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External Loops of Human Premotor Spinal Oscillators Identified by
Simultaneous Measurements of Interspike Intervals and Phase
Relations

G SCHALOW and G A ZACH*

Department of Clinical Research, Swiss Paraplegic Centre Nottwil, CH-6207 Nottwil,
Switzerland

Abstract. Single nerve-fibre action potentials (APs) were recorded extracellularly from o
and y-motoneurons and secondary muscle spindle afferents from a ventral S4 nerve root (so-
me afferents are contained 1n lower sacral motor roots) in an individual with traumatic spinal
cord lesion sub TH1 Simultaneous interspike intervals (IIs) of, and phases between, the APs
of 5 nerve fibres were measured, and distributions were constructed

The II distributions were of a broad peak type Phase distributions showed 1 to 3 peaks
interpreted as phase relations between the firings of the nerve fibres Under certain phase re-
lations, the rhythmic firing of o and y-motoneurons 1s further interpreted as an interaction of
oscillatory firing neuronal subnetworks driving o and y-motoneurons

Following repetitive touch and pin-prick stimulation 1n- and outside the anal reflex
area, the II distributions of o and y-motoneurons and of secondary spindle afferents assimi-
lated partly or fully, while preserving their phase relations This coordinated firing 1s inter-
preted as the oscillatory firing of o neuronal networks building up an external loop to the pe-
riphery via the y-loop

Upon touch, pin-prick, and anal reflex stimulation, and anal and bladder catheter pul-
lIing, the values and the number of the phase relations changed Mostly two phase relations
per oscillation cycle were observed Two phase relations probably represent the physiologic
case for the somatic nervous system Only one phase relation was found when full synchro-
nization of all units occurred Three phase relations were found when the parasympathetic
nervous system division interacted with the somatic one

Based on data obtained from brain-dead individuals 1t 1s discussed that the increased
synchronization and instability 1n the number and the values of phase relations suggested
pathologic functioning of the caudal functionally disconnected spinal cord in patients with
spmal cord lestons Oscillatory firing neuronal networks, which lost their specific properti-
es, interacted more easily and unspecifically with other oscillatory firing networks

Further, 1t 1s discussed that physiologic tremor 1s caused by chance synchronization of
oscillatory firing neuronal networks and therefore originates in the central nervous system
(CNS).

* Chinic Director
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Since spinal oscillators build up external loops to the periphery, 1t 1s suggested that n
patients with incomplete spinal cord lestons 1t should be possible to re-preformate oscillato-
ry firing neuronal networks by a rhythm training, to reduce spasticity and to re-train useful
movements, espectally locomotion

Key-words: Human — Spinal cord injury — Single nerve-fibre action potentials — Interspike
ntervals — Phase relations — Spinal oscillators — External loop — Synchronization

Introduction

Two concepts have been developed to interpret central nervous system (CNS) functions
of the human spinal cord One, supported by the Sherrington school [8], rests upon the obse-
rvation of the monosynaptic stretch reflex and explains human CNS functions through refle-
xes all reflectory, excitatory and inhibitory actions take place via a direct action onto the
motoneuron pool 1tself (reflex theory) The other concept, supported by v Holst [18] and
Jung [19], rests upon the basic observation of rhythmic movements, occurring in physiolo-
gic tremor the most basic mechanism for coordinated movements 1s the
»Schaltzellenapparat” (neuronal network) of the spinal cord, onto which all impulses con-
verge (osctllator theory), this concept also admuts that there are spinal pathways which by-
pass the ,,Schaltzellenapparat* and synapse directly onto the motoneurons

Based on the classification scheme of the human peripheral nervous system (Figs 1,11
of [33]), this recent, completely new development [24-39] in human neurophysiology brings
further 1nsight 1nto the oscillator theory, and derives new knowledge from analyses of simul
taneous natural impulse patterns of single afferent and efferent human nerve fibres (Fig 1)
Upon receiving input into the spinal cord, preformatted neuronal networks are getting self-
organized and reorganized 1nto spinal oscillators which 1n turn undergo relative coordination
upon 1nputs from receptors of the skin, joints and muscles and supraspinal centres, this sig-
nal processing bears some stmilarity with what has been a new understanding of how brain
functions [42]

Oscillatory firing motoneurons were discovered [25] by sphiting multi-unit recordings
nto simultaneous single-unit impulse patterns of afferent and efferent fibres (Fig 1) The
motoneurons are driven by secondary muscle spindle and other afferents [30-32] to serve
continence and other functions [32-35] Following spinal cord 1njury, spinal oscillators were
observed to fire less regularly and with impulse trains [28,36] different from normal [25],
probably because of both the 1solation of the spinal cord from supraspinal centres due to the
cord 1njury, and the 1solation from the periphery due to the loss of mobility (nonuse) So, the
resonance frequency range for an o,-motoneuron (FR) grew from approx 1 Hz to 9 Hz [28]
The premotor spinal oscillators, probably recruited by central pattern generators (generated
by coupling of propriospinal oscillators), lost their specific functions [28,36], were more ea-
sily excited (because of the loss of supraspinal inhibition) and got excited at frequencies dif-
ferent from normal
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Figure 1. Schematic splitting of the activity of several nerve fibres into simultaneous impulse patterns of single fib-
res by comparing waveforms, conduction velocities and reoccurring characteristic impulse patterns (rhythmic firing
of sphincteric motoneurons). The different conduction times and waveforms were recognized on an expanded time
scale. ,,** see Fig. 9 of [35] for receptor sites and the location of the muscles which are innervated by the sphincte-
ric motoneurons. Stretch receptor and secondary muscle spindle afferents contribute to the drive of sphincteric mo-

toneurons and form, together with other afferents, regulation units.

In this paper we report of simultaneous recordings of impulse patterns from two o-mo-
toneurons, two secondary muscle spindle afferents and one dynamic fusimotor obtained
using the single nerve-fibre action potential recording method. By analysing simultaneously
interspike interval and phase distributions of the activity of the 5 units, it will be shown that
spinal oscillators can synchronize, and that rhythmic firings originate in the neuronal net-
works of the spinal cord (generally CNS). This single measurement of regulatory functions
of the human CNS is a key measurement to understand physiologic tremor and to develop a
treatment (oscillator formation training) for patients with incomplete spinal cord injury [39].

Methods

Single-fibre action potentials were recorded extracellularly from undissected nerve ro-
ots with two pairs of platinum wire electrode pairs (electrode pair distance 10 mm; electrode
distance in each pair 4 mm) at two sites, preamplified (x1000), filtered (RC-filter, passing



98

Schalow and Zich

Measuring ranges and definitions of phases and
interspike intervals

an‘aﬁTeﬂex ax x
anal bf

10x touch tg_-g 10x pin-pnck
SP2(1) - fibre  10-1

activity A

{1ls/0 8s]}

. peak 1
p synchro :
Y

peak 2 3

4 727, 777
10 20 [25.265)0 40 50 60 70 Time [s]
2, 10cm
2
anus
pln-prlc}\ 125 |y
N °/’.‘<x_*")'
6'.0._
096 //A 70 | T2
B sty b gy
SP2(2)0 1 A i ‘l 76
S
?3 T T T 7T T 7T
1 v —————
0y ¢
T T T
spatny | i N i1 (Gl 1t 1t |
SP242)
:’ T T T ’l"G T
o oL T A - v
tr L LI L
phase phase phase phase phase shase phese
WSR2 1,~5P2N | ayer, ag-5P2D QSPHY) gy ey
Phases of 0 85 sweeps
Phases O aseiisntrr of:hnsza O
id 7 2 A
1;‘—2?2(!) apnd »_@_ . _n .BA_ 2 7 @ a__50
@G~SPA)_ . n _opa . o _ea R —— o
Sl e o
srvelle — — =
-0 0 10 50-50 -10 0 —Phase [ms]

Figure 2. (A) Activity level of
secondary muscle spindle af-
ferent fibre SP2(1) 1n depen-
dence on time (see also Fig 6a
of [35]) 10x touch, touching
sites 1 to 10 shown in B, t 5-
6, touching alongside the skin
from site 5 to site 6, 10x pin-
prick, pin-pricking sites | to
10, anal reflex and reflex sti-
mulation, 4x anal, fourfold
anal catheter pulling, 4x blad-
der, fourfold bladder catheter
pulling, peak I- peak 2 - 3,
first, second and third peak of
spindle afferent activity due to
parasympathetic activation
(see [35]), p synchro, partial
synchromzation, syn, syn-
chronization of o and y-moto-
neurons and secondary musc-
le spindle afferents

(B) Set of single impulse pat-
terns of secondary muscle
spindle afferents (SP2(1,2))
and o and 7y (intrafusal)-moto-
neurons and sites of stumulati-

on The small arrows 1n the

unpulse pattern of the o,-motoneuron (S) point to the shortening of the oscillation period following pin-prick 6

(pp6) The triangles indicate the beginming and the end of pin-pricking

(C)(g,h,1) Definitions of the phases between the different motoneurons and spindle afferents 1n 2 sets of impulse

patterns (g) and the corresponding sets of phase relation distributions (h,1)

frequency 100 Hz - 10 kHz), 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 vi-
deo recorder. Conduction velocity distributions of afferents and efferents were constructed,
calibrated, group conduction velocities were 1dentified [24,33]. From multi-unit impulse
patterns, simultaneous patterns of several single afferent and efferent nerve fibres were ex-
tracted by shifting a window through the original trace, taken from the tape, and measuring
up the action potential (AP) occurrence times from a counter from the scope (Fig.1). APs of
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a single nerve fibre were identified with the naked eye by picturing first the AP waveforms
(templates) with their variations and then identifying the AP occurrence times based on the
following criteria: a. AP shape on trace ,,a*; b. AP shape on trace ,,b*; c. reoccurrence con-
duction time; d. AP amplitude. Since the adding up of different AP waveforms or the adding
up of artifacts can be distinguished with the naked eye, manual identification is superior to
computer analyses unless having a computer programmed for all possible addings up of the
different potentials and artifacts. Interspike interval (II) and phase distributions were con-
structed (Figs.2-4) [35]. The intraoperative recording was performed in a patient with a spi-
nal cord lesion sub THI, during the implantation of an electrical anterior root stimulator for
arinary bladder control. Details of the method are given elsewere [33-36]. Measurements
were performed on paraplegic patient 9 (lesion sub TH1 for one year).

ilnie?pike intervals and phase relations of natural firing patterns

Figure 3. (A) Interspike interval

distribution of spindle afferents
SP2(1) and SP2(2), o, (FR) and

o;-motoneurons (S) and the dy-

nterspike intervals (lls)
9 v't\;lav;A

namic fusimotor vy, for different

85O o 5 T

time intervals upon touch, pin-
prick and anal catheter pulling
(see Fig.2). Interspike intervals
(IIs) were collected from several
sweeps of 0.8 s duration per se-
cond (Fig.2). External loop gene-
nn ration and synchronization of o
and y-motoneurons and seconda-
ry muscle spindle afferents are
marked by the partial and the full
circle. The large arrows point to
the increase and decrease of the
mean Il of the distribution.
Unsafe identification of o, and
o;-motoneurons (oOr vice versa)
because of loss of specific oscil-
lator properties (see [28,36]).
. (B) Histograms of the phases bet-
(A ween afferent and efferent fibres
| for the time intervals indicated,
upon different stimulation (see
Fig.2). Phases were collected from several sweeps of 0.8 s duration per second, as shown in Fig. 2C,h,i. The small
arrows indicate phase relations. The building up of the external loop of Fig. 3A,B is drawn schematically in Fig.

8A,B,C. For further details of this measurement, see Fig. 3 of {35].
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Results

Interspike intervals of, and phases between, the APs of o and y-motoneurons and secondary
muscle spindle afferents in a paraplegic patient, with no additional stimulation.

Impulse patterns of v (y;) and a-motoneurons (0, ti3) and secondary muscle spindle af-
ferent fibres (SP2(1), SP2(2)) recorded in paraplegic patient 9 are shown in Fig. 2B,C,g.
Original recordings have been published previously (Fig.4 of [34}]). To show the activation
and the neuronal network organization of mainly the somatic division, the activity level
changes of SP2(1) fibre are shown in Fig.2A. Changes in activation and neuronal network
organization of the parasympathetic division have been reported elsewere [35]. The times of
selected impulse pattern sampling are indicated, and the time intervals are marked for which
interspike intervals and phases were pooled.

In this special pathologic case, the o, and ¢;-motoneurons fired rythmically with im-
pulse trains consisting of one action potential (AP), in contrast to the physiologic firing pat-
terns (Fig.3 of [36]), in which o, and o;-motoneurons fire with impulse trains consisting of
more than one AP. The identification of motoneurons by conduction velocity is not absolute-
ly safe since group conduction velocity ranges overlap [33]. It is very unlikely, nevertheless,
that one of the motoneurons was an o;-motoneuron (FF) (missing high conduction velocity

interspike intervals (IIs)

A

. 27-28s| pn-pack 8910

Para 3
root vS4

® , 100 120 140°, 160 180

38-445| anatcenex
a SP2(1)
N I i T
}N s el an a ay
40 cOfm 80 W0 w180
rannfl EE %% n "
s 120 140
ay 7 g
a0 20 40
Number N of
occurence
14 837 8t cathetor pulings
2 sP2(1)
40 60 80 il 120 140 160 1
L 93
LI T e T
—————n by h..%_um n
PA 5 u, stm
286 a0 00 400

Phase relations

Para 9
root vS4
. \poprick 810 L
a1 l N n
TN & 27-285| 5 s i)

40‘ 20

Nomberof 3 @ 0 20 =

@ BP0 | phases '

yo - SPRY

0o Ba
ayaa; W 40 20 [] 0 0 60
AR nan.
@82 _n n a B 8
-0 -40 20 L) 20 40 80 ‘
e [/ pn_n

Wmunww 29.37s
. ‘

Phases
L) Number of- .

phases ¢ 20 [ 40 | (repeated)
71 SPAN [ k B m%g %ﬁﬂ 2
-0 1)

p—— E g 2 ‘ 2
a2 a ?° L] g Prase (ms]
oo o g K B %
D o 60
u,—»snm ;. non_nn n
Phases . . 38-43s| anatrenex
e—n
50 AD 0 o 1 50
10 By e l_ngh) Bt Bfabihn n b
i
ay— 80201} 0 B £ 0 T2 w 60
@& PR ‘ | hase s}
u’_'m)Z!Nw"Mpﬁw E E .
-40
@y~ SP22) —_—-u—m_ﬂ——-’n pea—c i)
Phases 48-52s n cathelor pulr-.gs

@ n

lm___m Eh.ﬂ UV T ﬂ % n
N sPn o Numwolptmn ] » ’
E_n__.sL___mn.mmlznn__nﬂMrrng

PR, - |
ayrsv2n 40 %62 T Prese(ms)
© &

ay~ P2

P
a;— sP2@a n hase jms)

ayr s
an___n
B R i s M "
na y 2

Figure 4. Interspike 1n-
tervals (IIs) and phase
relations for time 1nter-
vals indicated 1n
Fig 2A For legend, see

Fig 3



External Loops of Human Spinal Oscillators 101

and high AP amplitude and no correlated primary spindle afferent fibres), even though they
fire physiologically with impulse trains consisting of one AP It has been shown that oscilla-
tory firing o,-motoneurons are mainly driven by time locked primary spindle afferent fibres
(Figs 1-3 of | 37]) The finng patterns of the o, and os-motoneurons are strongly pathologic
with respect to the length of the oscillation period and the impulse train length so that 1t has
been impossible 1n this paraplegic to identify the motoneurons by their discharge patterns of
oscillatory firing, this would be possible were the neuronal network driving the motoneu-
rons to fire 1n a physiologic manner

The time correlation of afferent and efferent impulse patterns was easy to detect 1n the
brain-dead individual as the oscillatory firing a,-motoneuron (O2) fired regularly like an 1n-
ner clock (Fig 5, Figs 4,5 of [35]) The phases of fusimotors and spindle afferent APs could
be defined with respect to the impulses of that inner clock In this paraplegic, the rhythmic
firing was rather irregular The motoneuron firing could therefore not be used as a time refe-
rence basis More phases between the impulses of the different fibres were necessary to ful-
ly describe the correlation between the simultaneous impulse patterns In Fig 2C,g, the mu-
tual phases between the APs of the different fibres are defined Fig 2Ch,1 shows the corres-
ponding phase distribution histograms Since too few phases occurred 1n a sweep of 0 8 s
duration, phases occurring 1n certain time 1ntervals were pooled and plotted in Figs 3,4

In Figs 3 and 4, the interspike intervals (IIs) and the phases are shown for similar time
mtervals Before simulation, within the time 1nterval 1-6 s, the o;-motoneuron fired every
100 ms, the y;-motoneuron every 100 to 130 ms, and the SP2(1) fibre every 80 to 150 ms
(Fig 3Aa) The o,-motoneuron mostly fired every 300 ms and the SP2(2) fibre every 250
ms At that particular time interval, simular phases (phase relation of broad peak type) occur-
red 2 times per o;-oscillation period between the APs of the o5 and 7y, axons, between the 7,
and the SP2(1) fibres, and between the o; and the SP2(1) fibres (Fig 3Ba) One phase relati-
on occurred between the impulses of the oy and 0,-motoneurons, and one between the o,
and the SP2(2) fibres (Fig 7a) The broad phase relations between discharge patterns are in-
terpreted as interactions between populations of neurons

Interspike wntervals (Ils) of, and phases between, APs of o and y-motoneurons and seconda-
ry muscle spindle afferents upon touch, pin-prick and anal reflex stimulation

Following different stimulations II distributions and phase relations changed with time
Upon touching sites 1 - 5, the IIs of the almost oscillatory firing y,-motoneuron reduced 1n size
to become more similar to those of the oscillatory firing o;-motoneuron (Fig 3Ab) The chan-
ging of the different phase relations (see Discussion) indicated changes 1n the interactions bet-
ween neuronal subnetworks (Fig 3B) Upon touching sites 6 and 7, the IIs of the almost oscil-
latory firing y;-motoneuron increased again (Fig 3Ac) A transient partial synchronization
occurred between the different nerve fibres (see direct impulse pattern 1in Fig 2 of [38])

Upon pin-pricking sites 1 - 5, the IIs of the almost oscillatory firing y,-motoneuron re-
duced again to have a simular II distribution as the o3-motoneuron The ¢;-motoneuron even
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slightly increased its IIs (decrease of activity), so that the II distribution of the oscillatory fi-
ring o;-motoneuron and the now oscillatory firing y,-motoneuron became very similar
(Fig.3Ad).

Upon pin-pricking sites 6 and 7 (inside the anal reflex area [38]), o and y-motoneurons
and secondary muscle spindle afferents showed similar II distributions (Fig 3Ae). In a majo-
ity of cases only one phase relation existed per oscillation cycle between the different nerve
fibres (Figs.3Be,7e) A synchromization between the APs of the different nerve fibres occur-
red as can be seen from the direct impulse patterns (Fig.3 of [38]). The occurrence of stmilar
IT distributions of, and transient constant phases between the APs of the o3, ¥, and SP2(1)
fibres 1s interpreted 1n the way that, 1n its oscillatory firing, the oscillatory firing 0;-moto-
neuron built up an external loop to the muscle spindle innervated by the vy, and SP2(1) fibres
The y-loop became ntegrated nto the oscillatory firing of the o;-motoneuronal network
Before pin-pricking, the y-loop, consisting partly of the v, and SP2(1) fibres, also contribu-
ted to the oscillatory firing, since on the average there existed phase relations. With the pin-
pricking, also the II distributions assimilated, so that this y-loop was directly included 1nto
the oscillatory firing of the o;-network rather than only contributing to the drive of it

Upon pin-pricking sites 8, 9 and 10 (outside of the anal-reflex area) and following pin-
pricking of site 10, the II distribution of the SP2(1) fibre shifted away from those of the o,
and v, fibres (F1g.4Af,g). The oscillatory firing o;-motoneuronal network had abolished 1ts
external loop, even though still getting drive from 1t Upon anal reflex stimulation and cathe-
ter pullings, the external loop was not built up again (Fig 4h,1)

Discussion
Overlap of synfire chains as a possible mechanism for the coupling of spinal oscillators

Interspike interval (II) distributions of, and phase distributions between, the action po-
tentials (APs) of the o and y-motoneurons and the secondary muscle spindle afferents for
different stimulations are shown 1n Figs. 3 and 4 Since the o and y-motoneurons fired with
impulse trains consisting of one AP, the IIs were 1dentical with the osctllation pertods of the
oscillatory firing a-motoneurons and with most periods of the almost oscillatory firing v,
(dynamic)-motoneuron When the distributions of oscillation period durations became very
stmilar, 1t 1s very likely that the oscillatory firing networks (premotor or propriospinal) coup-
led and interacted with each other A working hypothesis has been (Fig 5 of [37]) that such
transient coupling of self-organizing oscillators takes place by an overlap of synfire chains.
In hus classic work, Erich v Holst [18] called the rhythm coordination sliding or , relative®
coordination The self-organization of the oscillatory firing networks 1s itiated 1n prefor-
mated networks by an adequate afferent input (or supraspinal input 1n the case of an incom-
plete spinal cord lesion) Such an adequate afferent 1nput 1s monomodal to polymodal for the
o, and o,-motoneuronal networks, and multimodal for o3-motoneuronal networks In the
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picture of synfire chains, the self-organization of oscillatory firing preformatted neuronal
networks 1s caused by an afferent input which organizes certain closed synfire chain traces
Probably, the synfire chain loop starts from, and ends at the motoneuron
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(B) Interspike interval and phase data from a brain-dead individual (root dS4) of [35] have been plotted 1n the re-
presentation of A Filled dots and squares represent average phases (phase relations), thick and thin lines connect
the dots to show trends Note that the phase relations change only little, the frequency of the sphincteric a,-moto-

neuron (1/Ta,) changes only hittle the cylinder does not change 1ts diameter
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Interneurons, having rhythmic activity related to the scratch and step cycle, were found
in tetrapods 1n the lateral part of the intermediate area of the gray matter (Rexed area VII) in
the lumbosacral enlargement [2,3]

Representation of phase relations

For a transtent coupling of spinal oscillators 1t 1s necessary that the oscillation period
distributions (frequency distributions) assimilate Additionally, phase relations have to exist
between the firings of the oscillators, 1 e the corresponding phase distributions have to show
peaks

Existing relative phase relations are indicated 1n Figs 3 and 4 by small arrows We shall
try to improve the representation of the phase relations shown 1n Figs 3 and 4, to obtain mo-
re information concerning the interactions of oscillatory firing networks and to find reasons
for the pathologic orgamzation of neuronal networks in paraplegic patients, and hopefully
strategies allowing positive interference

To make the phase relation changes better recognizable, a representation of phase rela-
tions 18 used which comes from the measuring of the speed of rotation

The speed of rotation of a turning cylinder with a spot on 1ts surface can be measured
with a stroboscope If the stroboscope flashes light with the same frequency as the cylinder
1s turning, the spot on the circumference seems to stand still There 1s a constant phase bet-
ween the two frequencies (frequencies are same or multiples of each other) If the phase re-
lation changes, the spot will move If no phase relatton exists between the turning of the cy-
linder and the flashing of the light, no spot will be seen In similarity to stroboscopic measu-
rement of frequencies of turning cylinders, the phase relation between two oscillatory firing
spinal oscillators 1s pictured 1n Fig SA A ume axis 1s mntroduced on the horizontal line, to
make phase relation changes visible in dependence on time

In Fig 5Aa, the loop excitation 1s prctured for this oscillator model In Fig 5Ab, the
phase relation between the SP2 fibre activity incidence and the oscillatory firing 1s pictured
on the circumference of the oscillation period cylinder of the oscillator Fig 5Ac,d,e shows
different phase relations, namely a constant phase relation (c), a changing phase relation (d),
and no phase relation (e)

Two phase relations per oscillation cycle

In Fig 5B, phase relation changes are plotted between an o,-motoneuron and the acti-
vity of a secondary muscle spindle afferent fibre and between an o, and a y;-motoneuron
The data were taken from Figs 4,5 of [35] of a brain-dead individual (probably normal with
respect to the number of phases per oscillation cycle and with respect to phase changes) It
can be seen that there were two phase relations per o,-osctllation cycle and that the phase re-
lation changed only little with time

In lampreys, which have no paired fins, the phase delays between any two 1psilateral
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oscillators are very nearly invariant or have two possible phase relations (page 134 of [6]).

Since two phase relations per oscillation cycle were also found among synchronizing
oscillatory firing o;-motor units in electromyographic recordings from leg muscles [39],
two phase relations seem to represent the physiologic case.

Phase relation changes in paraplegic patient 9

In F1g. 6A,B different phase relation changes are plotted from Figs. 3 and 4 with res-
pect to the o-oscillation cycle (A) and the 0,-oscillation cycle (B). It can be seen that the

Phase relation changes between the cycles of oscillatory firing
motoneurons and the spindle afferent fibre SP2(1)
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Figure 6. (A) Phase relations between the secondary muscle spindle afferent fibre SP2(1) and the oscillatory firing
a,-motoneuron, taken from Fig 3B, plotted on the oscillation period cylinder To, (mean oscillation periods are ta-
ken from Fig 3A) according to Fig 5A The cylinder changes uits diameter (pertmeter) because the oscillation peri-
od changes Phase changes in ms are scaled on the cylinder circumference The ongoing time (to the right) 1s scaled
on the axis of the cylinder (time 1ntervals are taken from Fig 2C) Existing phase relations are represented by dots
(filled and open (back-side)), lines (filled and dashed (back-side)) only connect the phase relations to show trends

para peak |, para p2, para p3, para p4 = activity peaks of the SP2(1) fibre due to parasympathetic activation (see
Fig 2A, nght)

(B) Phase relations between the o, and a,-motoneurons plotted onto the oscillation pertod cylinder of the a,-moto-
neuron Dots represent phase relations, taken from Fig 3B Note that the phase relations in Fig 6 (paraplegic 9) are
much more vartable than those in Fig 5B (bramn-dead human HT6), also, the number of phase relations (Fig 7)

changes
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different phase relations changed strongly 1n value over time (upon different stimulation),
and that also the number of phase relations per oscillation cycle changed

Difference of phase relation changes between a brain-dead individual and a paraplegic pa-
tient

The most obvious difference 1n the phase relation changes between the above mentio-
ned brain-dead human and the paraplegic were that 1n the paraplegic the phase relations va-
ried very much, whereas they changed only little 1n the brain-dead individual (phase relati-
ons are indicated 1n Figs 3 and 4 by small arrows) The strong phase relation changes 1n the
paraplegic can be interpreted as instability 1n the organization of neuronal networks The
correlation of neuronal subnetworks was instable 1n relation to those of the brain-dead indi-
vidual If we assume that the neuronal network organization and functioning was rather phy-
stologic 1n the brain-dead with respect to the firing patterns of the premotor spinal oscilla-
tors, then the functioning of the networks became instable following spinal cord lesion The
more frequent occurrences of changes 1n phase relations between the different nerve fibres
in combination with the changing number of phase relations per oscillatton may mean that
subnetworks reacted and 1nteracted more quickly and easily with others according to the af-
ferent input Especially because the oscillatory firing networks lost specific properties, their
resonance frequencies changed from a narrow to a broad oscillator frequency band, which
means that the oscillators were not excited at a certain frequency any more, but they were
excited by a broad frequency band They could now be excited at frequencies at which they
physiologically would not be excited Overactivation and mass effects could result On the
other hand, certain networks could escape from driving afferent influence by changing their
phase by phase escape to avoid interaction Functionally distant networks are not reached
any more, which also would result 1n a loss of specific properties Therefore, because of the
loss of specific properties, some interactions can occur more easily and other ones not at all
For a similar discussion based on mathematical predictions obtained from populations of n-
teracting nonlinear biologicat oscillators, see [39]

The dysfunction of the neuronal networks could be based on interneuron cell death (not
observed so far), false functional organization due to loss of natural afferent input, the spinal
cord lesion and loss of mobility or other reasons

WR Hess tried in 1944 to compare biological order and human society [17] In a soci-
ety the upper behavior of spinal oscillators could be called ,,putting 1ts flag to the wind*
There could be similarities between the organizations of the human nervous system and the
organizations between very many individual nervous systems

Number of phase relation per oscillation cycle in a paraplegic patient

As shown 1n Figs 3, 4, and 6 the number of phase relations changed between the firings
of the different nerve fibres In the brain-dead individual HT6, two phase relations were






