to fatigue, even during maximal voluntary
contractions (Bigland-Ritchie et al. 1982; Bellemare and Bigland-Ritchie 1987), while
others maintain the opposite (Stephens and Taylor 1972; Sieck and Prakash 1995). It
has been shown that the effects of fatigue evoked by long-lasting distributed stimulation of ventral root filaments in decerebrate cats include neuromuscular components
(Kostyukov et al. 2000a,b; Wise et al. 2001). In the experiments presented in this work
NPF occurred, but its contribution to muscle fatigue was superseded by factors related
to the disturbance of excitation-contraction coupling, muscle perfusion or the release
of metabolites within the muscle tissue. Again, the described pattern of distribution of
Fos-ir neurons together with the slow recovery of MSR amplitudes and presynaptic
and recurrent inhibition speak in favour of such an assumption.
In the following sections fatigue-induced spinal reflex actions of large- and particularly
small- diameter afferent fibres reaching α- and γ- motoneurons, as well as their
modulation at the input (presynaptic inhibition) and output stage (recurrent inhibition)
will be briefly discussed.

5.4 Does the gamma-spindle system act as a premotoneuronal
integrative system in fatiguing conditions related to different
regimes of muscle activity?
In one part of this study the potential role of the fusimotor system in skeleto-motoneuronal
adaptation to muscle fatigue was examined. The decline of the afferent inflow from
muscle spindles could contribute to the decrease in skeletomotor discharge rates during
fatiguing contractions. Indeed, Macefield et al (1993) demonstrated that during submaximal voluntary contractions of ankle dorsiflexors muscle spindles’ afferent discharge rate decreases.
On the other hand, voluntary contraction itself provokes an increase, rather than
a decrease in muscle spindle outflow through α -γ coactivation (Vallbo 1971). A further
increase of, or compensation for eventual fatigue-evoked decrease in spindle outflow
might occur as a result of fatigue-induced reflex enhancement of fusimotor activity.
This might be relevant because the precise adjustment of skeleto-motoneuronal activity
to altered contractile properties of fatigued muscle fibres requires continuous information about the changes in muscle state. The requested information could be delivered
from muscle spindle sensory endings (Windhorst and Kokkoroyiannis 1991), provided
their high sensitivity being maintained (Enoka and Stuart 1992; Gandevia et al. 1995;
Gandevia 2001) by fusimotor influences in spite of spindle unloading during muscle
contraction.
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In decerebrate cats, long-lasting contractions of the LGS evoked early and late
increases in the discharge rate of fusimotor neurons. The late increase, developed in
parallel with the fatigue-dependent fall in muscle tension (Ljubisavljevic et al. 1992)
was ascribed to muscle fatigue induced activation of chemosensitive fibres, to the
sensitisation of mechanosensitive afferent fibres, or to both. Such an enhancement of
the fusimotor activity was estimated to be sufficient to account for the rise in afferent
firing level of muscle spindles during the post-contraction period (Ljubisavljevic and
Anastasijevic 1994). During the contraction the effects of intrafusal fibre slack and
muscle spindle unloading on the firing rate of its afferents were partly compensated
for, so that the firing rate could be equal to that of the spontaneous activity, at the end
of fatiguing trials. Changes in the responsiveness of spindle sensory endings, estimated
by the depth of modulation of their discharge rate in response to sinusoidal muscle
stretching at 1 Hz, 1-mm half-to-peak amplitude sinusoidal muscle stretching applied
before and after the fatiguing stimulation revealed persistent or enhanced influences of
both static and dynamic fusimotor drives. However, in the presence of afferent inflow
of different origin in the non-denervated hind limb, the late fatigue-induced increase in
the discharge rate of fusimotor neurons is less prominent in decerebrate and spinal
cats (Ljubisavljevic et al. 1994). This study demonstrated that complex peripheral afferent
inflow of origin other than the parental muscle may alter the fusimotor response to
muscle fatigue.

5.4.1 Interactive effects of cutaneous and muscle fatigue-induced afferent
inflow on fusimotor neurons
Paper III further explores the aforementioned findings by examining whether defined
afferent inflow from non-noxious mechanoreceptors in the skin (presumably the SA1
type) may influence fusimotor responses to muscle contraction and fatigue. Such an
interaction might be relevant since an excitation of the receptors located in the skin
areas overlying, or lying in the neighbourhood of the contracting muscles might occur
due to skin distortion during locomotion (Davey and Ellaway 1989a, b).
It was demonstrated that afferent discharges from cutaneous receptors
(presumably from the SA1 type), could provoke both excitation and inhibition of fusimotor
neurons to the triceps surae muscle (Ellaway et al. 1996; 1997), which is well in
accordance with the notion that each fusimotor neuron has its own receptive profile
(Johansson and Sojka 1985; Ellaway et al. 1996; 1997). A precise topographic
organization of cutaneous reflexogenic territories in relation to the regulation of γmotoneurone discharge was described (Ellaway et al. 1997).
The data in Paper III demonstrate that in 58% of all the fusimotor neurons
examined, the patterns of contraction- and fatigue-induced changes in the firing rate
were preserved in the presence of skin vibration, although some alterations (an increase
or a decrease) of the discharge rate could be recorded. Such responses were ascribed
to additional reflex inflow, excitatory or inhibitory, originating from skin receptors to
fusimotor neurons.
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However, in approximately one third of the units (31%), the observed changes in
the firing rate were more complex, i.e. the early, muscle tension-evoked response was
increased while the fatigue-induced late response and the post-contraction part were
decreased. An enhancement of the early responses might be caused by the redistribution
of activity among Renshaw interneurons inhibiting different γ-motoneuron pools. Since
mutual inhibition exists between Renshaw interneurons directed towards motoneurons
of different muscle groups, enhanced afferent discharges from cutaneous receptors
may provoke an activation of the Renshaw interneurons projecting to motoneurons of
non-contracting muscles (Piercey and Goldfarb 1974) and further inhibition of the
Renshaw interneurons projecting to motoneurons of the triceps surae muscle. Such a
decrease in recurrent inhibition intensity may evoke disinhibition of fusimotor neurons
to the triceps surae (Appelberg et al. 1983a) and may account for the prolonged, early
increase in fusimotor activity.
The same cutaneous afferent discharges might provoke the depression of the
late increase in fusimotor firing rate by stimulating the activity of inhibitory interneurons intercalated in reflex pathways of group III and IV muscle afferents.
Some other mechanisms might be relevant as well. Since early fusimotor responses
to muscle contraction are presumably evoked by increased muscle mechanosensitive
afferent discharge and since late responses are mainly due to the activation of
chemosensitive afferents (Ljubisavljevic et al. 1992), their reflex pathways might not
be the same. Furthermore, they could be differentially affected by the same cutaneous
input.
It is aso worthwhile to note that spino-bulbo-spinal pathways and propriospinal
pathways might be activated in the decerebrate cat preparation and may additionally
interfere with segmental reflex pathways.
Marked differences in reflex responses of fusimotor neurons in non-deneravated
vs. denervated preparations were taken as indicators of high susceptibility of fusimotor
reflex responses to the changes in afferent and descending inflow (Ljubisavljevic et al.
1994), as confirmed in the described study with evoked afferent discharges from SA1
type skin receptors.

5.4.2 Changes in fusimotor activity during repetitive lengthening vs. isometric
muscle contractions
Fusimotor activity might be altered in different regimes of muscle activity, partly due to
variations in the descending drive and partly due to the activation of a diffuse spectrum
of afferent fibres and their reflex pathways in various conditions. It was of particular
interest to assess the alterations in the fusimotor drive during eccentric contractions,
which occur frequently in everyday activities. They are characterized by the ability to
achieve high muscle forces, but they are connected with a higher probability of tissue
damage associated with muscle soreness (Morgan and Proske 2004). The CNS engages
unique activation strategies in eccentric compared to isometric contractions (Enoka
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1996), associated with differential recruitment order, discharge rate and recruitment
threshold of motor units.
The majority of fusimotor neurons recorded in Paper IV responded to repetitive
isometric and lengthening contractions, and most of them to muscle stretch as well, by
an increase in the spontaneous firing rate. This increase in the firing rate was greater,
on the average, during the sequences of lengthening contractions than during the
isometric ones. The increase in fusimotor firing rate was either smooth or modulated
with each successive contraction and stretch. Two patterns of responses indicated
that the distribution of afferent input and reflex connections to the MG fusimotor neuron pool were not homogeneous, which is again in agreement with the notion that each
fusimotor neuron has its own receptive profile (Johansson and Sojka 1985). The
enhancement of fusimotor firing rate during repetitive isometric contractions was
ascribed primarily to the activation of group III (Ellaway et al. 1982) and II muscle
afferents (Appelberg et al. 1983b). The observed increase in firing rate of fusimotor
neurons during muscle stretches might occur due to the activation of group II and III
mechanosensitive muscle afferents, but reflex effects originating from Ia muscle spindle
endings cannot be completely ruled out (Trott 1976; Anastasijevic and Vuco 1984),
irrespective of their weak and sporadic autogenic reflex influences on fusimotor neurons
(Appelberg et al. 1983c). The responses of some fusimotor neurons to lengthening
contractions were larger than to the isometric contractions, despite the fact that the
sequences of muscle stretches per se failed to evoke an alteration of their discharge
rate, suggesting possible interactions of afferent discharges through reflex pathways,
at the interneuronal level. However, the probability that the activity of the whole range
of afferents responding to either stretch or isometric contraction would be equal to
their sum during lengthening contractions is low. Indeed, it turned out that the responses
of fusimotor neurons to lengthening contractions were, on the average, smaller than
the sum of their responses to isometric contractions and stretches applied independently.
The difference in the increase of fusimotor firing rate during lengthening, as opposed
to isometric muscle contractions was rather small. This difference is presumably insufficient to change the firing rates of muscle spindle afferents.
It is well established that the activation of group III and IV muscle afferents,
evoked by intra-arterially injected algesic substances, exerts potent excitatory reflex
influences on fusimotor neurons (Jovanovic et al. 1990). It was also assumed
(Ljubisavljevic and Anastasijevic 1996) that during fatiguing movements, the transmission in reflex pathways originating from the fatiguing muscle may evoke an increase in
fusimotor activity strong enough to partially counteract or at least dampen, through the
gamma loop, more direct inhibitory reflex influences on skeleto-motoneurons (BiglandRitchie et al. 1986) exerted by small-diameter afferent fibres. The authors suggested
that the functional implication of the enhancement of fusimotor drive might be in the
adjustment and maintenance of the discharge rate of skeletomotoneurons automatically,
by muscle fatigue itself, in order to match the altered contractile properties of fatigued
muscle fibres.
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However, the results presented in this work demonstrate that the action of small
diameter afferent fibres on the fusimotor drive could be altered in the presence of
afferent inflow of origin other than the parental muscle. Fusimotor neuronal activity
may vary (albeit only slightly in our experimental conditions) in dependence of the
regime of muscle activity. For example, reflex pathways could be opened or shut
depending upon the current demands of the ongoing motor task. Therefore, involvement
of an additional reflex and descending pathways may change the pattern of fusimotor
neuron response during muscle fatigue and could account for the observed decline in
muscle spindle afferent discharge and α-motoneuron disfacilitation, as observed in
humans (Macefield et al. 1991), and recently in rats (Brunetti et al. 2003).

5.5 Muscle fatigue-induced alterations at the motoneuron input stage - the presynaptic inhibitory system
In further work possible contributions of other selected spinal neuronal systems to
skeleto-motoneuronal adaptation to muscle fatigue were explored. The activity of
particular interneuronal networks and their influence on motor input (presynaptic inhibition system) and output (recurrent inhibition system) stages were addressed in Paper
V.
Following fatiguing stimulation of the triceps surae muscle in decerebrate cats,
the amplitudes of MSR of GS motoneurons were reduced to 0.64 ± 0.04 (mean ±
SEM) of their pre-fatigue values. Potential contribution of presynaptic inhibition to the
observed fatigue-evoked reduction in MSRs (reflecting motoneuron adaptation) was
assessed using two approaches.
First, GS MSRs were conditioned by the stimulation of PBSt group Ia afferents,
which preceded the stimuli to the GS nerve. Fatigue-induced depression of the GS
monosynaptic reflex, conditioned by PBSt stimulation, was more prominent and
prolonged as compared to the depression of unconditioned reflexes. The intensity of
presynaptic inhibition increased from 0.19 ± 0.02 pre-fatigue to 0.44 ± 0.04 post-fatigue,
followed by a recovery. The frequency of antidromic discharges and area of slow
DRP components recorded from small filaments of L7 dorsal root were enhanced
following the FST. The time course of fatigue-related changes in the presynaptic ”inhibition intensity” and slow DRP components corresponded well with the time course
of post-fatigue MSR changes, indicating an underlying interaction. The maximal drop
of MSR amplitudes, presynaptic ”inhibition intensity” and increase of area of slow
component of DRP were observed within 10 - 15 min after the FST, all being noticeably
altered over longer time intervals.
The dynamics of changes in MSRs and presynaptic inhibition raised the possibility
that group III and IV afferents exert their effects in fatigue by inhibiting group Ia
terminals pre-synaptically, as already suggested by Pettorossi et al. (1999). By recording
motoneuron-field potentials in spinalized rats, the authors provided evidence of the
involvement of capsaicin-sensitive group III and IV afferents in the inhibition of the
monosynaptic reflex during muscle fatigue, via a presynaptic mechanism. Such action
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of small-diameter afferent fibres may reduce the gain in signal transmission from muscle
spindle afferents, and limit the input range of excitatory Ia signals to α-motoneurons. It
may be assumed that this restriction would reduce the motor resolution in response to
any input, which might lead to reduced accuracy of motor output as pointed out by
Windhorst (2003).
Presynaptic inhibitory effects might be mediated by interneurons, or through the
direct influence of capsaicin sensitive afferent fibres on large-diameter afferents, since
anatomical evidence of synaptic coupling between small and large afferent axons exists
(Della Torre et al. 2002). However, during muscle ischaemia, the monosynaptic reflex
is facilitated since both the size of early and late waves of field potentials and the
excitability of motoneurons increase (Della Torre et al. 2002), suggesting that the
presynaptic inhibition was not operative under these conditions.This is an interesting
finding since it might indicate that fatigue and ischaemia activate different subsets of
group III and IV muscle afferents with different reflex effects. This would also be
generally in line with the findings that muscle fatigue reflexly increases fusimotor discharge (Ljubisavljevic et al. 1992), wheras muscle ischaemia (Anastasijevic et al. 1987)
and intramuscular inflammation evoke their decrease (Mense and Skeppar 1991)
It was demonstrated recently that the activation of high-threshold afferents arising
from the extensor digitorum brevis, elicited by muscle infiltration with levo-ascorbic
acid, evokes long-lasting depression of Ia monosynaptic and Ib disynaptic pathways to
soleus motoneurons (Rossi et al. 1999). The interaction between muscle nociceptive
discharge and the presynaptic pathways could occur via segmental or supraspinal
pathways, including cortical pathways or the muscle nociceptive volley could directly
facilitate these presynaptic pathways or depress descending, tonic inhibition acting
upon them. Such mechanisms need not be mutually exclusive, but could act together.
The gating of sensory information from muscle spindle afferents by nociceptive input
might be functionally valuable in adaptating the step cycle in the case of foot pain
(Rossi et al. 1999). The observed presynaptic gating could also act to prevent automatic
motor actions, making the motor cortex dominant with respect to the spinal cord in the
control of locomotion (Armstrong and Drew 1985). Furthermore, volitional control of
locomotion could also be required in order to avoid limb movements that aggravate
pain, e.g. pain could require skilled walking. In that sense, enhanced presynaptic inhibition from small-diameter afferent fibres on group Ia afferents might have positive
functional implications.
Another possible mechanism underlying long-lasting MSR depression could be
the post-activation depression, described by Hultborn et al. (1996) and Wood et al.
(1996). It was supposed that homosynaptic depression might contribute to the reduction
of MSR amplitude during passive dorsiflexion of the ankle joint. In experiments on
decerebrate cats, Hultborn et al. (1996) showed that a similar long-lasting depression
of the triceps surae MSRs was evoked by previous conditioning stimulation of triceps
surae group Ia afferents. However, post-fatigue MSR depression described in the
present study most probably results from different mechanisms because the activation
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of low-threshold muscle afferents during FST was not enhanced.

5.6 Muscle fatigue induced alterations at the motoneuron output stage - the recurrent inhibition system
Possible contribution of recurrent inhibition to the observed fatigue-evoked reduction
in MSR was estimated by conditioning the MSR with the stimulation of an isolated
filament from VRL7, adjacent to the one from which the MSRs was recorded. The
time course of fatigue-related changes in recurrent ”inhibition intensity” corresponded
well with the time course of post-fatigue MSR changes, indicating a functional
relationship. Recurrent inhibition intensity decreased from 0.23 ± 0.02 pre-fatigue to
0.15 ± 0.01 post-fatigue following FST, and then increased quickly towards the prefatigue level.
The described alterations in recurrent inhibition intensity are well in accordance
with the findings that Renshaw cells are less easily excited by motoneurons during
increased activation of group III -IV afferents, thus contributing to motoneuron disinhibition (Windhorst et al. 1997b). This could reduce the gain in the negative feedback
branch and increase the motoneuronal response to other inputs, disturbing the fine
regulation of muscle activity (Windhorst 2003).
Modulation of recurrent inhibition by muscle fatigue and pain seems to be more
prone to changes than presynaptic inhibition. Renshaw cells receive their main excitatory
input from motor axon collaterals, but the efficiency of these synaptic couplings could
be altered by the descending drive (see Hultborn & Pierrot-Disselleigny 1979). This
makes recurrent inhibition highly related to the motor task and dependent on the fine
balance between the excitation from the motoneurons and the modulatory signals from
descending and segmental afferent sources.
Using the paired H-reflex technique in humans, Rossi et al. (2003) have
demonstrated unchanged recurrent inhibition upon the activation of group III and IV
muscle afferents, elicited by an injection of levo-ascorbic acid into the soleus muscle at
rest. On the contrary, during a steady weak voluntary contraction of the soleus (5 10% of the MVC), the same nociceptive stimulation increased recurrent inhibition to
homonymous motoneurons, presumably because of the predominant effect of increased
excitatory drive, which recruits new motoneurons that could potentially excite Renshaw cells (Hultborn and Pierrot-Deseilligny 1979). Increased excitability of the Renshaw cells during nociceptive muscle discharge may serve to limit the contraction in a
damaged muscle or to limit excessively strong contractions that could activate group
III-IV afferents.
In addition to segmental pathways, group III and IV afferents could act on Renshaw cells via a supraspinal loop. These afferents make synaptic contacts with cells
located in the superficial layers and the neck of the dorsal horn and continue via brainstem reticular formation pathways to the thalamus (Mense and Stanhke 1983), and
further on to the somatosensory cortex and the frontal brain. It was assumed that
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small-diameter muscle afferents might modify recurrent inhibition via frontal or premotor areas of the motor cortex (Mazzochio et al. 1994). Absence of supraspinal drive
could, at least partly, explain the difference between the results of Rossi (2003) and
Windhorst (1998) on spinalized cats and our results.
The results of Paper V demonstrated that muscle fatigue induces a reduction in
recurrent inhibition, which may evoke motoneuron disinhibition, although this effect
seems to be too weak to counteract the opposing increase in presynaptic inhibition.
This is, to the best of our knowledge, the first study that investigated and compared
fatigue-induced alterations in presynaptic and recurrent inhibition intensity on α-motoneuron excitability in the same preparation.
Both the reduced MSRs (Paper III) as well as scarce c-fos immunoreactivity in
the ventral horn (Paper II) suggest that the increase in fusimotor and spindle afferent
activity fails to compensate for inhibitory reflex influences to skeleto-motoneurons.
Moreover, as mentioned before, even if enhanced, the afferent inflow to motoneurons
and the CNS from muscle spindles during the development of fatigue could be restricted
by presynaptic inhibition. Likely pre-synaptic mechanisms predominate over postsynaptic mechanisms when it comes to counteracting the potential effects of enhanced
fusimotor drive on skeleto-motoneurons in fatiguing conditions.

5.7. c-fos expression in spinal motoneurons following muscle
fatigue and acute inflammation
Interestingly, low Fos-ir in ventral horn motoneurons (Paper II) is somewhat in
discrepancy with the enhanced discharge rate of fusimotor neurons (Paper III and
IV), usually observed at the end of fatiguing contractions, particularly in isometric
conditions.
The reasons for such discrepancies are unknown and might be manifold.
Continuous walking of non-anaesthetised rat for one hour evokes a high level of Fos
expression in the cervical and lumbar spinal cord, not only in those laminae which
overlap with the projection zones of afferent fibres responding to non-noxious stimuli,
but also in lamina VII and in the motoneurons (Jasmin et al. 1994). Thus, the duration
of inducible stimuli may play a critical role for initiation of c-fos expression not only in
dorsal horn interneurons but in spinal motoneurons as well. It would be highly relevant
to probe whether higher Fos-ir in ventral horn motoneurons could be ascribed to fusimotor
neurons and whether it could be related to the duration of fatiguing stimulation. Beside,
it seems that anaesthesia plays a role in preventing the initiation of c-fos expression in
motoneurons.
Furthermore, it should be emphasized that, neither the cellular factors that induce
c-fos expression nor the consequences of the expression of Fos-protein are completely
elucidated. Alterations in ion channels and /or receptor activity owing to post-translational
processing and trafficking of receptors to the membrane, which preced the initiation of
c-fos expression might be different for fusimotor neurons and skeleto-motorneurons.
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This assumption is also well in line with the data showing that the capability of initiation
of c-fos expression may be dependant on neuronal phenotype. In the experiments
conducted by Hunt et al. (1987), even the noxious stimulation was not sufficient to
evoke c-fos expression in dorsal root ganglion cells and in the neurons of the VPL
nucleus of the thalamus, irrespective of the well-known role of this nucleus in nociception
(Harris 1998).
Interestingly, scarce c-fos ir in ventral horn motoneurons, as opposed to the
enhanced facilitation of the monosynaptic reflexes, was recently observed following
acute muscle inflammation, when presumably differential sets of group III and IV
afferent fibres were activated compared to fatiguing conditions. After the infiltration
of the GS with carrageenan (1%) in anaemically decapitated high spinal cats, increased
c-fos immunoreactivity was concentrated in the main projection areas of afferent fibre
terminals from the GS muscle (Schomburg et al. 2004). Monosynaptic reflexes of
flexors and extensors showed a distinct increase and there was an increase of facilitation
of flexors by group III and IV afferents (induced by an injection of bradykinin into the
sural artery of the GS muscle) and inhibition from these afferents to extensors. It is
concluded that the input from acutely inflammed muscles may induce an increase of
the reflex responsiveness of flexors and extensors which is not mediated via the γspindle loop.Scarce c-fos ir, as opposed to the facilitation of monosynaptic reflexes,
was explained by low background activity of the motoneurons, being still far from the
tonic activity. When inflammation was induced, interneurons located within the zones
of termination of high-threshold muscle afferents as well as last-order premotor interneurons could be activated tonically. This might evoke rising of the membrane potential of
the motoneurons and lowering of their threshold, respectively. This led then to facilitated
monosynaptic responses, compared to the pre-inflammation state. However, motoneuron depolarization was still under the threshold for the initiation of c-fos expression.
The facilitatory effect may be partly reduced by TTX, suggesting that group IV and III
afferents are involved (personal communication).
In this work we did not probe into cellular transduction pathways occurring in
spinal cord dorsal horn interneurons, which might be initiated by long-lasting muscle
contractions. Although the Fos protein was used, first and above all, as a marker of
neuronal activity, we should not neglect the possibility that its expression may reflect,
per se, transcription-dependent forms of central sensitisation. In that sense muscle
fatigue might be considered an antecedent of muscle pain.

5.8 NADPH-d reactivity in spinal neurons following muscle
fatigue
Following the fatiguing stimulation of the triceps surea muscle lamellar distribution of
NOS reactive neurons was similar in all experimental groups of animals. Throughout
segments L3-L6, such reactive cells were located in two distinct regions: in the dorsal
horn (layers 2i, 3 and 5) and in area 10. In segments L1 and L2 an additional cluster of
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NADPH-d reactive cells was recorded in the intermediolateral cell column (IML).
Following fatiguing contractions, no significant differences were observed in the number
of NADPH-d positive neurons between the ipsi- and the contralateral side in all experimental groups of animals. Double-labelling of Fos immunoreactivity and NADPH-dreactivity of spinal neurons was also absent (Paper II). This might indicate the absence
of changes related to up- or downregulation of nNOS at least during time of observation in our experiments.
Thus, Herdegen et al. (1994) demonstrated a significant increase in the number
of NADPH-d neurons above basal values in the superficial dorsal horn of L3-L4 segments in rats, 24 hours following a formaline injection in the hindpaw. Co-expression of
JunB, FosB, c-Fos and Krox-24 proteins was found in a small portion of NADPH-d
reactive neurons of the superficial dorsal horn and in neurons of the deep dorsal horn.
Interestingly, bidirectional changes in nNOS expression in doral horn neurons
were reported following muscle infiltration with carageenen. It was assumed that NOS
neurons behave like a sensor for peripheral lesions and signal chronic painful lesion by
a decrease in NOS activity (Mense 2003). Contradictory data described in the literature (for a review see Callsen-Cencic et al. 1999), investigating NOS immunoreactivity
related to activation of group III and IV afferent fibres, including our data, might be
explained by the differential asctivation and prevalence of some of the multiple
mechanisms underlying up- or downregulation of this enzyme. The changes in spinal
nNOS expression may depend on the spectra of afferent fibres activated by muscle
pain or muscle loading, as well as on the intensity and duration of afferent inflow to the
spinal cord.

5.9 Potential effects of the activation of preganglionic
sympathetic neurons following long-lasting muscle contraction
and fatigue
In the L1 and L2 segments an additional cluster of NADPH reactive cells together
with c-fos -immunoreactive neurons was found in the intermediolateral cell column
(IML). This labelling might reflect, in part, the activation of interneuronal segmental
reflex pathways linking group III and IV afferents to preganglionic sympathetic neurons
(Sato et al. 1997). However, the labelling might also be partly evoked by the activation
of direct pathways connecting the rostroventrolateral reticular nucleus in the medulla
to the spinal intermediolateral cell column (Maisky and Doroshenko 1991; Maisky et
al. 2002). These pathways, together with others (Johansson et al. 2003) may also be
operative in conditions related to occupational muscle pain and work related myalgia.
It has been hypothesised that group III and IV provoke enhanced activity of preganglionic
sympathetic neurons which activate the adrenal medulla releasing adrenaline/ and
noradrenaline, and postganglionic sympathetic neurons in the sympathetic chain, which
in turn constrict blood vessels, change muscle-fibre contractility and reduce sensitivity
of muscle spindle afferents leading to deranged motor control and worsened Cinderella
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syndrome. Indeed, such an assumption is supported by the experiments which
demonstrated that stimulation of the peripheral stump of cervical sympathetic nerve
reduces static and dynamic sensitivity in both primary and secondary muscle spindle
afferent fibres of the jaw-closing muscles in rabbits (Passatore et al. 1996; Roatta et
al. 2002). A similar action of sympathetic activation was demonstrated on muscle spindle
afferents located in the trapezius and splenius muscles of the cat (Hellström 2002).

5.10 Spreading of nociceptive signals from cervical to lumbar
region and vice-versa
Aforementioned studies have concentrated on intra-segmental mechanisms that may
underlie muscle fatigue and pain-related effects. However, expansion of the areas of
referred muscle pain (usually seen in chronic musculoskeletal pain patients) might be
related to the inter-segmental spread of central sensitisation. Thus, in study VI, c-fos
expression in the spinal cord was used to elucidate neuronal activation in conditions
simulating tonic neck pain, evoked by intramuscular injections of algogenic substance
capsaicin, which is known to stimulate vanilloid (Caterina et al. 1997) and possibly,
ASIC type of receptors (Ji et al. 2003), and thereby evoke massive small-diameter
afferent inflow, predominantly of group IV origin (Holzer 1988) into the spinal cord.
Two hours after the injection of capsaicin into the trapezius and splenius muscles, the
number of Fos-ir neurons in cervical as well as lumbar spinal segments significantly
increased, particularly within the marginal zone (laminae I), the neck of the dorsal horn
(lamina V), and the intermediate zone (lamina VII). Besides, bilateral c-fos expression
in the superficial dorsal horn and the intermediate zone supported the assumption that
many interneurons in the lumbar cord could be activated during tonic neck muscle
pain.
Fos-immunoreactivity in the ventral horns of lumbar segments was rare, well in
accordance with the data showing that electrical stimulation of low- and high-threshold
afferents from the neck muscles evokes rather weak effects onto lumbar α-motoneurons
(Kenins et al. 1978). This indicates that the reflex connections of small-diameter afferent
fibres from the neck to lumbar α-motoneurons are rather weak. However, such an
interpretation should be taken cautiously (see section 5.6). As opposed to very rare
Fos-immunoreactivity in lumbar motoneurons, chemical or mechanical stimulation of
high-threshold muscle afferents has been shown to provoke both reflex excitation or
inhibition of GS fusimotor neurons (Ellaway and Murthy 1984).
While this study provided anatomical evidence of spreading of nociceptive signals from cervical to lumbar region, the underlying pathways are unknown. These effects
might be mediated by propriospinal connections. Particularly the long propriospinal
neurons connecting cervical and lumbar enlargements deserve special attention because
of their potentially important role in forelimb-hindlimb coordination. The bulk of fibres
interconnecting cervical and lumbar enlargements were found to terminate in the
intermediate zone (lamina VII) and lamina VIII, whereas far fewer terminations were
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found in the motor nucleus (Jankowska et al. 1974). The transmission of influences
from the neck nociceptors to the lumbar spinal cord might also be mediated by the
activation of spino-bulbo-spinal loops (Zimmermann and Herdegen 1996; Urban and
Gebhart 1999; Kalueff et al. 2001). In addition, the associated co-activation of glial
cells (Watkins et al. 2001) could strengthen local nociceptive processing and may take
part in the spreading of nociceptive signals to adjacent or even distant regions along the
cervico-lumbar extent (Zimmermann and Herdegen 1996; Urban and Gebhart 1999).
Glial cells are now known to reciprocally communicate with neurons, and thus they
may play a more direct role in modulating neuronal transmission than previously imagined,
being the sources of pro-nociceptive mediators.
In conclusion, this study suggests that the activation of neck muscle nociceptive
afferents may also be related to the neuronal activation within lumbar spinal segments,
which might be relevant for the development of protective reflex contraction patterns
in the cervico-lumbar extent (Irving 1980).

5.11 General conclusion
Muscle fatigue is ubiquitous in everyday life. Nature has evolved a number of
mechanisms for the maintenance of force at the optimal level during fatigue in order to
counteract its effects. Study of these mechanisms provides an important insight into
the processes used by CNS in optimisation of performance of its neuromuscular
periphery. It may also help unveil some of the processes connected with development
of chronic muscle pain, since some of them share the same neural substrate with
fatigue.
The activation of multiple motor units of a single calf muscle, in decerebrate cats,
may influence contractile properties of their neighbouring, otherwise inactive units,
providing evidence of spatial spreading of fatigue between different muscle parts. The
release of metabolites, their action on inactive muscle units and the effects of local
hypoxia are among the most likely causes of this spreading. This may further complicate
the adjustment of motoneuron discharge to now peripherally altered contractile properties
of their motor units once the previously inactive neurons become active. Fatigue-induced
appearance of metabolites in the interstitium could provoke excitation and sensitisation
of high-threshold afferent fibres, with complex effects on the spinal premotoneuronal
network involved in the modulation of motoneuronal output. Spinal actions of group III
and IV muscle afferents are not exerted at one point in the pathways responsible for
force production. Their activation evokes competing excitatory and inhibitory influences
on the motoneuron pool, some of them may act to counteract the inhibitory reflex
effects exerted by small-diameter afferent fibres while others may promote the decline
in motor unit firing rate. The potency or gain of these effects might be small compared
with the changes in the firing rate induced by intrinsic, activity-dependent properties of
the motoneurone membrane. Spinal actions of group III and IV muscle afferents might
come through the activation of fusimotor neurones and muscle spindle afferents.

79

However, an afferent inflow of origin other than the parent muscle, such as the one
being provoked by mechanical activation of the skin, as presented in this work, alters
the fusimotor response to muscle fatigue. Thus, in natural conditions, or due to the
altered regime of muscle activity, the reflex pathways underlying fatigue-induced
increase in fusimotor activity might be partly shut or dampened due to either additional
afferent or descending inflow to interneurons and fusimotorneurons. The results of this
work also demonstrate that group III and IV afferents may exert their effects in fatigue
by inhibiting group Ia terminals pre-synaptically. There is potentially even higher
probability for the pre-synaptic as opposed to post-synaptic (via recurrent inhibitory
system) predominantly inhibitory influences on skeletomotoneurons to reduce the effects
of enhanced fusimotor drive in fatiguing conditions. Such interplay between different
spinal mechanisms might have a protective role, preventing the overuse of motor
units.
The results of this thesis confirm the pivotal role of small diameter muscle afferents
in the orchestration of segmental responses to fatigue and nociceptive stimulation and
show complex interactions that may lead to limited accuracy of motor output. They
also depict processes that may be related to, and even become precursors of chronic
muscle pain. Thus, these studies might contribute to a better understanding of motor
control of fatigued muscle in everyday activities, particularly in those occupational
settings that involve long-lasting, low-intensity muscle activity.
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