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Abstract. Single-nerve fibre action potentials (APs) were recorded extracellularly from sacral nerve roots of people with spinal cord lesion (patients with paraplegia) Single-fibre APs
of certain fibres were identified by the conduction velocity and the AP waveform, and simultaneous impulse patterns were extracted from the summed impulse traffic and analysed
with respect to spacio-temporal relationships
The velocity values of components of compound APs, induced by electrical nerve root
stimulation or electrical intravesical stimulation, were similar to the group conduction velocity values obtained from single-nerve fibre APs of natural impulse traffic
When changing the root temperature in one case from 32°C to 35 5°C, the group conduction velocities changed in the following way secondary muscle spindle afferents (SP2)
40m/s (32°C) to 50 m/s (35 5°C), bladder stretch afferents (SI) 31 3 to 40 m/s, bladder tension afferents (ST) 25 to 33 8 m/s, mucosal afferents (M) 12 5 to 13 8 m/s, a! -, o^-motoneurons 40 to 50 m/s, a 3 33 to 40 m/s The group conduction velocities showed different
temperature dependence apart from SP2 fibres and a2-motoneurons, which were therefore
used for calibration
The distance between two Pacinian corpuscle (PC) receptors in a sacral dermatome of
one paraplegic patient was calculated to be approximately 20 mm A similar distance between PC receptors was found in a brain-dead individual Receptor densities seem therefore to
remain unchanged following spinal cord lesion
Motoneurons fired irregularly repeatedly with impulse trains In paraplegics the oscillation periods and the interspike intervals of the impulse trains varied much more than observed for brain-dead and normal individuals Motoneurons could therefore not always be identified by their pattern of oscillatory firing
Alternating long and short oscillation periods (T) could be measured in an oscillatory
firing a, (T = 125 ms) and oc2-mc>toneuron (T = 150 ms) In both cases the average difference between the alternating oscillation periods was 5 ms
Tremor, alternating long and short oscillation periods, cellular oscillator properties, and
recurrent excitation and inhibition are discussed with respect to the oscillator theory of the
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functioning of the human central nervous system. Mathematical predictions from populations of interacting biological oscillators are compared to measurements on neuronal network
data.
The pathologic activation of two-joint muscles following hemiplegia, cerebral palsy
and partial spinal cord lesion is discussed with respect to the two coupling phases of the premotor spinal oscillator cycle per somatic nervous system.
Key-words: Paraplegia - Spinal canal anatomy - Nerve fibres - Classification scheme Single-fibre action potential - Compound action potential - Conduction velocity - Spinal
oscillator - Alternating oscillatory firing
Introduction
Currently, research in human neurophysiology and clinical neurophysiology is aimed at
developing an effective treatment for paraplegics (= para, patients with spinal cord lesions)
[68,69,74-77,94] to improve micturition, defecation [68,69,88-90] and locomotion [90] in
particular.
This new development started from scratch by first clarifying the principal aspects of
anatomy [68,69,74-77] and developing, in 8 years' time, a new basic electrophysiological
recording technique suitable for use in humans, the simultaneous recording of single afferent
and efferent nerve fibre extracellular action potentials (APs) with 2 pairs of wire electrodes
from undissected nerve roots; this technique can be used for intra-operative diagnosis and
research [70,72,77,88].
Further developments in morphometry of nerves (classification of fibre diameters into
4 ranges of myelin sheath thickness (Fig.6)) made it possible to simultaneously characterize
nerve fibre groups by group conduction velocities and group nerve fibre diameters (Fig. 1)
[72,78,88]. In this way, an exact classification scheme could be constructed for the human
peripheral nervous system (Fig.2). The scheme represents a solid basis for the classification
and identification of nerve fibre groups in the human peripheral nervous system (PNS) and
for the analysis of central nervous system (CNS) functions under physiologic and pathophysiologic conditions [88], even though it is incomplete and so far only holds for nerve fibre
diameters larger than approximately 3.5 p.m.
Another basic electrophysiological method for use in humans, the recording with tungsten electrodes of single-fibre extracellular APs [45,99], made it possible to record impulse
patterns of single nerve fibres; the method however rests on the classification schemes of
animal peripheral nerve fibres, which do not apply to humans.
The investigation of time-dependent conduction velocity distributions of afferent and
efferent fibres allowed an analysis of activity level changes within nerve fibre groups
[81,82]. Since it is further possible to distinguish APs between afferent and efferent nerve
fibres and to extract from the summed activity of a fibre bunch the discharge patterns of
single fibres, it is possible to analyze receptor properties of skin afferents, primary and se-
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Figure 1. Schematic layout of the classification scheme for the human peripheral nervous system. By recording
with two pairs of platinum wire electrodes from a nerve root containing approx. 500 myelinated nerve fibres, a recording is obtained in which 3 action potentials (APs) from 3 motoneurons (main AP phase downwards) can be
seen. By measuring the conduction times and with the known electrode pair distance (10 mm) a conduction velocity distribution histogram was constructed in which the nerve fibre groups have been characterized by ranges of conduction velocity values and peaks in asymmetrical distributions. After recording, the root was removed, fixated,
embedded and stained, cross-sections were prepared for light microscopy, and used to measure the mean diameter
and the myelin sheath thickness (d). Distributions of nerve fibre diameters were constructed for four different ranges of myelin sheath thickness. Nerve fibre groups were characterized by the peak values of asymmetrical distributions. By correlating the peak values of the velocity distributions with those of the diameter distributions obtained
from the same root, a classification scheme was constructed of the human peripheral nervous system. Brain-dead
human individual HT6

condary muscle spindle afferents and urinary bladder afferents [77,85,88,91] and to analyze
parasympathetic and somatic functions of the human CNS for continence and movements.
An insight into the CNS functions can be obtained from studying simultaneous impulse patterns of single afferent and efferent fibres and the phase relations between the impulses of
afferents and efferents [83-85,87], following natural stimulation. Since human continence
functions are mainly located in S3 and S4 segments, and segmental functions seem to overlap in their representation in the roots, as indicated by dermatome overlap, especially continence functions are ideal for analysis. An extension of the recording method to several roots
from different segments will bring further information. With the discovery of the human spi-
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Figure 2. Conduction velocities (V) and nervefibredi
ameters (0) of afferent and efferent nerve fibre groups
in normal individuals and in patients with a traumatic
spinal cord lesion suffered 0.5 to 6 years ago. The
splitting of the oq-motoneurons into the 3 subgroups,
a,,, a 1 2 , a,,, has not yet been confirmed.

nal oscillators [73], CNS functions can be investigated based on the behavior of spinal oscil
lators. Spinal oscillators can be divided into premotor spinal oscillators, of which the moto
neuron is a part, and of propriospinal oscillators [94] of which the motoneuron is not a part.
If not specified further, herein we shall speak of premotor spinal oscillators, since rhythmic
activity was recorded from motoneuron axons and it seems that the motoneurons are a part
of the rhythm generating subnetwork [83]. It has been argued by animal physiologists that it
is not surprising that there are spinal and supraspinal loops exhibiting spiking activity. But to
improve the quality of life of patients, it is relevant what we can measure and identify in hu
mans. It would mean a big step forward in medicine if neurophysiologists could also cover
the field of human neurophysiology by measuring - with the same method - on animals and
humans, and prove which animal data also hold for humans, to find out what is fact and what
is fiction. The authors have successfully recorded single-nerve fibre action potentials with
the same equipment from frog, rat, cat, dog and human nerves and nerve roots. By replacing
the wire electrodes by EMG surface electrodes, also electromyographic activity can be re
corded with the same equipment and single motor unit activity can be compared with single
motoneuron firing patterns [94],
Even though the structure and the function of the neuronal network of the human CNS
is far from being even partly understood, progress in the understanding of spinal cord disor
der is possible by making use of the premotor spinal oscillators [73,83-85,87,90,94]. The
spinal oscillators are functional units which organize themselves in preformated neuronal
subnetworks of the CNS by natural adequate impulse patterns of the particular afferents and
supraspinal centres (brain stem, motor and sensory cortex, cerebellum, ..). In the isolated
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spinal cord, only an afferent input from the periphery induces self-organization of the oscillators. These oscillators are characterized by their rhythm of firing, namely by the frequency
of repeated firing with impulse trains and the interspike intervals of the impulse train
(Fig.3). If the afferent input to the neuronal network is too low to fire oscillatory or if the
neurons in the circuitry are inhibited, the motoneurons are integrated in another organization
form of the network. Then, the motoneurons fire in the occasional firing mode [79,81,82] repeatedly every 3 seconds approximately, or they fire transiently oscillatory [73,91].
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Figure 3. Correlation of muscle fibre types, motor nerve fibre types, and oscillatory firing spinal neuronal net
works, based on histochemical, morphological and physiological properties. This Figure provides a simplified cor
relation between muscle fibre, motoneuron and sacral premotor oscillator types. No additional subtypes have been
included. The existence of a,-motoneuron (FF) oscillators firing at approx. 10 Hz had been predicted [83], and they
have been identified in this work [91]. a, motoneuron; y,; y2, dynamic and static fusimotors; parasympathetic, para
sympathetic preganglionic motoneuron; SI, ST, S2, stretch, tension and flow receptor afferents. cc2-oscillators, in
nervating the striated ext. anal sphincter, show multifrequency oscillations (e.g., f = 5.25, 6.25, 7.7 Hz) [83], as pre
dicted mathematically (page 156 of [60]). The dashed line neurons in the synfire chain (left lower part) indicate the
functional fringe of subthreshold excitation of the synfire chain.
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Fig. 3 summarizes what has been known so far about these premotor spinal oscillators
which, under physiologic conditions, fire rhythmically with impulse trains [73,83-85,87]. a!
(FF), a 2 (FR) and a 3 -motoneurons (S), characterized by group conduction velocity and
group nerve fibre diameter, are integrated in their own neuronal network to fire oscillatory
for high activation by their respective afferent input, and to innervate their respective muscle fibre type. In man, there mainly are three organization forms of somatic neuronal networks in the lower sacral spinal cord, which drive three kinds of striated muscle fibres
(Fig.3). E.g., the oc2-motoneurons which subserve continence functions, are integrated in
neuronal network organization forms firing at 6 to 9 Hz; they innervate fast fatigue-resistant
muscle fibres (FR) of histochemical type IIA which are fast oxidative glycolytic (FOG) (for
Refs. see [90]). The o^-motoneurons innervating the external (striated) bladder and the anal
sphincters are mainly specifically driven by oscillators which fire with 1 to 2 APs every 110
ms (8.7 Hz) and with 3 APs every 160 ms (6.25 Hz) respectively (Fig.3). The neuronal network driving the external anal sphincter is channelled to fire oscillatory upon the activity of
secondary muscle spindle afferent fibres (probably innervating the spindles of the anal sphincter) and skin and mucosal afferents innervating the anal canal. The oscillation period (T)
of the premotor spinal oscillators is roughly related to the number of APs per impulse train
(nAP), and this relationship can be expressed as T = 70 ms + 30 ms • nAP. Further properties
of the spinal oscillators have been discussed elsewhere [73,83]. So far, preganglionic parasympathetic neurons could not be observed to fire oscillatory. Fusimotors seemed not to fire
oscillatory under physiologic conditions [85] but seemed to fire oscillatory following spinal
cord injury [90,93].
Since premotor spinal oscillators are essential organization forms of the neuronal network of the spinal cord (as their functions can be measured following complete spinal cord
lesion), they can be expected to change their properties when the neuronal network of the
spinal cord becomes damaged or when there is some pathology in its functioning. Early measurements of the dysfunction of spinal oscillators were used to study principal structures of
their neuronal network [83]. In man, intrinsic oscillatory firing properties of individual cells
have only been found in the heart so far. The quick switching on and off of oscillatory firing
of motoneurons down to one oscillation period cannot be explained by internal bursters.
In this paper functions and dysfunctions of premotor spinal oscillators following spinal
cord lesion will be further considered. It seems as if premotor spinal oscillators, subserving
continence functions, can consist of two halves in some similarity to the lamprey locomotor
system [30,31]. Since however premotor spinal oscillators of leg muscles can change from
alternating to symmetrical oscillatory firing [94], which even seems to correlate with phase
changes in the synchronization with other spinal oscillators [94], the alternating oscillatory
firing has also been attributed to changes in the coupling states of spinal oscillators [94].
More generally therefore, alternating oscillatory firing oscillators may indicate, a.o., coupling of non-equal sub-oscillators, reciprocal inhibition of half-centre oscillators or mutual inhibition of oscillators driving antagonistic muscles.
In previous reports [88-90] of measurements on the same patients, it was shown that the
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classification scheme of the human peripheral nervous system does not change 0.5 to 6 years
following spinal cord lesion [88]. Data related to dysfunctions of the urinary bladder after
spinal cord injury seem to indicate that dyssynergia of the urinary bladder is due to a false
organization of the neuronal networks in the sacral micturition centre. The detrusor, driven
by the parasympathetic neuronal network, is activated at the same time as is the external
bladder sphincter (dyssynergia of the bladder), driven by the somatic neuronal networks. In
healthy individuals the external bladder sphincter is inhibited upon the activation of the detrusor. Dyssynergia of the urinary bladder could be explained by a threefold disorganization
of the spinal neuronal networks, if one splits in a first approximation spinal networks into interlacing somatic and parasympathetic networks: (1) The somatic neuronal networks organize themselves pathophysiologically, which was judged from the dysfunction of oscillatory
firing oe-motoneurons. (2) Also, the parasympathetic neuronal networks organize themselves
in a false way, as revealed by the detrusor not receiving sustained activation from preganglionic parasympathetic motoneurons. (3) The interaction between the somatic and the parasympathetic neuronal networks changes, as judged from the discoordination of the detrusor
and the external bladder sphincter (dyssynergia of the bladder). The idea was put forward
that the parasympathetic neuronal network is unable to fire continuously oscillatory any more; the transiently oscillatory firing in paraplegics with a spastic bladder gave only rise to undulating or spot-like activation of the bladder smooth muscle. The continence problem encountered with paraplegic patients with a „spastic" bladder (overactive bladder, nearly no
filling volume) seems to be only better understandable if the disorganization of the somatic
neuronal network is better understood, since it is easier to record from the thicker oc-motoneuron axons (on the average large AP amplitude) than from the thinner parasympathetic
preganglionic fibres (on the average small AP amplitude). Disorganization of the somatic
neuronal networks causes also dysfunction of premotor spinal oscillators. Since the premotor spinal oscillators are probably organized by the same interneurons which are used for the
organization of propriospinal oscillators (rhythmically firing subunits probably recruited for
the organization of the spinal pattern generators for rhythmic movement [93]), the disorganization and therefore dysfunction of premotor spinal oscillators reflect the disorganization of
somatic neuronal networks. The disorganization of somatic neuronal networks can therefore
be detected by the properties of the premotor spinal oscillators as the resonance frequency
band width, the regularity of the interspike intervals of the impulse train (with which the oscillator is firing) and the coupling properties between spinal oscillators or systems of coupled oscillators. For systems of coupled oscillators as models of central pattern generators,
see [11,51,63]). The disorganization of the somatic neuronal networks in paraplegics may
cause spasticity and clonus. In this and the following papers the self-organization of somatic
neuronal networks will be considered under physiologic and pathophysiologic conditions.
In 1939 [36] and 1950 [37], E.v. Hoist challenged that the CNS was commonly regarded as a reflex apparatus producing motor output. His „relative coordination" of different
rhythms [36] of the CNS in different species including man is very similar to recent findings
on the correlation of human spinal oscillators [73,83,94]. According to Moshe Abeles [1] the
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nervous system is essentially a statistical machine [103]. According to von der Malsburg, information in this statistical machine is encoded not only as the number of active nerve cells
and their firing rates („frequency code") but also as interactions between neuronal and neuromuscular elements of cell assemblies expressed in correlation with their firing patterns
[100]. This author argues that the synchrony of discharges has a strong influence on nervous
dynamics, since neurons essentially are „coincidence detectors" because synchronous inputs excite a postsynaptic cell more effectively than do uncorrelated inputs. Correlations
could therefore be processed by neuronal networks. The correlation could be initiated in the
network from an external source and then be propagated by „synfire chains"(Fig.3), as suggested by Abeles [1]. The functional organization of the common brainstem system and its
dynamic changes is a consequence of afferent inputs and the rhythmic properties of the common brainstem system network. The neuronal network reveals different types of functional
organization. In the state of functional organization, in which the neurons discharge rhythmically, the phase relations between the different rhythms are essential for the transfer of information [52,64,97]. It was the opinion of the Sherrington school that all reflectory, excitatory and inhibitory influences onto motor output are due to direct interactions at the motoneuron pool itself (reflex theory) [12]. The opinion of R. Jung was [47] that the bottom-level
coordination mechanism, at which all impulses run together, is the „Schaltzellenapparat"
(neuronal network apparatus) of the spinal cord; this concept also admits that there are spinal pathways which bypass the „Schaltzellenapparat" and synapse directly onto the motoneurons. This neuronal network apparatus is the common substrate which controls the volitional and unvolitional motor output. The generation of rhythmic activity, as revealed by physiologic tremor, is one function of this „Schaltzellenapparat" (oscillator theory). The current
research on spinal oscillators supports the oscillator theory of R. Jung which assumes the
neuronal network with its rhythmic properties driving the motoneurons being the bottom-level basic mechanism of coordination; this theory opposes the reflex theory which states that
the functions of the human CNS can be explained on the basis of reflexes as mostly assumed
by clinical medicine. Sir Matthews could show that the so-called long-latency stretch reflex
can be explained by the response of secondary muscle spindle afferents in the spinal cord
[54]. In his opinion nevertheless, there is no need for a conceptual revision to be able to understand the function of the spinal cord and its interactions with supraspinal centres.
The brain theory underwent a period of stagnation. At the same time, important conceptual amendments were introduced, mainly characterized by a transition from algorithmic to
dynamical description of neuronal systems. In the algorithmic scheme, a process is controlled deterministically by a pre-existing program (or a rigid network): one may speak of hetero-organization. Modern dynamical formulation puts emphasis on probabilistic mechanisms
and random search, on the order to implement auto-organization.
Probably, the functioning of the human spinal cord is intermediate, between dynamically preferred connectivity patterns as a basis for self-organization and a rigid network. The
monosynaptic reflexes belong to rather rigid network structures, whereas the spinal oscillators are the first step towards self-organization of pre-formatted neuronal network structures.
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Materials and Methods
Measurements were collected from 9 patients (mean age 27 years) with spinal cord lesions (Table 1), spastic bladder (hyperactive detrusor (nearly no bladder filling volume)),
spastic pelvic floor (including external striated sphincters), dyssynergia of the urinary bladder, and general spasticity Electrophysiologic measurements were performed during surgery, with a new method of recording single-fibre action potentials (APs) extracellularly from
undamaged nerve roots or nerve root fascicles The patients underwent surgery to have a
sacral anterior root stimulator implanted (according to Bnndley [7]) to improve bladder control and to save the kidneys The strategy of the surgery is to deafferentiate the urinary bladder to increase its storage volume and to subsequently stimulate the motor roots (mainly S3
and S4) to empty the bladder To deafferentiate the bladder, afferents and efferents in the
nerve roots were identified by electrical stimulation and partly by using the single-fibre AP
recording method to recognize afferents in certain roots The surgical procedure involves extirpation of parts of the dorsal roots Cut dorsal roots, from which recording was performed,
were fixated and prepared for morphometry (Figs 6,7) Light anesthesia was administered
with Propofol
Electrophysiology
Single-fibre APs were recorded extracellularly (Fig 1) from nerve roots with 2 platinum wire electrode pairs (electrode pair distance = 10mm, electrode distance in each pair =
4mm) at 2 sites, preamphfied (xl,000), filtered (RC-filter, passing frequency range 100Hz10kHz), and displayed on a digital storage oscilloscope (Vuko Vks 22-16), and also stored
using a PCM-processor (Digital Audio Processor PCM-501ES) and a video recorder The
beginning of a touch or a pin-pncking was marked with an upward pulse, and the end with a
downward pulse on trace „a" (Fig 9A) These pulses were generated by a marking pulse generator connected to the digital scope, which was switched on and off with a touch sensor
working on the basis of resistance changes Also, the pulling and releasing of anal and blad
der catheters were mostly marked with the help of a pull-switch connected to the catheters
and working in connection with the same marking pulse generator Trace „a" was the recording from the proximal electrode pair and trace „b" from the distal pair Conduction velocities of single-fibres were calculated from the conduction distance (electrode pair distance) and
the respective conduction times, the time needed tor an AP to cover the conduction distance
(time difference between traces „a" and „b" for a particular AP) APs from afferents and efferents could clearly be distinguished since for the used electrode arrangements the main
phase (second phase) from afferent fibres is upwards (Figs 3A,9B,C,D) and that of efferents
downwards (Figs 1,3A,11) E g , the AP ot a skin afferent fibre reaches a pair of electrodes
first as negative and then as positive According to the electrode setting used, the mam phase is upwards An AP of a motoneuron, coming from the opposite direction, would reach the
electrodes in the order positive-negative The potential changes are therefore opposite and
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the main triphasic AP will point downwards. An AP in an afferent fibre reaches first the caudal electrode pair and then the rostral pair, whereas an AP of the efferent fibre reaches first
the rostral electrode pair and then the caudal one. The conduction times are therefore also
opposite. For further clarity, a change of the inputs to the preamplifiers does not change the
ability to differentiate between afferent and efferent APs, because the amplitudes of both types of APs change their upward or downward direction (Fig.3A). In accordance with animal
data [109], the AP amplitude of afferent APs decreases and the AP duration increases with
decreasing conduction velocity (increasing conduction time) (Fig.3B), if the different nerve
fibres are at the same distance from the recording electrodes. Similar correlations between
conduction velocity, AP amplitude and AP duration hold for efferent APs. If APs of two efferent fibres meet at one electrode pair at the same moment, the APs add up algebraically.
The adding up of many fibres' impulses, following electrical stimulation will give rise to a
compound AP. If the APs of an afferent and an efferent fibre meet at the same point of time
at one electrode pair, they partly or fully abolish each other (subtraction of the AP amplitudes). However since these APs will not meet each other at the other electrode pair, the afferent and the efferent APs are clearly distinguishable on the trace of the other electrode pair.
The conduction velocities of afferent APs were plotted on an afferent conduction velocity
distribution histogram (Figs.7D,8), and those from efferent APs on an efferent velocity histogram (Fig.7D,8). Histogram classes were half closed intervals < and <; the left border belongs to a particular class, the right one does not. Group conduction velocity and nerve fibre
diameter values were the peak values of asymmetrical distributions. Single-fibre APs were
always recorded from whole roots or fascicles. We did not try to try single nerve fibres. In
nerve roots thinner than 0.6 mm in diameter (radial decline of AP amplitude due to volume
conductance is approx. by a factor of 1/10 per 0.3 mm; the root flattens when positioned on
the wire electrodes), it is possible to record single-fibre APs from all fibres with a diameter
larger than approx. 4 um. The radial decline of low-amplitude long-lasting extracellular APs
(due to volume conductor embedding) of thin fibres, including preganglionic parasympathetic fibres, is less pronounced than it is for high-amplitude short-lasting APs since the low
frequency sinusoidal coefficients will have large amplitudes in a Fourier-expansion. Since
nerve roots have no epineurium and nearly no perineurium, the nerve fibres in the roots can
easily be damaged when recording with wire electrodes. Pressure and stretch will change the
AP waveform or even block conduction (most easily at the node of Ranvier) so that one AP
can be recorded from one electrode pair only. Double peaked APs can occur, probably when
a node of Ranvier is blocked. Mechanical stimulation, nerve fibre compression, resistance
artifacts and trigger zones may change impulse shape and activity. For further references,
see [88-90].
Doublet firing of secondary muscle spindle afferents: It has been argued that the doublet firing of secondary muscle spindle afferents for slight parasympathetic activation [89] is caused by the injury of nerve fibres. Generally, by measuring functions in a system, one changes
more or less the functions of the system. By recording with wire electrodes from a bundle of
nerve fibres (nerve root (Figs. 1,6)), protected only by a thin sheath of cells, stretch, pressure,
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membrane injury or drying up of the fibres can occur. Mechanical alterations of nerve fibres
can be judged by the appearance of double-peaked APs caused by blocks at the nodes of
Ranvier, which were not observed. Ectopic AP generation due to the drying up of nerve roots can be avoided or eliminated by wetting the root. Further, injury potentials of nerve fibres (long membrane cable) are not long lasting. The injury will depolarize the membrane and
therefore, at least partly, inactivate the membrane so that the excitability of the injured membranes will be reduced rather soon. In intracellular recordings from muscle fibre, one therefore additionally injects current to keep the membrane potential or to hyperpolarize it slightly (see Fig.21 of [94]). Actually, the doublet firing lasted long and the firing even increased
in that case instead of decreasing. Injury as a cause for the doublet firing is therefore very
unlikely. To get more safety concerning the repeatability of natural firing patterns in man,
further measurements are needed rather than speculation.
Anatomy
The development of this new technique of recording from man was possible because of
the unique anatomical situation present in the human spinal canal. Because of the ascensus
of the spinal cord, the lumbosacral nerve roots have become very long and form he cauda
equina (Fig.4A,B,C). Since the caudal sacral nerve roots are very thin (Fig.4B,C) and nerve
roots are only ensheated by a thin layer of cells (Figs. 1,6), they are ideal for recording single-fibre APs from undissected nerve roots. It is also possible to record single-nerve fibre APs
from thin peripheral nerves [76], but the epineurium has to be removed and the quality of recording cannot reach that of recordings from roots, because the perineurium is still shunting
AP currents, and tissue parts may give rise to resistance artifacts [66].
Since further, humans have no tail mainly continence (mainly S2 to S5) and sexual
functions are located in the conus medullaris only. Those functions are therefore represented
in the lower sacral nerve roots and they don't mix with tail functions as for example in rat,
cat or dog [78-80]. A few nerve fibres to leg muscles run through the lower sacral nerve roots (not mentioned in anatomy books), as can easily be verified by electrical and manual nerve root stimulation and the observation of foot or toe movements.
Values of root thickness of dorsal and ventral roots are shown in Fig.5. Lower sacral
nerve roots show quite a lot of variation, including root interconnections (Fig.4C) and ventral root afferents and dorsal root efferents [80]. With respect to electrical nerve root stimulation [7] and nerve anastomoses [74-77] for urinary bladder control, the functions in the roots
have to be identified functionally, including electrical nerve root stimulation and recording
of afferent APs, to stimulate efferents in ventral roots after the surgery, most efficiently for
bladder control or to transpose functions in nerve anastomoses to make relearning of functions possible.
Nerve root diameters, axon densities, root cross-sections and the numbers of nerve fibres per root [69] are given in Fig.5. It can be seen that the dorsal roots are much thicker than
the ventral roots in the lower sacral range, and that the root diameters strongly decrease in
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the caudal direction (Figs.4B,C,5). It was shown previously that nerve fibre counts of roots
obtained from cadavers with the van Gieson method gave similar nerve fibre numbers as
those from patients of nerve roots stained with thionin acridine-orange [88] (see below). In
one case it was even possible to obtain similar myelinated nerve fibre numbers with the
morphometric method as described below and the above mentioned electrophysiologic met
hod [77].
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Figure 5. A: Dorsal and ventral mean root diameters measured m 15 cadavers in relation to the root level In the ca
se of elliptic cross sections, the diameter of the circle with the same area was taken The standard deviation was 810%, 10% for the smaller roots
B: Mean dorsal and ventral root cross section areas, calculated from A, in relation to the root level
C: Number of myelinated axons of dorsal and ventral roots The line for dorsal roots represents the average of two
van Gieson stains and the toluidine stain The line for the ventral roots is the average of 3 ventral root counts taken
from [9] The large dots represent counts from the toluidine blue stain, the upper dots stand for the dorsal counts,
the lower ones for the ventral counts The deviation shown at the dots indicates the variation of the axon counts
The inserted axon counts from intercostal nerves 8, 10 and 12 are from toluidine blue stain counts As viewed under
the light microscope, the intercostal nerves 8 and 12 had about the same cross section area, the 10th intercostal was
about 10% smaller
D: Approximate densities of myelinated axons in relation to the root level, calculated from B and C (density = num
ber of axons / cross section area) For further details, see [69]
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The blood supply to the spinal cord has been quantified by measuring blood vessel diameters and estimating blood supply contributions [71] Since more than 80% of the blood to
the thoraco-lumbar arterial territory is supplied by the thickest ventral (A spinalis magna
supplies 68% of the blood from the left ventral side mostly at T10 or LI levels (Fig 4C)),
and the thickest dorsal radicular-medullary arteries, these two feeder arteries have to be saved in cauda equina surgery [71]
The number of myelinated nerve fibres supplying the lower human body lies in the range of 0 3x10" (Fig 5) Ingbert counted 650,000 myelinated nerve fibres in all the dorsal roots
on one side in a human [108] Probably, there are more than 106 myelinated fibres contained
in the nerve roots emerging from the CNS First measurements indicate that the number of
unmyelinated nerve fibres exceeds those of the myelinated fibres in dorsal roots approximately 6 times (depending on the root) (see also page 71 of [107]) This may explain why patients with a clinically complete spinal cord lesion (some tract fibres may still be preserved)
often report to still have deep slowly appearing feelings, since the chance for the remaining
tract fibres connected to unmyelinated fibres may be much higher than for those connected
to myelinated fibres, but also other pathways (sympathetic chain, connection of plexuus),
not running through the spinal cord may contribute to the deep slow feeling
Morphometry
Pieces a few cm long were removed from dorsal roots of patients during surgery and
used to record from, fixated for 4 hours in 4% glutaraldehyde in cacodylate buffer, afterfixated in 1 % Os0 4 for 4 hours, and dehydrated and embedded in Araldite according to standard
techniques Pictures of semi-thin sections (approximate depth = 1 |j.m) stained with thionin
acridine-orange, were taken under a light microscope (x 1,000) Nerve fibre diameters ( =
1/2(0, + 0 2 ) 0 , and 0 2 are the larger and the smaller diameter of non-round shaped fibres
respectively) and the mean myelin sheath thickness „d" were measured by hand A correction of 8% for shrinkage was allowed The nerve fibre diameters measured were divided into
4 classes of myelin sheath thickness 0 25u.m < d < O 8 , 0 8 < d < 1 3 , 1 3 < d < 1 8 , 1 8 < d
< 2 5\im For each range of myelin sheath thickness a diameter distribution histogram was
constructed In the case of damaged fibres (split myelin sheath) the myelin sheath thickness
was measured at the most preserved part Very strongly damaged fibres were not considered
Because of the preference of the authors of even to odd values, neighboring histogram classes show large variations This systematic error can be abolished by increasing the width of
the histogram classes from 0 25 u.m to 0 5 |im For the diameter distribution 0 25 < d <
0 8u.m the higher histogram class was used anyway Computer-assisted morphometry would
eliminate such systematic error, but would have less accuracy, since computer programs
cannot handle artifacts and altered nerve fibres as if they were normal fibre The reduction of
nerve root diameters and axon numbers can be seen in Fig 6
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Figure 6. A: Cross-sections of the right nerve
roots S5, vS4, dS4, dS2.
The dorsal root S2 consists of 2 main fascicles.
The square area marked
in the lower fascicle of
the S2 cross-section is
shown in B at a higher
magnification.
B: Magnified area of the
dS2 cross-section from
A. Nerve fibres are marked which according to
their diameter and myelin
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which represent primary (SPl) and secondary muscle spindle afferents (SP2), and the myelinated skin afferent fibres Tl (Pacinian corpuscles), T2, T3 (probably SAI) and T4. Distribution curves for SPl and SP2 fibres are shown.
The histogram for parasympathetic fibres (including ventral root afferents) from root vS4 in Fig. 5B of [88] is represented by the dashed line (parasymp. vS4). The histogram for thin fibres (0.25 < d < 0.8 p.m) includes possible
afferent fibre distribution curves. Paraplegic 11. For further abbreviations and symbols, see Fig. 2.

Ethics
Informed consent was obtained from the patients prior to the recordings. The method of
recording of single-fibre APs was used for intraoperative diagnosis, to identify more safely
(e.g. in the case of an anatomical variation) what nerve fibres are contained in what nerve ro-
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ot fascicles An improvement of the intraoperative diagnosis may make it possible in the future to deafferentiate the bladder more specifically It would be of great benefit if one could
save e g the afferents signalling sexual sensation
Results
Unchanged group conduction velocities and group nerve fibre diameters following cord
lesion
Single-nerve fibre action potentials (APs) were recorded extracellularly from sacral
nerve roots during surgery in 9 paraplegic patients (para 3 to para 11) with spinal cord lesions of 6 months to 6 years duration Conduction velocities of single fibres were calculated
and group conduction velocities were determined from peaks in the velocity distributions It
has been shown in an earlier paper for the same patients that the group conduction velocities
did not change following spinal cord lesion [88] It was further shown that neither the group
nerve fibre diameters did change following spinal cord lesion [88] Thus, the classification
scheme of the human peripheral nervous system (Fig 2) can be used even in individuals with
spinal cord lesions
Since in this and the following papers emphasis will be laid on differentiation between
a! (FF) and oc2-motoneurons (FR) and primary (SPl) and secondary muscle spindle afferents (SP2), velocity and diameter distributions of these nerve fibre groups are shown in Fig
7 for the sake of clanty It is shown in Fig 7D that oti, o^, SPl and SP2 fibres conduct slowher than given in the classification scheme in Fig 2 It was demonstrated earlier (and is
shown below (Fig 8)) that the conduction velocity depends on the temperature, and most
nerve fibre groups (apart from SP2 and o^ groups) seemed to have different temperature dependences The differences between the velocities shown in Fig 7D and those in Fig 2 are
due to a lower temperature during measurements represented in Fig 7D
The groups of CC] and cc2-motoneurons and primary (SPl) and secondary spindle afferents (SP2) can be distinguished from each other by their conduction velocities (Fig 7D)
Further, the rxj-motoneurons apparently conduct with the same velocity as do the SP2 fibres
(calibration relation), and the a,-motoneurons have a similar conduction velocity as the primary spindle afferents (SPl) The groups of motoneurons and spindle afferents can only
partly be distinguished from each other by nerve fibre diameters (Fig 7C) For further details, see [88]
Group, conduction velocities related to velocities of components of compound action
potentials
In Fig 8A,B the velocity distributions of afferents (A) and efferents (B) are related to
the components of compound action potentials evoked by electrical stimulation (pulse
length 0 5ms) of the root (CAP comp ) and the bladder (vesic stimul) For further details of
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electrical nerve root stimulation, see [86], and for electrical intravesical stimulation, see
Figs. 9,10 of [88], The components of the compound action potentials (afferent and efferent
fibres are electrically activated) evoked by electrical root stimulation have similar values as
the velocity distribution peaks of afferents and efferents (Fig.8A,B) obtained with the singlenerve fibre action potential recording method from natural impulse patterns. The compound
action potentials of urinary bladder afferents, evoked by electrical intravesical stimulation,
were conducted with the same velocity as the bladder stretch (ST) and tension (SI) receptor
afferents, obtained with the single-nerve fibre action potential recording method from natural impulse patterns. The thinner and therefore slowlier conducting bladder afferents (S2,M)
(Fig.2) probably had higher stimulation thresholds and were therefore not activated by the
used pulse strength (up to 35V) and the used bladder filling volume.
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Temperature dependence of group conduction velocities
In all measured cases, the AP durations of the single nerve dibres decreased and the
conduction velocities increased with the increasing temperature It seemed further as if the
different nerve fibre groups had different temperature dependences, because for lower temperatures, it was much more difficult to identify the different nerve fibre groups by their peaks in the velocity distributions The operational field was therefore often heated with an infra-red lamp to bring the root temperature as close as possible to 36°C
In paraplegic 11, good conduction velocity distribution histograms from the same root
under the same recording conditions were obtained for low (32°C) (Fig 8C,D) and for high
(35 5°C) (Fig 8E,F) root temperatures The secondary muscle spindle afferents (SP2) and
the o^-motoneurons increased their conduction velocity from 40 to 50 m/s (25% increase),
the SI, ST and M afferents from 31 3 to 40 (28%), from 25 to 33 8 (35%) and from 12 5 to
13 8 m/s (10%) respectively with the increasing temperature (Fig 8G) The oc3-motoneurons
raised their conduction velocity from 33 to 40 m/s (21% increase) Even though only one set
of good quantitative measurements could be obtained so far, the two sets of velocity values
clearly show that different nerve fibre groups have different temperature dependences of
their group conduction velocity
The SP2 afferents and the ot2-motoneurons showed the same temperature dependence
of the group conduction velocity The calibration relation of the velocity distributions of afferent and efferent fibres, namely that the SP2 fibres conduct with the same velocity as the
o^-motoneurons, is therefore temperature independent
Shifts of conduction velocity distribution peaks corresponding to conduction times of
approx 0 1ms can safely be measured because of the many measurements contained in the
distributions (Fig 8) and owing to the known shape of the conduction velocity distributions
(sharp peak and long foot to the right), which are similar to the shape of diameter distributions of nerve fibre groups (Fig 1) On the other hand, repeated evaluation of velocity distributions from different sweep pieces, taken from the tape, showed good reproducibility
Unchanged skin receptor density following spinal cord lesion
In an eaher work it was found on the basis of AP occurrence patterns of certain touch
afferents stimulated at different sites that Tl skin receptors (PC) in the skin adjacent to the
gluteus maximus of a brain-dead individual were positioned approximately 20 mm apart
(Fig 9 and [72,77])
As can be seen in Fig 10, the distance between two Tl (PC) receptors was also approximately 20 mm at similar sites of sacral dermatomes The receptor sites were obtained from
the impulse patterns (Fig 10A,B,C,D) recorded upon touching the sites 1, 2 and 3 (Figs 2,3
[92J) It is concluded that neither the receptor density in the skin had changed following spinal cord lesion, provided the skin has not been damaged by trauma or pressure ulcera
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activity of the different touch and pain groups arc identified by the AP waveforms on traces „a" and „b" and by
the conduction times. The single touch afferents of the T1 group arc marked with subscripts, and can be seen in
all the following stimulations [77]. One active secondary muscle spindle afferent fibre (SP2) could always be
identified. Note that the Tl I - unit adapts in E following the slow pin-prick (release activity is reduced), but
not in F following the short pin-prick (release activity is not reduced).
G: Recording and stimulation arrangement for simultaneous measuring of several single touch and pain units. A =
area stimulated by skin folding, drawn in H in more detail. Tl |, Tl 6 = suggested touch points of the Tl, and Tl 6 units.
H: Drawing of the very approximate skin area stimulated by skin folding. Tl 1 6 = suggested focal T[ touch points.
Two-point discrimination indicated for comparison. NA = number of stimulated units in the dorsal coccygeal root.
Skin tractions evoked by anal and bladder-catheter pulling are indicated by large open arrows. For further details,
see [72,77].
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Oscillation period, interspike intervals of the impulse train, and afferent drive of oscillatory
firing a-motoneurons
The successfully recorded cases of oscillatory firing from different roots of different
patients are summarized in Table 1. A majority of oscillatory firing was recorded from a 2 motoneurons (FR), a few recordings were obtained from a, (FF) and cc3-motoneurons (S).
Since there are normally very few a r motoneuron axons in the lower sacral nerve roots [88],
it is reasonable that only a single conclusively recognized ocrrecording was found. Since at
least some a3-motoneuron axons run through the lower sacral nerve roots [88], it is unex
pected that only one oscillatory firing oc3-motoneuron could be found. This may indicate that
a3-motoneuronal networks are no more able to organize themselves to fire oscillatory in a
physiological manner. a2-Motoneurons fired frequently oscillatory, but their oscillatory fi
ring was much less regular than observed in brain-dead and normal individuals [83,90]. The
data in Table 1 indicate that whereas the ccrneuronal network underwent little changes, the
a 2 -networks showed much more changes, and the a3-networks even considerably more
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Table 1. Oscillatory firing of a, (FF), a 2 (FR) and cc3-motoneurons (S) in patients 0 5 to 6 years following spinal lesion (paraplegic = para) Centr temp = cent
ral temperature, f = female, m = male, vS4r = nght ventral sacral root 4, Ol ,02,03 = firing modes of a,, a 2 and a3-motoneurons (see Fig 3) SPI, SP2 = primary, secondary muscle spindle afferents anal, bladder = motoneuron innervated external anal or unnary bladder sphincters
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sist of 3 subpeaks Brain-dead human indivi
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changes. The ctj-neuronal networks do no more seem able to organize themselves to fire os
cillatory. As most interneurons are integrated in the oscillatory firing of a3-motoneurons and
very few in a,-motoneuron firing (Fig.3), the integrative network functions of the spinal
cord seem to have changed or deteriorated following spinal cord lesion.
According to the approximate relation between the oscillation period and the number of
APs per impulse train (n A P ) (T = 70 ms + n A P • 30 ms), the a2-oscillatory firings show some
changes associated with spinal cord lesion. Mean interspike intervals (lis) of impulse trains
of oscillatory firing a2-motoneurons are given in Table 1. They are similar to physiologic
values [73]. Differences as compared to normal values will become evident in distributions
(see below). Table 1 further shows that the a,-motoneurons are mainly driven by primary
spindle afferents (SPl), and the o^-motoneurons are driven by secondary spindle afferents
(SP2). As will be seen below, the irregularity (pathologic or not) in the oscillatory firing gi
ves further insight into the network structure of premotor spinal oscillators.
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Regular oscillatory firing of motoneurons in brain-dead individuals (HTs)
Fig 11 shows an impulse train triplet of an oscillatory firing a2-motoneuron of the brain-dead individual HT6 [83] The firing pattern is schematically drawn in Fig 11B
Distributions of the oscillation penod and of the first and the second interspike intervals are
plotted in Fig 11C,D,E The distributions of the oscillation period and of the first interspike
interval are smooth and show no obvious subpeaks The distribution of the second II shows
subpeaks suggesting interactions with other oscillatory firing circuitries
The narrow distnbution of the oscillation period and the interspike intervals of the impulse train shows that the oscillatory firing network fired very regularly Other spinal oscillators in brain-dead individuals [83,87] fired not just as regularly as the one shown in Fig 11
It is concluded that in brain-dead and normal individuals the neuronal networks, driving the
motoneurons, fired regularly with some variation It will be shown below that this regularity
is lost following spinal cord lesion
Irregular oscillatory firing of a motoneurons following spinal cord lesion
Following spinal cord lesion, mean values of oscillation penod and interspike intervals
for oscillatory firing motoneurons show much more variation (Table 1) than do normal values [73,83] The most regular oscillatory firing o^-motoneuron, shown in Fig 12, fired nearly
as regularly as the a2-motoneuron of the brain-dead individual HT6 (Fig 11) On the other
hand, some oscillatory firing a2-motoneurons (Table 1) fired extremely irregularly so that it
was difficult or even impossible to identify the kind of the motoneuron from the impulse patterns (Fig 3)
The distributions of the oscillation period and of the interspike intervals of the impulse
train from an ot2-motoneuron in para 8 (Fig 12) show more scatter than those obtained for
HT6 (Fig 11) Further, it can be seen from Fig 12D that the oc2-motoneuron reduced its mean
interspike interval from approximately 9 ms to 7 5 ms in the 2 AP firing mode before switching into the 3 AP firing mode with interspike intervals of 7 ms and 11 5 ms (Fig 12F)
Firing regularly in the 3 AP mode, the first and the second interspike intervals were approx
6 5 ms and 10 ms (Fig 12B)
Such a change from 2 to 3 AP impulse train firing can be observed if one records from
twitch or denervated slow muscle fibres of the frog intracellularly and when the depolarizing
pulse amplitude is increased to mimic depolarization by excitatory postsynaptic potentials
(for references, see [67]) Upon increasing the repeated transient depolarization, the interspike interval of the 2 AP impulse train reduces before a 3 AP firing occurs (Fig 21 of [94])
Alternating long and short oscillation periods in some oscillatory firing tx motoneurons
It was shown in a previous publication that an o^-motoneuron, innervating the external
bladder sphincter in a brain-dead individual, fired oscillatory with long and short oscillation
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Figure 12. Distnbution of oscillation penod Ta 2 , First (II, Hj) and second interspike intervals (II2) of a a2-motoneuron, innervating the external anal sphincter, finng repeatedly with impulse trains consisting of 2 and 3 APs
A: Onginal recording of a 3 AP impulse train, oscillation penod and interspike intervals are indicated
B: Distributions of the first and second II of the 3 AP impulse train
C: Oscillation penod distnbution for the 3 AP-finng
D, E: Distnbutions of interspike intervals and oscillation period Ta 2 , when the a2-motoneuron fires with impulse
trains consisting of 2 APs
F, G: Distribution of first and second interspike intervals and of the oscillation period of the 3 AP impulse train,
when the a2-motoneuron changed from the 2 AP to the 3 AP-finng mode Paraplegic 8, left root S5

periods and long (2 APs) and short (1 AP) impulse trains [73].
In Fig. 13 the oscillatory firing of an o^-motoneuron is shown, which innervated the external bladder sphincter (para 7). No alternating firing with long and short oscillation periods
and 1 AP and 2 AP impulse trains was observed. The probably pathologic firing (less regular oscillatory firing than in brain dead individuals) consisted of 2 AP firing (Fig.l3A,B), 1
AP firing (Fig.l3C), changing from 2 AP to 1 AP firing and vice versa (Fig.l3D,F), and irregular oscillatory firing (Fig.l3H). The 1 AP firing (C) showed a 4 ms shorter oscillation
period than the 2 AP firing (A). The interspike interval was 1 ms shorter when changing
from the 2 AP firing to the 1 AP finng (E) in comparison to the change from 1 AP firing to
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Oscillation periods and interspike intervals of a bladder
sphincteric a2-motoneuron (FR)
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Figure 13. Oscillation penod (T) and
interspike interval (II) of an o^-motoneuron innervating the external bladder sphincter, in dependence on the
length of the impulse train (impulse
train is 1 or 2 AP long)
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the 2 AP firing (G). According to Fig.3 (T = 70 ms + 30 ms • nAP), a change of approx. 30
ms would be expected in the duration of the oscillation period for the change from a longer
to a shorter loop (see Figs. 10,11 of [83]). The measured oscillation period difference was only 4 ms.
One possible explanation to this large difference is pathologic firing. Another is that
spinal oscillators of the trunk, including sphincter muscles for continence, may consist of
two more or less coupled oscillators, which partly inhibit each other reciprocally. Also, afferent firing patterns may cause more or less directly alternating oscillation periods.
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Figure 14. Alternating long and short oscillation periods of oscillatory firing a, (A,B) and a2-motoneurons (CD).
Note that on the average, long and short oscillation periods for both motoneurons differ by 5 ms.

To allow differentiation between alternating oscillatory firing and the change of the oscillation loop, impulse patterns were looked for in which oscillators probably may not have
changed their loop as indicated by a constant firing with a certain impulse train length (same
number of APs per impulse train). In para 8, an a, (FF) and an oc2-motoneuron (FR) could be
found which showed alternating long and short durations of the oscillation period (Fig. 14).
The difference between the long and the short oscillation period was 5 ms for the same impulse train length. It may therefore be that some trunk muscles in humans are driven by spinal oscillators which are coupled in an antagonistic or alternating fashion.
Discussion
Unchanged skin afferent activity following spinal cord lesion
It could be shown in Fig. 10 that the Tl (PC) receptor density had not changed as compared to physiologic conditions (Fig.9,[77]). It may therefore be concluded that the receptor
densities of other skin receptors had not changed either. Since afferents from normal skin
(no trauma-induced scar and no ulcera which may change the anchorage (for references, see
[45]) of the receptors) showed impulse patterns (Fig. 10) similar to physiological (Fig.9), it is
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concluded that the afferent input from the skin had not changed following spinal cord lesion.
In regions with trauma-induced scar tissue or where pressure ulcera developed, the afferent
pattern may differ, due to e.g. changed anchorage of the receptors.
It was found earlier that neither muscle spindles undergo changes following spinal cord
injuries [89]. On the other hand, a changed afferent activity from the urinary bladder was observed [88] because of bladder infections and a hypertrophy of the detrusor (reduced compliance). Activity from joint receptors and Golgi tendon organ afferents could not be measured so far. It seems therefore that if there are no pathologic changes in the periphery and no
inflammation or initation, then the afferent input from the periphery (skin, joint, muscle
spindles...) is physiologic. A dysfunction of the distal lesion-isolated spinal cord will then be
due to a false or unbalanced input from supraspinal centres including missing inhibition and
the pathologic functioning of the spinal cord resulting from the isolation of the cord, and the
adaptation to lost tract fibres and the loss of mobility of the patients.
Physiologic firing of motoneurons in man
It has been reported that the firing modes of a-motoneurons for rather constant afferent
input are the occasional firing, the transiently oscillatory firing and the continuously oscillatory firing [73,91]. For low level afferent input, the motoneurons are recruited in each of the
nerve fibre groups ( a b Of^, a 3 ) approx. every 3 s according to the size principle [79,81,82].
With the increasing afferent input the motoneurons switch transiently into the oscillatory firing mode. For a high rather constant afferent input the motoneurons fire continuously oscillatory. If a transient inhibition occurs, the a-motoneurons transiently break their oscillatory
firing. The a,-motoneurons (FF) fire oscillatory with a frequency around 10 Hz (range 8-12
Hz), the a-motoneurons (FR) fire oscillatory in the 6-8 Hz range, and the a3-motoneurons
(S) fire with frequencies below 1 Hz (Fig.3) [83,90]. The time-related recruitment of the motoneurons in the oscillatory firing mode is distributed so that the motoneurons do not fire simultaneously. The firing is nicely time-distributed to smoothly activate muscles (Fig.3 of
[90]). Individual muscles show different proportions of the three muscle fibre types and are
innervated by the conesponding motoneurons (Fig.3). Weight carrying muscles and probably muscles subserving posture are predominantly innervated by a 2 and a3-motoneurons, and
muscles which have to react quickly are prevailingly innervated by a, -motoneurons. The
muscle fibre composition of human muscles is only partly known [44,53,95].
Besides neuronal networks which activate the motoneurons to fire oscillatory there may
exist monosynaptic pathways from certain peripheral afferents onto a-motoneurons.
Famous and clinically relevant, but overstressed with respect to the function of the CNS, is
the so-called monosynaptic stretch reflex discovered by Hoffmann [35], in which the primary spindle afferents directly synapse onto a,-motoneurons (Fig.3) [91].
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Pathophysiologic firing of motoneurons and pathologic coupling of oscillatory firing subnetworks in man following spinal cord lesion
It has been shown in Table 1, and earlier [83], that the oscillatory firing of the different
types of motoneurons becomes inegular following spinal cord lesion in comparison to brain-dead and normal individuals [73]
Similarities are found in animals Sensory or descending control systems are responsible for inducing changes in gait The coordinating system, especially in the cat, seems to be
somewhat unstable in isolation, exquisitely sensitive to both descending and sensory control, and is easily acted upon to produce a wide variety of other patterns The major phylogenetic trend has been towards increased separation and independence of the limb „oscillators"
combined with an increased role to be played by descending and sensory systems which
lend a considerably increased flexibility A possible conclusion could be that, during evolution, what is changing in the central pattern generator control of the limbs is the access to,
and the need for extrinsic control and the general lability of the coordinating systems [11]
Grillner and Zangger [29] have shown quite clearly in the cat mesencephalic preparation that in the absence of sensory input the flexors and the extensors do not simply alternate
They also showed that no single pattern emerges in the simplified preparation There was some evidence for alternation between some pairs of dorsal and ventral muscles, but it was inconsistent Generally, in the mesencephalic as well as the decorticated curanzed preparations [62], the removal of sensory feedback destabilizes the coupling between the burst generators, and leads to a deteriorated pattern
The local oscillators of the lampreys, when separated from each other, burst at different
frequencies This has not been reported in dogfish On the basis of this difference, Kopell
[50] has suggested that dogfish have greater descending control of the coordinating system
and perhaps less control intrinsic to the cord than do lampreys It remains uncertain what role is played by sensory input with respect to intersegmental coordination [11]
The motor pattern observed in the intact swimming fish and those recorded from the
isolated spinal cord are essentially identical [10,101] In dogfish [26,27] and young chicks
[41,42], the intact and the fictive patterns are very similar In cats, the motor pattern is more
complex in intact animals It also reflects a more complex modulation by sensory and descending control systems Because of this there is a great deal of variability among individual
preparations and there are some differences between the motor patterns of intact, chronic
spinal [20], and functionally „isolated" cords [28]
In complete thoraco-lumbar spinal cord lesion in patients, the functionally „isolated" caudal spinal cord has lost the descending control system and may have an impaired sensory control Deteriorated organization of spinal oscillators has to be expected In the chronic case with
partial immobility, even more pathologic organization of the isolated cord has to be expected
In the case of an incomplete cervical spinal cord lesion sub C5, the sensory and the supraspinal control systems are impaired, but not completely The pattern generator for leg movements is not expected to be impaired in the lumbosacral enlargement of the cord, since in
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animals each unit oscillator spans no more than 1-4 segments [10]. If the lumbosacral enlargement for locomotion starts with LI, then the most rostral oscillators for locomotion will
probably not reach the Th9 segments. If we assume that the lesion mainly spans 3 segments,
then a lesion sub Th6 should only little affect the spinal locomotor centre. It has however been measured in animals that rhythmogenesis was distributed along the rostrocaudal axis of the
spinal cord with a stronger capability of the rostral segments of the lumbosacral cord compared with the more caudal segments (see below). On the other hand, in cats walking seems mainly to be induced by the hip while by the ankle in man (see [94]). Clinically it is found that
patients with incomplete spinal cord lesion sub Th6 can relearn walking. In more caudal lesions, it becomes more difficult for patients with incomplete lesions to relearn walking. In the
future, it has to be explored with the functional MRI [8] for prognostic reasons where the spinal locomotor centre for different movements is located and what spinal segments and to
what degree are impaired. In the above mentioned patient with an incomplete lesion sub C5,
the spinal locomotor centre was most likely not impaired. However, the afferent input patterns are impaired because of pathologic movement due to the lesion. With support, the patient moves rather physiologically, but the motor program remains more or less pathologic
[94]. Therefore, the lesion-induced unbalanced descending control system (also partly caused
by the lesioned ascending afferent input to supraspinal centres (see also [94]) gives rise to false activation times of some muscles. Since tetraparetics (incomplete tetraplegics) can improve their walking when walking on beach sand (deformable ground), it mainly is a stronger afferent input to the spinal cord and the supraspinal control system that improves walking. It
will be shown in a following paper [94] that an incomplete tetraplegic could relearn running,
besides other movements, by training rhythmic, stereotyped, dynamic, natural movements.
Probably, besides training-induced reorganization or changes of spinal cord neuronal networks, supraspinal reorganization of the descending control system took place to compensate
for unbalanced lesion of ascending afferent and control fibres. Nearly nothing is known concerning the nature of changes. In a following paper [94] it will be shown on a frog model that
localized membrane property changes in combination with synapse migration could be one
possibility to achieve changes in the functional organization of neuronal networks.
Partial loss of the coordinating system and the stabilizing sensory feedback may change spinal oscillator coupling and may result in pathologic activation of two-joint muscles
In a patient who relearned running [94], the main cause for the limitation of further improvements of running and other kinds of locomotion was false activation of the left rectus
femoris [94]. The rectus femoris muscle extends over two joints, namely hip and knee. Also
in cerebral palsy [6] and hemiplegia [5], the two-joint muscles are often activated at the
wrong phase of the locomotor cycle or show rather permanent activity. In such cases, orthopedists often transpose tendons to change partially a flexor into an extensor muscle or vice
versa [22], to overcome the problem of false recruitment phases of muscles during the motor
cycle.
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If the phases of activation of muscles during the motor cycle do change following spinal cord lesion [94], cerebral palsy or hemiplegia, and if coupled spinal oscillators have two
possible phases for oscillator coupling per oscillation cycle [90,93,94] (per somatic nervous
system), and if coupled premotor spinal oscillators can change from alternating to symmetrical oscillatory firing [94] (phase coupling changes), then it is conceivable that with the impairment of the control system supraspinally (cerebral palsy, hemiplegia) or spinally (spinal
cord lesion (tract fibres)), the critical two-joint muscles may show most dramatic recruitment changes per motor cycle. If, as discussed above, there is with ongoing phylogenesis
more need for extrinsic control because of the increased lability of the coordinating system
for motor control (and continence functions [90]), then with the partial loss of the coordinating system and the stabilizing sensory feedback (see above), a loss of specificy and a loss of
functional splitting of muscle will follow.
The lost coordination and stability can be explained in the oscillator concept with the
deterioration of oscillator properties. Spinal oscillators with broadened frequency band will
couple more easily among functionally near oscillators (loss of functional splitting), and
may not couple at all with functionally distant oscillators (loss of specificity) [94].
Especially the existence of two coupling phases per oscillation cycle in premotor spinal
oscillators [93] gives rise to two possible pathologic muscle activations. First, the premotor
spinal oscillators are activated at the wrong coupling phase of the oscillation cycle of two
possible coupling phases per somatic nervous system. Motor units of an extensor muscle
may now be recruited in the flexor phase. Second, the premotor spinal oscillators are coupling with other spinal oscillators at both phases of its oscillation cycle. Motor units are now
recruited in the extensor and the flexor phase. This pathologic double-coupling in combination with broadened coupling phases may result in a rather permanent muscle activity. The
loss of specificity and the loss of functional splitting of muscle will most seriously affect the
critical two-joint muscles.
There are at least two possible treatments for the false muscle recruitment during the
motor cycle. One can think mechanically and improve locomotion in the patient by transposing tendons or one can believe in the plasticity of the human nervous system and try to improve locomotion by a training-induced network plasticity. This research project follows the
second line [94], in accordance with W.R. Hess who argued that one should not think too
mechanically with respect to the functioning of the human nervous system.
In a subsequent paper [94], the false activation of two-joint muscles will further be analyzed with respect to the false organization of the spinal locomotor program including ontogenetic considerations.
Tremor
It is unlikely that the most important firing mode of the motoneurons, the oscillatory firing, would not be observable macroscopically in certain situations. Indeed, it was already
Descartes [16] who wrote about tremor. During the last 100 years, many authors have sug-
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gested rhythmic firing of neuronal networks that is responsible for rhythmic movements
(trembling, tremor) of the body (trunk) and legs, arms and fingers (for Refs see [47,103])
The conclusions drawn by R Jung from measurements on tremor and clonus in 1941 [47]
are nearly identical with the findings concerning the self-organization of spinal oscillators in
an earlier [83,84] and this series of papers [91] Only, R Jung did not differentiate between
different motoneuron types, and analyzed tremor by using mechanical and electromyographic recordings The similarity between the tremor frequencies and oscillator frequencies of a
brain-dead human individual (physiologic case) and two paraplegic patients (pathophysiologic cases) has been described elsewhere [83,93] (see also below) Even though there is little
doubt that the cause of tremor (and possibly of clonus) is the oscillatory firing of motoneurons, in detail, it has to be seen how the oscillatory firing turns out to become, or manifests
itself in tremor Since in these measurements recordings are performed from sacral nerve roots which innervate the external sphincters of the urinary bladder and the rectum, the pelvic
floor and some leg (foot) muscles, direct analyses are only possible with selection to those
body parts Since only few a-motoneurons run to the legs through S4 and S5 nerve roots, we
are left with muscles on which tremor has not been detected so far (continence muscles) On
the other hand, it seems that the a b 02 and a3-motoneurons are the same all over the body
[76], so that the principles will also hold for other body parts If joints are included in the tremor movements, different mechanical factors such as inertia and muscle stiffness come into
play Anyhow, in reference to a very important measurement described in a following paper
[93] it will be shown that spinal oscillators can build up external loops to muscle spindles
and the oscillation frequency of spinal oscillators can be modulated, via these external loops,
in a certain frequency range Most problems of the last 100 years concerning the understanding of tremor can be explained by the external loops to muscle spindles and the input from
joints, Golgi tendon organs and skin The possibility that the oscillatory firing can be controlled in a certain frequency range by this external loop will give rise to the possibility to
formate the pathologically oscillatory firing networks to fire more physiologically again and
to reduce spasticity (false activation of muscles with respect to phase and activity level) with
the gain of useful locomotion Indeed, it has been possible to enable, by training-induced
network plasticity [98], an incomplete tetraplegic to run again [94]
From the changed properties of oscillators (Table 1) it is likely that tremor will change
following incomplete spinal cord lesion From electromyographic recordings it can be seen
that specific properties of motor unit firing (compound action potential of the muscle fibres
innervated by the same motoneuron) are lost [94] The physiologic activation times of the
muscles are partly lost [15,94,102]
Coupled half-oscillators for activating human trunk, continence and leg muscles?
Since there is little doubt that spinal oscillators (premotor neuronal network, motoneuron included) and other rhythmically firing neuronal subnetworks (propnospmal oscillators)
are the original reason for tremor, the oscillator theory for the understanding of some functi-
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ons of the CNS must be able to incorporate or explain the different kinds of tremor
In tremor, it is differentiated between tremor of the extremities and of the trunk Tremor of
the limbs may be independent or changing with coordinated bilateral asymmetry In trunk
muscles there is absolute coordination in tremor In head and trunk muscles of both sides it
shows a symmetric alternating pattern (phase difference 180°) In rostral caudal direction,
tremor shows certain constant phase relations [47] Trunk tremor has therefore very similar
occunence patterns as do phylogenetically old movements of the fins of certain fish [36] and
the spinal locomotor organization in the lamprey [30,31 ]
In the lamprey, spinal cord segments produce the motor output underlying locomotion
throughout a frequency range of 0 25 - 10 Hz (the frequency range measured in humans is
0 3 -10 Hz (Fig 3, [83])) The motor output can be subdivided into small pieces down to a
few segments, each of which can produce rhythmic bursts of activity and a characteristic intersegmental coordination with a constant phase lag between consecutive segments Under
intact conditions, this results in an undulatory wave travelling down the body and pushing
the animal through the water Each segment contains about 100 motoneurons which supply
different parts of the myotome The motoneurons of the left and right side provide alternating burst activity As the motoneurons of one side get excited, the motoneurons on the contralateral side become inhibited in a reciprocal fashion During a swim cycle each motoneuron thus goes through a phase of excitation followed by inhibition [30,31]
It was shown in Fig 14 that an a) and an a2-motoneuron fired continuously oscillatory
However, every second cycle the oscillation period was prolonged This kind of firing can
possibly be interpreted as every second oscillation cycle being inhibited It is therefore conceivable that an oscillator circuit on one side was inhibited by an oscillator circuit from the
other side and vice versa, in some similarity to the lamprey model Whereas motor pools to
antagonistic muscle pairs in the lamprey lie on the opposite side of the cord, in quadrupeds
motor pools to antagonists within a single limb are on the same side of the cord Further, alternation is the only coordination pattern observed in all intact, reduced, or spinal animals
studied (page 159 of [11]) In many quadrupeds, limb muscles at a single cord level can exhibit a range of both alternating or symmetrical (walk and trot) and non-alternating or asymmetrical (canter, gallop etc ) phase relations
In the lamprey locomotor system, the motoneurons in each segment show alternating
left-right burst activity [30,31] It is therefore conceivable that also in man some oscillatory
firing networks consist of two more or less coupled halves which may or may not show alternating long and short oscillation periods Motoneurons innervating antagonistic limb
muscles (in man, a few motoneurons, innervating leg muscles, run through the lower sacral
roots) run through the same root, whereas motoneurons innervating antagonistic trunk muscles (and possibly also continence muscles) will run through the opposite roots To provide
evidence for half centre networks of continence muscles, one would have to record from the
two halves of the left and right side of the medulla So far, this has not been possible with the
single-nerve fibre AP recording method because this would require recording with four
electrode pairs instead of two If coupled antagonistic spinal oscillators fire pathologically it
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may be that one part of the oscillator fires more pathologically than the other half In the unbalanced case, it may then be that every second oscillation shows a different oscillation period even for coupled oscillators which normally show no alternating long and short oscillation periods. Anyhow, most likely the mutual inhibition (if existing) was not as strong as in
the lamprey model, since the prolongation of the oscillation period was on average only 4
Possible mutual inhibition of oscillatory firing networks

Figure is. Schematic drawing of pos
sible mutual inhibition of oscillatory firing neuronal networks The muscles
indicated are not neccessanly activated
antagonistically The filled somas are
those of inhibitory cells Dashed axon
branches in A indicate projections into
the oscillatory firing networks a, 2 = a
motoneurons

ms (4 and 3 3%) Nevertheless, these measurements indicate that there may be some mutual
inhibition between spinal oscillators Further, this (reciprocal) inhibition may work differently for a, and a2-motoneurons in that the projection onto the (antagonistic) motoneuron
network for inhibition is more direct (less interneurons) for the a r motoneuron (Fig 15)
It was shown in Fig 3 that primary and secondary muscle spindle afferents project differently onto oscillatory firing a r motoneuronal circuits (the primary afferents project monosynaptically, the secondary ones project oligosynaptically) Therefore, also self-organizing projections can be expected from a, to o^ oscillatory firing circuitry and vice versa
Further research has to show how directly the reciprocal inhibition acts Simultaneous recordings from right and left nerve roots will provide further information
On the other hand, a change from alternating to symmetrical oscillatory firing has been
observed electromyographically in man, which was conelated to a simultaneous phase change in synchronization of two other oscillatory firing motor units [94] This measurement indicates that alternating and symmetrical oscillatory firing are related to coupling changes
among populations of interacting spinal oscillators in the human CNS Alternating oscillatory firing may therefore be due to reciprocal inhibition of half-centre oscillators, changes in
the couplings of non-equal oscillators or mutual inhibition of oscillators driving antagonistic
muscles.
So far, these measurements have provided no information on how each oscillation cycle
of each oscillatory firing circuit is terminated Graham Brown who proposed the half-centre
model hypothesized that a limiting factor could be fatigue of the inhibiting synapses, which
causes the strength of synaptic transmission to decline with time Other possible intrinsic processes, now considered more plausible, are adaptation, in which a neuron responds to constant excitatory input with a declining rate of output, and post-inhibitory rebound, in which
the threshold for excitation of a neuron decreases transiently as a result of past inhibition [48]
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Intrinsic processes cannot be the only or main cause for the termination of the oscillation cycle. The extreme changes in the duration of consecutive oscillation periods and the reduction of the duration of the oscillation period following spinal cord lesions cannot be explained by changes of membrane properties alone. Large-scale changes of membrane properties are probably negligible after spinal cord lesions since most projections onto motoneurons come from the interneurons, and interneuron cell death following spinal cord lesions has not been observed so far. On the other hand, this reasoning provides no explanation
for the spinal shock. Localized changes of membrane properties can however have substantial functional impact as is indicated in a frog model [94]. It is shown below that there are
simple neuron wirings that can generate alternating oscillatory firing. But these simple fixed
wirings can only explain one but not other network states.
Modelling of human neuronal subnetwork functions
It has been argued that the oscillatory firing with alternating long and short penods can
simply be generated by a propriospinal oscillator which drives two interneurons which, in
turn, drive with different delays the motoneuron to fire alternating oscillatory (Fig. 16). Such
simple neuronal wirings are supported by the argument that most important constructions of
living organisms (genetic mutation and natural selection) prefer elegant and simple solutions.
Since nearly nothing is known concerning the integrative functions of the human nervous system, many speculations are possible. We therefore have to stik as much as possible
to measurements. Indeed, the schematic model of Fig. 16 can explain the alternating oscillatory firing of a r motoneurons, firing rhythmically with 1 AP. The alternating oscillatory firing of the a2-motoneurons, firing with impulse trains consisting of several APs (Fig. 14),
Unrealistic oscillator model

Figure 16. Simple oscillator model
which can generate rhythmic firing
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The alternating oscillatory firing is generated by a divergent output from the
oscillator, different delays of the interneurons and the convergence of the interneurons onto the motoneuron This
oscillator model however, cannot explain the firing patterns of alternating oscillatory firing neuronal subnetworks
and additional oscillator data (motoneuron is a part of the premotor spinal os-

cillator, no change is possible from alternating to symmetrical oscillatory finng, difficult to generate a 100 ms penod by 2 interneurons, for further objections see text)
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cannot be explained with that model Additional or different interneurons are necessary
Further, there is some indication that the motoneuron itself is a part of the premotor spinal
oscillator [83] If this is the case, then the model is not valid any more It has been measured
further that when the motoneuron is not firing continuously or transiently oscillatory, then
the motoneurons are activated approximately every 3s according to the size principle in each
motoneuron group [79,81,82] This important different functional state, generating a certain
low tonus in the muscles cannot be explained by the model Neither the change from alternating to symmetrical [94] can be explained by the model, similarly as the changing of coupling between different oscillators The model can mimic only one special network function
and not all the others For modeling of neuronal functions of animals, see [111]
Modelling of human neuronal subnetworks makes only sense if all the known human
data are incorporated Further, the problem for the time being is that nearly no human data
are available Animal data, as for example synaptic transmission time ( 0 5 ms), time for the
ascending phase of the exciting postsynaptic potential above threshold for spike generation
(~ 2 ms) [111] or membrane properties, have to be measured, especially as there is indication that membrane properties of human neurons are different from those of the animal neurons E g , the conduction velocities of peripheral nerve fibres are much lower than those in
the rat and in the cat, and transmission frequencies of up to 5 kHz have been measured in paraplegics [89], whereas textbooks give the highest value of 1 kHz
There are more neurons in the human body than people on earth, which does not point
to subnetworks which consist only of a few neurons Maybe, hundreds of interneurons contribute to the oscillatory firing of neuronal subnetworks The quality of the human nervous
system lies in its complexity to be able to adapt to the environment, and in its plasticity
There may well be simple and elegant strategies for the self-organization of neuronal networks of the spinal cord according to afferent and supraspinal inputs as well
As long as the modelling of human neuronal subnetworks does not incorporate human
data, the models may be useful in robotics and computer science, but they have nothing or
nearly nothing to do with the human reality In the clinic, we need to understand the functioning of the human nervous system under physiologic and pathophysiologic conditions, and
its capacity for reorganization, to adapt treatment to it Actually, the enormous functional
possibilities contained in the human nervous system seem to make it possible that only a
small part of the system is able to run the basic functions [94]
Origin of oscillatory firing
What is necessary for a neuronal system to produce self-sustaining oscillations, but not
requiring phasic external input9 The measuring situation, e g , is if in a man with a complete
spinal cord lesion an Of^-motoneuron (FR) innervating the external anal sphincter fires oscillatory due to the isometric stretch of the anal sphincter induced by an anal catheter Two features are recognizable First, one action must inevitably be followed by its antagonistic action (sign reversal) Thus, excitation (or firing) of the motoneuron must be followed by inhibi-
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Hon Likewise, inhibition must lead to excitation (or firing) For example, excitation to initiate the impulse train (burst) must ultimately be followed by inhibition to terminate the burst
Inhibition could include (1) activation of an intrinsic membrane current that tends to hyperpolanze the motoneuron, (2) synaptic inhibition, or (3) its functional equivalent, loss of excitation The second major feature of an oscillatory firing motoneuron is that there must be a
delay between the initial action and its antagonist [21] A delay is necessary to allow one
process (excitation or inhibition) to be expressed before the onset of its inevitable opposite
action The delays are relatively long and close in duration to the cycle period
Oscillatory firing can originate in properties intrinsic to single cells (cellular), from the
action of single synapses (synaptic) and from the self organization of an assembly of cells
due to the input (network) and synapsing into complex circuits [23,96] It is indicated below
that the main functional contribution of human spinal oscillators comes from the network
properties
Definition of (biological) spinal oscillators
A premotor spinal oscillator is viewed as an assembly of interneurons (changing number of contributing interneurons) and a motoneuron which, by virtue of the intrinsic properties (preformated neuronal network = neuronal connectivity with a selection of synaptic
strengths), is capable of self-organizing by pattern messages from supraspinal centres or the
periphery in the form of spatio-temporal vectors The premotor spinal oscillator fires rhythmically with impulse trains according to the motoneuron type and is capable of undergoing
relative transient coupling with other oscillators of spinal (motoneuronal (premotor) or purely interneuronal (propnospmal)) or supraspinal origin (especially brain stem) to generate
systematic macroscopic pattern, e g locomotion or homeostatic regulation In these self-organized circuits, the activation is most probably maintained by circulating synchronized firing (closed „synfire chains") Stabilisation of the reverberatory activity in positive (re-excitatory) loops could be supported by processes similar to synaptic modulation
Since there is indication that motoneurons are a part of the rhythmically firing premotor
neuronal network [83], the spinal oscillators are divided here into premotor spinal oscillators
and propnospmal oscillators For high activation, the premotor spinal oscillators are the output network of neuronal networks, and the propnospmal oscillators are oscillatory firing
subsystems, which generate movement patterns (Fig 20 of [94]) or homeostatic regulation
Transient coupling is generally necessary for relative coordination of the different
rhythmic firing systems to generate an integrative function Typical coupling response phenomena have been observed in firing occurrence patterns of spinal oscillators [83] Rhythm
coordination seems to be a basic principle of physiological self-organization of many rhythmic subunits There are many kinds of possible transitions between full independence and
strict synchronization Complex physiological rhythmicity appears as a general pnnciple of
organization, allowing a compromise between stability and flexibility of adaptation If amotoneuronal spinal oscillators become synchronized over longer time periods, tremor will
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be created, which is disadvantageous Prolonged coupling of many premotor and propnospinal oscillators most likely hinders differentiated organization and results in pathologic neuronal network organization like spasticity Similarly, when in the cerebral cortex, the synchronized discharge of large masses of cells becomes excessive, spontaneous movements
appear to a pathologic degree as in the epileptic attack, the smaller cell groups losing their
individuality of differentiated function [43]
Cellular oscillator properties
Central neurons contain more numerous and complex ionic currents as originally described by Hodgkin and Huxley [34] for the squid axon Different combinations of these currents can impart radically divergent response characteristics to cells (for review, see
[2,4,56,58]) Often, the underlying ionic cunents are not as important as the nature of the
response characteristics to which they give rise The important cellular properties which
contribute to pattern generation include (in similarity to statements of Getting [24])
1 Threshold This property determines the level of excitation needed for an oscillator to
start firing The threshold for self-organization of the spinal oscillator is given by adequate
input (afferent or supraspinal) patterns in the nerve fibre group-spatio-temporal system
Adequate input patterns probably trigger as much self-organization among interneurons that
excitation just travels from the motoneuron (premotor oscillators) to the interneurons and
back to the motoneuron via the afferent input facilitated recunent excitation pathways, maybe in the form of „synfire chains"
2 Spike-frequency adaptation This property is manifested as a decrease m spike frequency
(increase of interspike intervals of successive APs of an impulse train) with time dunng sustained depolarization of the motoneuron - Spike frequency adaptation is associated with the
activation of slow outward potassium cunents Adaptation is a self-inhibitory process as it
depends upon the recent firing history of the cell, and tends to decrease the responsiveness
of the cell for further firing Spike frequency adaptation can serve to shape burst structure
(of the impulse train) [40], and it contributes to the regulation of cycle period length [23]
approximately following the formula (for the human premotor spinal oscillators) T = 70 ms
+ nAP • 30 ms (T = oscillation period, nAP = number of APs per impulse train) under physiologic conditions
3 Postburst hyperpolanzation Following an impulse train, APs were not observed in man
Most likely, the motoneurons became hyperpolanzed - Following a burst of spikes, many
neurons become hyperpolanzed for a period of time ranging from milliseconds to seconds
(depending on the strength and duration of the preceding burst) The postburst hyperpolanzation appears to be a manifestation of a mechanism similar to that responsible for spike-frequency adaptation [40,55] Both characteristics are usually present together Postburst hyperpolanzation also is a self-inhibitory process producing an inhibition delayed until after a
burst
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According to Ekeberg [17] temporal recruitment (spike synchronization) is an important mechanism for determining the transient response of a pool of neurons and it may be related to the afterhypolanzation of the neurons.
4 In an a3-motoneuron (S), firing with impulse trains consisting of approx. 40 APs [73]
every 0.7 seconds sometimes a short impulse train was observed (= 5 APs) m between the
impulse trains It could therefore be that postinhibitory rebound and delayed excitation [24]
contributes to the oscillatory firing of the different types of motoneurons in man For endogenous and conditional bursters and synaptic properties, see [24]
Recurrent loop excitation and „inhibition of recurrent inhibition" for the oscillatory firing
of motoneurons
Systems which are used infrequently and produce only a few cycles rely heavily upon a
balance of synaptic excitation and inhibition for pattern generation [24]
Probably, cellular properties (points 1-4 above) and excitatory and inhibitory connections contribute to the rhythmic firing of spinal oscillators The question is, whether there is a
need for recunent excitation or whether the inhibition of the recunent inhibition can explain
rhythmic firing
Hultborn and Pienot-Deseilhgny [39] maintain that during voluntary tonic soleus contraction of increasing strength or during ramp contraction in man, the Renshaw cell recurrent
inhibition is progressively diminished from an initially facilitated level, probably by supraspinal descending influences bypassing the motoneurons. The inhibitory influence on
Renshaw cells from supraspinal sources appears to dominate and to offset the excitatory input derived from motoneuron excitation In the vicinity of the inhibited Renshaw cells motoneurons were found that were excited by the supraspinal stimulus with the appropriate discharge pattern to make them candidates for mediating the inhibition on the Renshaw cells
Ross and Wittstock [65] reported changes in lumbar Renshaw cell activity conelated with
vertical whole-body movements, indicating that macular afferents exert an inhibitory influence on Renshaw cells
Henatsch et al [33], upon conditioning stimulation of the contralateral nucleus ruber,
found predominantly facilitation of various monosynaptic reflexes associated with depression of antidromic and orthodromic Renshaw cell discharges, again indicating a flexible coupling of the latter to their input-giving a-motoneurons It is not clear in many cases how the
supraspinal effects on Renshaw cells are related to those on the a- (and/or y-) motoneurons
to which the Renshaw cells may be predominantly related
Both the Renshaw cells and la inhibitory interneurons exhibit rhythmical modulation of
their discharge during fictive scratching and stepping [13,14,19,46] However, they do not
belong to the rhythm generator since considerable changes of their activity upon stimulation
of ventral roots do not influence the cycle duration [19,46] The Renshaw cells and la interneurons exert inhibitory action upon motoneurons, but they are not the neurons responsible
for the basic pattern of rhythmic changes of the motoneuron membrane potential
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Depolarization appears in motoneurons just at the moment of the maximum drive from
Renshaw cells and la interneurons [13,19]. Since there probably is similarity between the
network organization of premotor spinal oscillators and the rhythmically firing subnetworks,
constructing the pattern generators (propriospinal oscillators), Renshaw cells and la inhibitory interneurons do not essentially contribute to the rhythm generation.
In connection with the excitatory and inhibitory interneurons of the lamprey it is likely
that the alternating long and short durations of oscillation period (Fig. 14) can be explained
by mutual inhibition. An inhibition of recurrent inhibition in man however, can at best cancel the recunent inhibition, but cannot explain the oscillatory firing of motoneurons.
If, for example, the recurrent inhibition is completely inhibited by supraspinal activation of spinal neuronal networks, then the oscillatory firing of the a-motoneurons must originate in the motoneuron cell itself. Probably, the a-motoneurons contribute to the oscillatory
firing (see above), but cannot explain the oscillatory firing for at least two reasons. First, following spinal cord lesion, the rhythmically firing motoneurons change dramatically their oscillation period duration from one cycle to the next. Such oscillation period changes cannot
be explained by an endogenous oscillatory property of individual motoneurons. Membrane
properties are known to change following denervation [57]. However, following spinal cord
lesion, no interneuron cell death has been observed so far (unpublished information). Since
further the motoneurons get the majority of their input from interneurons, the denervation
effect by the spinal cord lesion (destroyed spinal tracts) is only weak [110]. It has been
shown that following partial denervation, membrane properties change in the denervated
areas only ([67],Fig.21 of [94]). Since the synaptic contribution from tract fibres is but
small, the overall membrane properties of the a-motoneurons probably change only little.
Similar arguments may hold for the interneurons. On the other hand, it will be difficult with
the above to explain the spinal shock. The large changes of the oscillation period duration
seems to be explainable by membrane property changes allone. An endogenous burster cannot explain the changes in oscillation period. We have to think of a network producing the
oscillatory firing. The spinal oscillators, which are under consideration herein, are those networks of which the motoneuron is a part (premotor neuronal network). Probably, oscillatory
firing is generated by recunent loop excitation.
Secondly, in normal human individuals, endogenous bursters cannot explain transient
oscillatory firing and resetting of the cycle [92]. Endogenous bursters are thought to generate chronic rather than episodic rhythms.
If, as a working hypothesis, the motoneurons fire rhythmically with impulse trains, via
recunent excitatory loops (because the motoneuron seems to be a part of the premotor spinal
oscillators [83]), why no recurrent excitation has been measured? Upon stimulating axon
collaterals through electrical stimulation of ventral roots, only inhibitory potentials are recorded in a-motoneurons.
Sophisticated electrical stimulations of CNS neuronal networks are only a good research tool if the neuronal networks are „fixed wired". If the neuronal networks organize themselves according to the natural input patterns of afferent fibres and descending tract fibres,
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artificial electrical stimulation represent artificial experimental conditions, and will give rise
to artificial network organization.
It would be of importance to have intracellular recordings from oscillatory firing motoneurons. Most likely, one would record excitatory potentials similarly as for respiratory motoneurons [18]. Then, additional electrical stimulation of the ventral or dorsal root efferents
may show competition between inhibitory and excitatory synaptic potentials. Anyhow, to
explore natural functions and organizations, we have to stimulate naturally to generate natural organizations of the CNS. Probably, recunent excitatory loops (maybe in the form of
synfire chains), are only opened (facilitated) by adequate afferent input patterns if the necessary task groups of interneurons are activated. It is proposed that in the human spinal cord
there does exist recunent loop excitation besides recunent inhibition, since recunent inhibition cannot explain oscillatory firing of a neuronal subnetwork of which the motoneuron is a
part.
In two sets of animal experiments it has been shown that lb effects change dramatically
during locomotor'y compared with static conditions. Before locomotion, lb inputs produced
inhibitory postsynaptic potentials, and during locomotion they produced excitatory postsynaptic potentials [25,61].
It has been measured in animals that rhythmogenesis was distributed along the rostrocaudal axis of the spinal cord with a stronger capability of the rostral segments of the lumbosacral cord compared with more caudal segments. The synchronization of motoneuron activity, as well as synaptic drive to caudal motoneurons, was mediated, at least in part, by
axons running within the ventrolateral tract. Also, optical imaging showed that each successive rhythmic burst starts in the ventrolateral region (where the motoneurons are located)
and then a Ca2+ wave invades the lateral part of the intermediate area (Rexed lamina VII and
others) of the grey matter (where spinal interneurons are located) [3,38,59].
Synergetics
It is most important to get more data concerning the natural functions of the human
CNS. On the other hand, we also need theoretical concepts or approaches which would allow us to understand such a complex system as the human CNS, and give us ideas to be able
to develop adequate research strategies. The most advanced theoretical tool cunently available is synergetics. The principles of self-organization are the central point of its study [32].
In synergetics, instead of considering an extremely high-dimensional space of all the variables, it is sufficient to consider the low-dimensional space of order parameters and to discuss
the kinds of attractors available in such a low-dimensional space. When a system relaxes towards an equilibrium state, one may say that it relaxes to a so-called stable fixed point.
When it oscillates coherently, one speaks of a limit cycle attractor, which is described in particular by a specific frequency. One major achievement of synergetics is the insight into the
mechanism that produces macroscopic structures, be it temporal, spatial, or functional.
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Mathematical predictions from populations of interacting biological oscillators compared to
measurements on neuronal network data
Since in certain functional states of organization, at least parts of the neuronal networks
of the human CNS do self-organize to oscillators which interact with each other to generate
integrative functional structures, a biological oscillator approach to spinal cord functions
seems (even though not most basic) of much practical value in explaining rhythmic network
data with the properties of populations of interacting oscillators
The premotor spinal oscillators were functioning pathologically, probably because of
nonuse and missing supraspinal drive, caused by the complete spinal cord lesion The physiologically functioning a,-motoneuron oscillators can mathematically be approximated by a
single oscillator or better, by a few interacting oscillators with monofrequency oscillation
At least a system of several coupled oscillators is required to describe multifrequency oscillations and the occasional firing mode of a2-oscillators (page 151 of [60]) Since there are
easy changes of the oscillation periods from 130 ms to 160 and to 190 ms, a strong coupling
has to be assumed between the suboscillators (page 156 of [60]) The premotor a3-oscillators, consisting of many APs per impulse train and therefore, many units of 30 ms (Fig 3)
and rather continuously changing oscillation frequency within a certain range probably consist of a large population of strongly interacting oscillators (page 156 of [60])
To a certain extent, the assumed approximated network structure of oscillators by synfire chains is compatible with the mathematically obtained results on populations of oscillators giving rise to oscillation periods of 130, 160 and 190 ms Several synfire chains with recunent loop excitation, converging onto one motoneuron, can account for strong coupling of
several oscillators with a few frequencies (a2-oscillators) The repeated firing with impulse
trains, probably generated by a transient long depolarization of the motoneuron, can also be
generated electronically by a few coupled oscillators The premotor a3-oscillators can be set
up of many synfire chains The generation of numerous APs per impulse train can simply be
achieved by coupling of a few oscillators The rather continuous change in oscillation frequency of a3-oscillators [73] can be simulated mathematically and explained structurally by a
number of similar long synfire chains with little length change of neighboring chains The
coupling of oscillators is achieved by an overlapping of synfire chains From mathematical
point of view, most premotor oscillators are a small population of strongly interacting suboscillators
With the deterioration of the neuronal networks because of nonuse, and missing supraspinal drive or missing synchronization with supraspinal oscillators, most likely the properties of the oscillators and the strength of mutual coupling changed Because of the broadening
of the frequency band, masses of oscillators will couple and may give rise to mass contractions of muscles (loss of specificity and loss of functional splitting of muscle functions)
Because of a reduced strength of coupling, certain stable functional states of coupled oscillators will not be reached any more (page 156 of [60]) Specific functions are lost and/or altered
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How the neuronal networks do self-organize, and the change from one functional state
of organization to another (transition of functional states) cannot be solved mathematically
or physiologically alone. Network changes by plasticity or deterioration will anyway change
the system under consideration. Because of these and other difficulties in mathematical approach it seems important in the long term to establish a mixed strategy involving analysis,
computer simulations and measurements with different methods, to understand certain ranges of functioning of the networks, especially for stable or rather stable network states.
However, most important is the need for more data on human spinal oscillators, i.e. data on the physiologic regulation of coupling and recoupling of basic oscillatory firing subsystems; also, it is important to know what kinds of different basic oscillators do exist. At least forpremotor oscillators, the assumption that neuronal network structures can be simulated by the interaction of one or two populations of very similar oscillators is not in accordance with the measurements in man. Two groups of oscillators were defined here, the premotor
and the propriospinal oscillators. The premotor spinal oscillators split into a,, a 2 and a 3 -oscillators according to the type of the motoneuron integrated. In this work, no measurements
were done on propriospinal oscillators. It was suggested earlier that preganglionic parasympathetic motoneurons may also fire oscillatory [90] or almost oscillatory. Thus, premotor parasympathetic oscillators may also exist. Since false interaction between different oscillator
populations may occur following spinal cord lesion giving rise to important clinical problems (detrusor (driven by parasympathetic oscillators) - sphincter (driven by a2-oscillators
(Fig.3)) dyssynergia), the interaction between different oscillator populations should be analyzed mathematically (for further details, see [94]). Rhythmic firing and coupling has been
observed in many biological systems [49]. Rhythmic coupling in the common brain stem
system gives rise to respiratory sinus anhythmia [52,64,97]. Oscillators are not only a principle network structure of the human CNS since they keep organized at least sometimes during the transition from one functional state of organization to the next [92], but their functioning can comparably easily be measured and may provide for the understanding of the
functioning of the human CNS.
Natural impulse patterns and electrostimulation patterns in the treatment of spinal cord lesion
Figs. 9 and 10 show simultaneous impulse patterns secondary to a pin-prick or touch
stimulation of sacral dermatomes with a needle. The impulse patterns of the more than 30
myelinated afferents (Fig. 9) were conducted in the fibres of a coccygeal root. Many further
afferents in the adjacent S4 root will also have been activated upon that pin-prick since sacral dermatomes strongly overlap. 100 to 200 myelinated afferent fibres will have probably
been activated upon touching the skin inside the anal reflex area [91], and will have given rise with their impulse patterns to a contraction of the anal sphincter to secure continence.
Such a collection of spatiotemporally related impulse patterns is the input to the sacral neuronal networks to organize them in a way that the premotor spinal a 2 and a3-oscillators are
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activated to fire transiently oscillatory for the contraction time of the external anal sphincter.
One can imagine what an enormous number of specific spatiotemporally related input
patterns enter the spinal cord with the movement-induced afferent input from the skin,
muscle and joints to organize the neuronal networks of the spinal cord to induce and maintain primary automatic stepping in newborn infants [94]. The nervus suralis contains between
5,000 and 10,000 myelinated afferents (page 69 of [107]) which innervate a skin area of approx. 30 cm2 of the foot sole.
The message from the receptors in the periphery for the self-organization of the CNS is
enormous and specific. It is difficult to see how such a collection of spatio-temporally related afferent input patterns can be simulated by electrostimulation. Even though the natural
impulse patterns in the motor system are less complex, one still has to consider that first, the
F, FR and S-type muscle fibres get their specific activation patterns (Fig.3); and second, that
they are not activated simultaneously but nicely distributed over time (Fig.3 of [90]). The
action potentials retrogradely conducted upon the stimulation in the axons will enter the
neuronal network via recunent fibres and will supply at least the premotor spinal oscillators
with artificial impulse patterns for pathologic network organization. It further has been
shown that the nerve-muscle junctions do sprout and remodel with training [104,105], whereas a direct stimulation of muscle fibres will not increase the area covered by the motor
endplate. Similar arguments will hold for stimulation of the CNS, especially the spinal cord.
Further, one has to remember that the pattern of electrical stimulation changes the functional
properties of muscle fibres [106], as is experienced upon electrical stimulations of the nervous system in very high spinal cord lesions, when the diaphragm changes its speed of contraction with electrical stimulation. It seems therefore that electrostimulation could be a substitute for a missing natural therapy in a very few cases only.
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