Gen. Physiol. Biophys. (1996), 15, Suppl. 1, 57-74 57

Mono- and Polysynaptic Drive of Oscillatory Firing o, (FF) and o,-
Motoneurons (FR) in a Patient with Spinal Cord Lesion

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 lo-
wer sacral nerve roots of patients with spinal cord lesions (paraplegics), and simultaneous
single-fibre impulse patterns of o, (FF) and ¢,-motoneurons (FR) and primary and seconda-
ry muscle spindle afferents were analyzed.

An o,-motoneuron was activated in a time-locked manner by a primary spindle afferent
fibre to fire oscillatory with an oscillation period of 110 to 140 ms. The distribution width
for the time-locking (phase) was approx. 3 ms, which is interpreted as monosynaptic activa-
tion.

A phase-correlated firing of a secondary muscie spindle afferent fibre gave rise to an
additional oscillation period of the oscillatory firing &;-motoneuron, when the primary fibre
ceased firing. The phase distribution width was approx. 80 ms, and therefore indicates poly-
synaptic drive. The drive of the oscillatory firing o;-motoneuron thus included a monosyna-
ptic from a primary and a polysynaptic activation from a secondary muscle spindle afferent
fibre.

An o,-motoneuron was simultaneously activated to fire oscillatory by a different se-
condary spindle afferent fibre. The phase distribution width between them was approx. 120
ms, which indicates polysynaptic drive.

The o, and o,-motoneurons fired in the occasional firing mode and in the transient and
continuous oscillatory firing mode. Upon touch, pin-prick and bladder and anal catheter pul-
ling, the o;-motoneuron changed its firing rate more quickly than did the o,-motoneuron.
Thus, the o;-motoneuron fired more dynamically than did the o,-motoneuron.

Synchronous oscillatory firing of the o, and o,-motoneurons occurred transiently du-
ring pin-pricking.

It is discussed that transient synchronization of oscillatory firing motoneurons points to
relative coordination of self-organized oscillatory firing motoneuronal networks to generate
locomotion and other intergrative functions. It is further discussed that loss of specific pro-
perties of spinal oscillators following spinal cord lesion may give rise to pathologic synchro-
nization, and in this way to disorders in movement.

* Clinic Director
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Introduction

When recording single-fibre action potentials (APs) extracellularly from lower sacral
nerve roots and analyzing simultaneously single-fibre impulse patterns, functions have ma-
inly been explored of 0, and o,;-motoneurons (contributing to continence), secondary musc-
le spindle afferents and afferents from the sacral skin, the urinary bladder and the anal canal
Highly activated o, and oz-motoneurons were found to fire oscillatory, and self-organizing
motoneuronal networks were activated by the different afferents Monosynaptic projections
of secondary muscle spindle afferents onto o, and o;-motoneurons have not been found so
far [20-22]

Neurologic research on the other hand 1s often concerned with reflex measurements of
limb muscles The monosynaptic activation of unspecified o.-motoneurons by primary
spindle afferents following electrical stimulation or muscle stretch has been studied extensi-
vely So-called secondary effects and ,,rebound* phenomena have been discussed [7,12,30]
In animal research, monosynaptic connectivity has been studied most extensive because 1t
happens to be most easily accessible experimentally, 1t 1s not known which precise role spe-
cific oligo- and polysynaptic connectivity pattern play for example 1n tremor suppression

A gap seems to exist between the standard neurologic research and this new research in
human neurophysiology Even though functions may differ in different parts of the body, a
theory or concept should be able to explain functions of the whole body
Since foot muscles can often slightly be activated by electrical sumulation of {ower sacral
nerve roots during surgery, and o;-motoneurons were sometimes 1dentified electrophysiolo-
gically and morphometrically, a recording situation should sometime occur in lower sacral
nerve roots, 1n which o, and «;-motoneurons fire oscillatory driven by thetr respective affe-
rents Then, 1t should be possible to analyze simultaneously the way of activation of o; and
o,-motoneurons and identify differences in the activation between both kinds of motoneu-
rons

In this paper we report a measurement 1n which o, and o,-motoneurons fired simulta-
neously oscillatory It was found that also o,-motoneurons fired oscillatory as predicted
[19], and that the main drive came from a primary spindle afferent fibre synapsing monosy-
naptically onto the o,-motoneuron The o,-motoneuron was polysynaptically activated to fi-
re oscillatory by secondary muscle spindle afferents (Fig 2)

Based on the method of single-nerve fibre action potential recording and on the class1-
fication scheme for the human peripheral nervous system [22-25], in which nerve fibre
groups are characterized by group conduction velocities and group nerve fibre diameters, no
contradiction has been found between the results of research in neurology and that of basic
human neurophystology, provided differentiation 1s made between o, &, and 03-motoneu-
rons o,-Motoneurons are mainly activated monosynaptically by primary muscle spindle af-
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ferents to fire oscillatory The response of an 0,-motoneuron to a single primary spindle af-
ferent AP represents a special case of the oscillatory firing mode With the inclusion of the
oligosynaptic drive from secondary muscle spindle afferents, the o,-motoneuron started to
fire transiently oscillatory, 1 e 1t responded with a second AP after 90 to 130 ms Muscle
stretching may activate primary and secondary muscle spindle afferents and, 1n turn, o; and
o,-motoneurons In discussing the monosynaptic stretch reflex as early as in 1934, P
Hoffmann spoke of rhythms of approx 100 ms and of refractory periods, a silent pertod and
arebound (second impulse train when starting to fire transiently oscillatory) [7] Antidromic
motoneuron activation gave similar excitation patterns as those of spindle afferents [7]
Synchronized activation of different motoneurons to fire transiently oscillatory can explain
all effects observed 1n so-called reflex measurements (not defined exactly as yet)

Materials and Methods

Single-nerve fibre action potentials were recorded extracellularly from undissected ner-
ve roots with two pairs of platinum wire electrodes (electrode pair distance 10 mm, electro-
de distance 1n each pair 4 mm) at two sites, preamplified (x1,000), filtered (RC-filter, pas-
sing 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
video recorder Conduction velocity distributions of afferents and efferents were construc-
ted, calibrated, group conduction velocities were 1dentified, and multi-unit impulse patterns
were split into simultaneous patterns of several single afferent and efferent nerve fibres The
intraoperative recordings were performed in patients with complete spinal cord lesions du-
ring the implantation of an electrical anterior root stimulator for urinary bladder control
Detauls of the method are given elsewere [15,23-26] For further data of the patient, see [26]

Results

Single-fibre action potentials (APs) were recorded extracellularly from lower sacral
nerve roots, nerve fibre groups identified based on conduction velocity distribution histo-
grams (F1g 1 of [23]), and impulse patterns of single o, (FF) and o,-motoneurons (FR) and
primary (SP1) and secondary muscle spindle afferents (SP2) were analyzed

Time-locked (temporally strict correlation) activation of an o -motoneuron by a primary
spindle afferent fibre

In Fig 1A a sweep piece ts shown with APs of an o,-motoneuron (FF) and a primary
spindle afferent fibre (SP1) The time difference between the o;-motoneuron AP and the pni-
mary spindle afferent AP 1s marked with 13 6 ms The rhythmic firing pattern of the o;-mo-
toneuron and the primary spindle afferent fibre 1s drawn schematically in Fig 1B The time
mterval between consecutive APs of the o;-motoneuron (oscillation period Tot,) 1s marked
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In Fig. 1C,E,G the duration is shown of the oscillation period of the o;-motoneuron, and in
Fig. 1D,E,G distributions of the phase between the responses of the o;-motoneuron and the
primary spindle afferent fibre are shown for different stimulations. The phase between the
o,-motoneuron and the primary spindle afferent fibre firing varied with the difference being
approx. 3 ms (Fig.1D,FH), and the oscillation period showed differences of approx. 30 ms
(Fig.1C,E,G). The narrower distribution (by a factor of 10) of the phase between the o;-mo-
toneuron and the SP1 fibre firing as compared to the oscillation period justifies the term ti-
me-locked firing and indicates monosynaptic activation of the o;-motoneuron by the SP1
fibre (see Discussion).

Since there was no time-locked firing found between secondary muscle spindle affe-
rents and o,-motoneurons (FR), it is of interest to know whether each o;-motoneuron AP
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Figure 1. Distributions of the oscillation period of an oscillatory firing o,,-motoneuron (FF) and the phase to its dri-
ving primary spindle afferent fibre SP1.

A: Original recording of APs of the o.,-motoneuron and the SP1 fibre.

B: Definition of oscillation period To, and phase o, — SP1.

C.-H: Oscillation periods and the corresponding phases following different stimulations (C;D, oscillation period
and phase distributions for the time interval 65-82s; Fig.4A (strongest afferent drive). E; F, distribution for the time
interval 1-30s; Fig.4B. G;H, for 31-66s, Fig.4B). In ,,C* and ,,G", the small arrows mark subpeaks in the oscillation
period distributions. Para &, right root S5.
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was a response to an AP of this particular SP1 fibre, and how the differences in oscillatory
firing are between the o;-motoneurons and the primary spindle afferents on one hand, and
the o,-motoneurons and the secondary spindle afferents on the other hand.

Different drive of o, and a,-motoneurons by spindle afferents

Fig. 2 shows the differences in firing between an o;-motoneuron and a primary spindle
afferent fibre on one hand, and an o,-motoneuron and a secondary spindle afferent fibre on

the other hand. The phase relations are defined in Fig. 2A,B.
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Figure 2. Phase relations betwe-
en the o, (FF) and a,-motoneu-
rons (FR) and its driving prima-
ry (SP1) and secondary (SP2)
muscle spindle afferent fibres.
A., B: Definition of the different
phases.

C: Distribution of the phases
between the o,-motoneuron and
the secondary muscle spindle af-
ferent fibre SP2(1). Note that the
phase distribution ol — SP2(1)
is approx. 40 times broader than
that of the or;,— SP1 distribution
(phase a,— SP1 redrawn from
Fig.1).

D: Distribution of the phases
between the o,-motoneuron and
the secondary muscle spindle af-
ferent fibre SP2(2). Note that the
phase distribution o, = SP2(2)
is similar to that of the
—SP2(1) (approx. 4 times broa-
der).

E., F: Note that every a,-AP of
the oscillatory firing o,-moto-
neuron is accompanied by a ti-
me-locked SP1-AP. , A*-“F" =
para 8.

G: Interspike interval (II) distribution for a primary spindle afferent fibre of paraplegic 3. Note that the distribution

peak lies approx. at 95 ms; probably, this fibre was driving an o,-motoneuron with an average oscillation period of

95 ms. The SP1 fibre distribution for paraplegic 8 is included for comparison.
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Fig 2C shows the phase distribution o; — SP1 (redrawn from Fig 1), and Fig 2D shows that
of o, — SP2(2) The phase distribution between the firing of the o,-motoneuron and of the
secondary spindle afferent fibre SP2(2) (120 ms) 1s broader by a factor of 40 than that bet-
ween the o;-motoneuron and 1ts monosynaptically driving primary spindle afferent fibre
SP1 It1s obvious that there was a polysynaptic drive of the oscillatory firing o,~-motoneuron
by the secondary spindle afferent fibre SP2(2)

The question arises whether the oscillatory firing o,;-motoneuron 1s only driven by a prima-
ry spindle afferent fibre or also additionally by secondary spindle afferents It can be seen 1n
Fig 2E,F that every SP1 fibre AP locked an o;-motoneuron AP but not every o,-motoneu-
ron AP was a response to an AP of that particular primary spindle afferent fibre SP1 A se-
condary muscle spindle afferent fibre (SP2(1)) could be found which fired phase-correlated
to the o;-motoneuron (Fig 2C) The phase distribution (approx 80 ms), was broader by a
factor of 30 than those of the SP1 fibre and the o;-motoneuron (Fig 2C), and slightly narro-
wer than the phase distributions of the o;-motoneuron and the secondary spindle afferent
fibre SP2(2) (Fig 2D)

Thus this measurement suggests that the o;-motoneuron was primarily driven by its
primary spindle afferent fibre SP1, but got additionally some drive 1n phase from the secon-
dary spindle afferent fibre SP2(1) The drive from the SP2(1) fibre, and perhaps some other
afferents, made 1t possible for the &;-motoneuron to fire one AP without the drive from its
primary spindle afferent fibre This additional AP which did not result from an SP1 AP, may
explain the so-called rebound phenomenon, observed 1n ,,reflex measurements*

In paraplegic 3 (Fig 2G), a primary spindle afferent fibre could be detected, with an 1n-
terspike 1nterval of mostly between 85 and 105 ms, probably driving an o;-motoneuron with
an oscillation pertod 1n that time range The interspike interval distribution of the SP1 fibre
for para 8 1s indicated 1n Fig 2G by the dashed line The two rhythmically firing primary
spindle afferent fibres had a broad distribution, similar to the distributions of secondary
spindle afferents The main difference between the paired o-motoneuron with 1ts driving
primary spindle afferent fibre and the paired o,-motoneuron with 1ts driving secondary
spindle afferent fibres 1s the temporally strict coordination (time-locking) between the fi-
rings of the o-motoneuron and the primary spindle afferent fibre (phase distribution width
=3 ms), 1 e the monosynaptic drive of the ¢;-motoneuron by the primary spindle afferent
fibre

Synchronmization in firing between the o, and the a;-motoneuron

The question arises whether o, and o,-motoneurons (distinguished by the velocity of
conduction, the firing pattern (including the distributions of the interspike intervals of the
impulse train) and mostly the AP amplitude) interact with each other when firing oscillatory
Extracellular APs of a; and o,-motoneurons are shown 1n Fig 3A, and sets of schematically
drawn 1mpulse patterns are given in Fig 3B,C,.D.E

By comparing the occurrences of the impulse trains of the o;-motoneuron (AP impulse
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Figure 3. Natural impulse pat-
terns of o, (FF) and a,-moto-
neurons (FR) and of a primary
muscle spindle afferent fibre
(SP1) upon repetitive pin-prick.
A: Original recording of APs of
the o, and o,-motoneurons and
the SP1 fibre.

B - E: Firing patterns upon pin-
pricking sites 6,7,8,9 (sacral der-
matome, close to the anus [27]).
Note that at pin-prick points 7
and 8 there was partial synchro-
nization between the o, and the
o,-motoneurons. Note further
the smaller amplitude and the
larger conduction time of the a,-

motoneuron APs.

train length = 1 AP) and the 0,-motoneuron (impulse train length = 2 to 3 APs) in Fig. 3C,D
with those in Fig. 3B.E, some synchronization can be seen between the firing of the a; and
the o,-motoneurons upon pin-prick stimulation 7 and 8 (for further details of the pin-prick
stimulation, see [27]). This indicates that oscillatory firing o, and o,-motoneuronal net-
works can transiently synchronize their firing upon pin-prick stimulation, which can also be
seen in corresponding peaks in the oscillation period distributions (see Discussion).

More dynamic recruitment of the oscillatory firing o -motoneuron in comparison to the ot

motoneuron

If o, and o,-motoneurons fire oscillatory, what is then the difference between both self-
organizing neuronal networks? The o,-motoneurons, innervating fast fatigue muscle fibres,
are mainly driven by the dynamic primary spindle afferents, whereas the o,-motoneurons,
innervating fast fatigue resistant muscle fibres, are activated by the less dynamic secondary



64 Schalow and Zich

[Oscillation periods (Ta) of a4 and ay-motoneurons in dependence on different stimulation |
Para 8
lb'addef root S5r

A
catheter

Ta [mﬁ] .
170 4 puiling
Y PN f\j\ﬂ g &
x
e ntly 4 b
ransiently occasional \ X xb x ; Ux(x)
150{ oscillatory firing of ¢ ‘b"b & )\vibbx ol
140 firing of a, i i) \
A occasional transiently
130 firing of ¢, oscillatory (o)
J
<—touch 1-10—= - s ~—pin-prick 1-10 —
A48 uch 1-10 5% eefex pin-prick 1-10
begin of oscill fmng of oy
100 time [s]
0 10 20 30 40 50 60 70 80
manzpu}atxsns to insert anal calheler Bmm 13 20mm JB3mm_8mm
Ims anal cameter gauge
625 160f T el u’ 3 ]
i w.cex
67 1501~ \ M ‘ " Up-motoneuren (x)
3 \N A w\,& a ¥ .

‘ 140
bv"
77 130

- Ayb bb r N
8.0 b \b/b b Wb 'ct-motoneuron (s)!
83 120 b_/\/\ /bbb \ = Ao
‘ 110 . 5 s )
f[Hz] l«— - stable oscillatory fiing ——e=——unstable osciflatory firng ————

10 100 SO
0i82 10 20 30 40 50 60 70 s

b = break in oscillation

Figure 4. Oscillation periods (To) of an o, (FF) and an o,-motoneuron (FR) in dependence on different stimulati-

ns; ,,B“ is a continuation of ,A*. Touch 1 - 10 = Touching with a needle at points 1, 2,3,4,5 (upper row) and
6,7,8,9,10 (lower row) (see [27]). 1-5 = Touching from point | to point 5 (perpendicular to the direction of anal sti-
mulation). 8,13,20,13,8 mm = changing the diameter of the anal catheter from 8 to 13 to 20 to 13 and back to 8 mm
(3 gauges of anal catheter were used). syn = partial synchronization of the oscillatory firing patterns of the o, and
the o,,-motoneurons. 2 APs / 3 APs = impulse train of the o,,-motoneuron mainly consisted of 2 or 3 APs respecti-
vely. Note that o, and o,-motoneurons first fired transiently oscillatory before firing continuously oscillatory. Note
further that the oscillatory firing was most regular upon manipulation at the anus (0-30s in ,,B*, anal reflex stimula-

tion to secure continence).

muscle spindle afferents. It is therefore conceivable that the o-motoneuronal network is
recruited for oscillatory firing more dynamically. Actually, this is the case as can be seen
from Fig. 4.

From Fig. 4A,B it can be seen that the o,-motoneuron fired oscillatory during the time
interval of 140 s, apart from the 20 s at the beginning of the measuring time where there was
no or only little stimulation applied. During the first 30s the o;-motoneuron (Fig.4A) was
not firing at all, it then started firing occasionally and transiently oscillatory upon slight skin
stimulation, and fired continuously oscillatory upon pin-prick stimulation of sacral dermato-
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mes Breaks (b) in the oscillatory firing occurred more often 1n the oscillatory firing of the
o;-motoneuron than 1n the o-motoneuron The difference 1n oscillatory firing between the
o, and the o,-motoneuron (Fig 4) 1s the following First, the o;-motoneuron was recruited
for oscillatory firing more transiently (dynamically) In the time interval between 20s and
30s (Fig 4A) following touch stimulation, the o,-motoneuron was already firing continuous-
ly oscillatory, whereas the o;-motoneuron was not even firtng occasionally Second, 1n this
measurement the o,-motoneuron had a higher skin sttmulation threshold for the recruitment
1n the occasional and oscillatory firing modes Thirdly, the a;-motoneuron fired with a hig-
her frequency (= 8 Hz) than did the o,-motoneuron (= 6 7 Hz)

When increasing the ntensity of the skin stimulation, 1 e upon changing from touch
(only touch afferents stimulated) to pin-prick (touch plus pain afferents stimulated [15]),
both the o, and the o,-motoneurons increased their firing rates Since the o-motoneurons
can fire only with 1 AP impulse trains, the o;-motoneuron could only increase its firing rate
by 1ncreasing the oscillation frequency (decreasing the interspike intervals) The o,-moto-
neuron increased its firing rate by increasing 1ts oscillation frequency and by increasing the
number of APs from 2 to 3 per impuise train (4 AP impulse trains occurred only occasional-

ly)

Occasional, transient oscillatory and continuous oscillatory firing modes also for a-moto-
neurons

With the increasing stimulation intensity the o;-motoneuron changed 1ts firing mode
from occasional firing via transient oscillatory firing to continuous oscillatory firing, simi-
larly as shown earlier for an o,-motoneuron [16] With little simulation 1n the time period 0-
30s (Fig 4A), the ;-motoneuron did not fire at all With more 1ntensive stimulatton (30 to
48s), the o;-motoneuron first fired occasionally and then transiently oscillatory With stron-
ger stimulation (pin-pricking), the o;-motoneuron fired continuously oscillatory, even
though breaks (b) occurred 1n 1ts continuous oscillatory firing (Fig 4A, 50-80s, Fig 4B)
With a reduction in the strength of stimulation (Fig 4B, 40 to 66s), the osciliation periods
mcreased and more breaks occurred 1n 1ts oscillatory firing, the o-motoneuron turned back
to the transient oscillatory firing mode

Upon 1nserting the anal catheter, the o; and o,-motoneurons fired most stable and most
frequently (Fig 4B, 0-30s) It therefore seems that the o;-motoneuron was also recruited to
fire oscillatory, to secure rectal continence It 1s likely that the o;-motoneuron innervated
pelvic floor muscles to secure continence It 1s also possible however that the a; motoneu-
ron innervated a foot muscle and was activated by reflex (response) generalization
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Discussion
More dynanuc firing of the a;-motoneuron as compared to the 0t,-motoneuron

In analyzing Fig 4 it could be found that the o;-motoneuron was more dynamically
recruited to fire oscillatory than was the o,,-motoneuron This finding 1s 1n accordance with
the innervation pattern according to the muscle fibre type, namely that o ;-motoneurons 1n-
nervate fast fatigue (FF) and o,-motoneurons fatigue resistant (FR) muscle fibres

An o;-motoneuron was 1dentified getting monosynaptic projection {see below) from a
primary (dynamic) muscle spindle afferent fibre (Figs 1,2) Since the o;-motoneuron 1s the
motoneuron type which was most dynamically recruited for oscillatory firing, 1t 1s concei-
vable that during phylogenesis, the nature introduced an even faster dynamic recruitment for
the o;-motoneuron firing, namely monosynaptic activation by primary spindle afferents
This monosynaptic projection of the primary spindle afferents onto the o;-motoneurons by-
passed the oscillatory firing network as proposed 1n 1941 by R Jung [9]

No monosynaptic connection could be tound so far between a,-motoneurons and se-
condary spindle afferents, and probably such connections do not even exist Phase relation
consideration showed (Fig 2) that a secondary spindle afferent fibre did also project onto the
o;-motoneuron, but not monosynaptically The projection was only of small strength
Probably, additional secondary spindle afferents of low synaptic strength contributed to the
generation of the additional AP for the oscillatory firing when the primary spindle afferent
fibre ceased firing (Fig 2E,F) It was found earlier that oscillatory firing o;-motoneurons 1n-
nervating fatigue resistant muscle fibres (S) show even less dynamic properties than the -
motoneurons, when changing the kind and strength of stimulation [16]

Fig 5 illustrates schematically how the o, and o,-motoneurons may be ,,wired up*
with the primary and the secondary muscle spindle afferents, and how the o, and 0,-moto-
neuronal networks could interact by overlapping of their synfire chains

Monosynaptic projection of the primary spindle afferent fibre onto the o;-motoneuron

From the variation 1n phase of approx 3 ms (Fig 1) 1t was concluded that the primary
spindle afferent fibre projected monosynaptically onto the o;-motoneuron, because the poly-
synaptic projection of secondary muscle spindle afferents onto o,-motoneurons had a phase
vartation of about 120 ms (Fig 2D), this means that the o, — SP1 phase distritbution was
narrower by a factor of 40 The possibility that the SPI AP was actually an o;-motoneuron
AP, because the o,; motoneuron performed a loop and then used another root to emerge from
the medulla, 1s unlikely since the variation 1n the occurrence would then be 1n the range of
0 1 ms (Fig 12A,C of [24]), 1 e narrower by a factor of 30 It 1s unlikely that the SP1 AP was
a reflected o; motoneuron AP (primary spindle afferents and o;-motoneurons have approx
the same group conduction velocities {23,26]) because of the regularity of the firing pattern
Such considerations are not subtlety, since the method ot recording of single-fibre APs from
undamaged roots 18 that specific that anomalies can easily be measured In the lower sacral
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nerve roots, there are quite a lot of variations concerning the root, through which nerve fib-
res run. Ventral root afferents and dorsal root efferents of lower sacral nerve roots are the
most obvious variation [15,33].

It is unclear why the SP1 AP occurred (Fig.1A) approx. 14 ms after the o,-motoneuron
AP. A loop performed by the primary spindle afferent fibre is one possibility. As stated abo-
ve, there are many variations in the lower sacral nerve roots, and o;-motoneuron and SP1
fibres only seldom run through S5 roots.

Relative synchronization (coordination) of oscillatory firing motoneurons

Some synchronization can directly be seen in Fig. 3C,D between the ¢, and the o,-mo-
toneuron APs. Such a transient partly synchronization means that the o; and o,-motoneuro-
nal oscillatory firing circuitries interact with each other and give rise to a relative coordinati-
on, as proposed in 1939 by E.v. Holst [8]. This relative coordination can also be seen in the
distributions of the oscillation periods for the ¢, and ¢,-motoneurons. The major peaks in
the distributions of the oscillation periods for the o,-motoneuron (Fig.8C of [26] (para 8))
are the subpeaks in the distribution of the oscillation periods for the ¢;-motoneuron, at app-
roximately 140 (marked by the arrow in Fig.1C,G) and 150 ms (para 8), and the main peak
in the distribution of the oscillation periods for the o;-motoneuron (130 ms in Fig.1C) also
occurred as a subpeak in the distribution of the oscillation periods for the ¢,-motoneuron
(Fig.8E of [26]). This means that the self-organized oscillatory firing o,-motoneuronal cir-
cuitry occasionally synchronized itself with the self-organized oscillatory firing o,-moto-
neuronal circuitry, and somethimes, the o,-motoneuronal circuitry synchronized itself with
the o;-motoneuronal circuitry. When analyzing tremor, R. Jung [9] and E.v. Holst [8] called
this change in the leading of the dominating rhythm ,the change of the focus*. E.v. Holst
proposed that locomotion is generated by relative coordination (synchronization) of spinal
oscillators [8]. A change in the leading of the dominating rhythm seems also to occur in al-
ternating oscillatory firing, which is probably generated by coupling of oscillatory firing
subnetworks including inhibitory coupling {26,28].

Relative synchronization of different rhythms was recently observed in the brainstem
of dogs [10,14,29]. The coordination of various functional systems of the organism in the
course of behavior is realized via temporal interlacing of different rhythmical patterns.
Different types of temporal coordination of functional systems are associated with different
pattern components in the post-event-time histograms (PETHs). This means that narrow pe-
aks and troughs in the PETHs indicate a temporally strict coordination, whereas wide peaks
and troughs reflect coordination of lesser strictness. The pattern components and their trans-
mission depend on the activity level and state of functional organization of the neurons.
Therefore, activity level, phase and functional organization influence the momentarily
occurring kind of coordination. This means that, for the integration of the various subsys-
tems in the sense of regulation, an adequate spatio-temporal distribution of the degree of
central nervous activity is a prerequisite [11].
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The synchronization of premotor oscillatory firing motoneuronal networks and the inc-
lusion of the y-loop into the oscillatory firing will further be analyzed elsewere [27], 1t will
provide a therapy for incomplete spinal cord lesions, namely that patients with incomplete
cord lesions will be able to re-learn running, even though their walking 1s not fully control-
led [28]

Interaction between spinal oscillators and synfire chains

The question 1s now, how self-organizing oscillatory firing cicuitries can interact with
each other As a working hypothesis, the oscillatory firing circuitries are self-excitatory re-
verberatory circuits [30] 1n which the dedicated lines are replaced by ,,synfire chains*
[1] (Fig 3 of [26]), and the oscillatory firing circustries interact by overlapping of synfire
chains

A ,synfire chain* consists of a set of neurons that converge on a subsequent set, which
in turn converges on another set etc (see Fig 3 of [26] and Fig 5) When the neurons 1n the
first set fire 1n near-synchrony, each of the cells n the second set receives near-synchronous
synaptic mput which synchronously excite the subsequent next set etc Synchronous presy-
naptic cell discharges are so important because coincident firing seems to be about 10 times
more efficient than asynchronous integrated activity [1] The transmission along a chain 1s
secured by the synchronous firing of sets of cells The synfire chains are very flexible dyna-
mic functional entities, because very probably, such a chain of synchronously firing neurons
1s activated only occasionally Therefore, a chain 1s not a nngid structure always traversed by
a fixed pattern of activity, but a rather dynamic entity that may be turned on or off according
to the spatio-temporal pattern of activity in the neuronal network of the spinal cord

Probably, the neuronal networks of the sacral spinal oscillators are mainly located 1n
the spinal cord segments S1 to S5, as follows from spinal cord lesion levels The neurons of
the sets of neurons in a synfire chain of the self-excitatory reverberatory circuit may not be
localized close to 1ts motoneuron, but may be distributed [5] One possibility how self-orga-
mizing oscillatory firing circuits interact, 1s overlapping of synfire chains (Fig 5) This means
that the same interneuron may participate in many different synfire chains according to
whether 1t fires synchronously with one set of neurons or with another According to Abeles,
an 1nterneuron cannot participate at exactly the same time 1n two different synfire chains
(see crossing of synfire chains 1n [1]) On the basis of the synfire chain working hypothesis,
an overexcitation of the central nervous system may therefore lead to a disorder of the spinal
cord which may result 1n spasticity (see discussion in [24]) It may however be that overlap-
ping of synfire chains (Fig 5), namely that at the same time some nterneurons participate in
different synfire chains of oscillatory firing motoneuronal networks, gives raise to transient
synchromization and relattve coordination of spinal oscillators

Precise measurements using basic electrophysiologic methods are needed to 1dentify
how oscillatory firing circuitries interact with each other The dynamic formation and disso-
lution of versatile functional oscillators and their interactions with each other are defined
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functionally through their spatio-temporal activity patterns. These dynamically changing os-
cillators are connected by synaptic contacts, but these connections are thought to be modifi-
able through processes of synaptic learning (for example, reinforcement learning [2] or os-
cillator formation training [28,32]) which may depend exactly on the synchronizations
which functionally define the synfire chains.

Strength of rhythm induction in the o, (FF), &, (FR) and o (S)-oscillatory firing neuronal
networks

According to the approximate correlation between the oscillation period (T) and the
number of APs per impulse train (T = 70ms + 30ms * np; nyp = number of APs per impulse
train), most interneurons are included in the oscillatory firing of o;-motoneuronal networks
and fewest in the o;-motoneuronal networks. One interneuron in the self-exitatory reverbe-
ratory circuit of the o,-motoneuron represents one unit which probably consists of a set of
excitatory interneurons in a short synfire chain (Fig.5), and perhaps some inhibitory neu-
rons. Therefore, one can expect that os-oscillators can generate most network rhythmicity,
because most interneurons contribute to their networks.

Even though the oscillatory firing of o, o, and o3-motoneurons is induced by the affe-
rent input (no supraspinal drive because of the complete spinal cord lesion), the afferent in-

[Motoneuronal network interaction by synfire chains] Figure 5. Schematic simplified drawing of
how oscillatory firing o, and o,-motoneuronal

networks get mono- and oligosynaptic projec-

synchronization

tions from primary and secondary muscle
spindle afferents. Phase relations to dynamic
(o) and static (a,,) fusimotor networks are in-
dicated by double head arrows. Essential in
this drawing is that secondary muscle spindle
afferents (SP2) project into the synfire chains
of premotor oscillatory firing neuronal net-
work of the o, and o,-motoneurons whereas
the primary spindle afferent fibre (SP1) bypas-
ses the a-oscillatory firing neuronal network

and projects directly onto the o,-motoneuron.

The secondary spindle afferent fibre SP2(2)

may also project onto other interneurons of the

synfire chain of the oscillatory firing o,-moto-
neuron. The sets of interneurons in a synfire
chain probably consist of more than 3 inter-
ucurons. The fringe of subthreshold excited interneurons and inhibitory interneurons are not drawn. Muscle spindle

arrangements have not been clarified.
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put to the o;-neuronal network 1s very unspecific (multimodal) [16], and the o;-motoneuro-
nal network may not need rhythmic input Probably, the o,-neuronal network needs some
rhythmic afferent input, characterized by a broad-peak phase correlation between the oscil-
lation cycle and, e g , secondary muscle spindle afferent fibres It remains unclear as yet,
whether primary spindle afferents essentially contribute to the drive of o,-motoneurons The
o,-motoneuronal network with hittle rhythmic properties seems to need rather strong rhyth-
mic input from primary muscle spindle afferents The rhythmicity of the input 1s generated
by the proprioceptive feedback loop 1n which primary spindle afferents project monosyna-
ptically onto the o;-motoneurons In the reported case, the broad-peak phase distribution
driving secondary spindle afferent fibres could only induce one additional oscillation cycle

Clonus often occurs following complete spinal cord lesion The frequency of repeated
dorsal and plantar flexions of the foot range between 4 and 10 Hz Mostly, clonus starts 1n the
low frequency range and then increases 1n frequency Since clonus also occurs in normal sub-
Jects under certain conditions 1ts occurrence following spinal lesion seems to be a dysregulati-
on of a critical regulation circuit Since plantar flexion (reduction of spindle afferent input)
stops the clonus 1n a majority of cases, clonus probably 1s related to the drive of spnal oscilla-
tors by muscle spindle afferents Since the clonus frequency starts below that of the a;-oscilla-
tor, probably o and o,-oscillators and primary and secondary muscle spindle afferents are 1n-
volved 1n the generation of clonus It has been shown that the y-loop can drive a,-oscillators
and can even be intergrated 1n o,-oscillation [27] It seems therefore possible that during clo-
nus excitation travels from the muscle spindles to the oscillators and backwards Since someti-
mes clonus occurs during surgery on paraplegics (the level of anaesthesia 1s low, the patient,
who feels no pain because of the spinal cord lesion, manly has to tolerate but the tubus in the
trachea), 1t 15 a matter of time when the cause of clonus will be clarified by measuring the im-
pulse patterns of oscillatory firing motoneurons and therr driving muscle spindle afferents

Probably, the comparable, only little oscillatory firing properties of the &;-neuronal
network are the reason for the important feature of oscillatory firing of human spinal cord
neuronal subnetwork having only been discovered recently [16] Spinal oscillators mean
those oscillatory firing subnetworks of the medulla which drive single motoneurons (premo-
tor neuronal network, motoneuron 1ncluded) rather than the propriospinal oscillators, giving
rise to the rhythmic properties of spinal networks occurring during locomotion (spinal pat-
tern generator) During rhythmic movements, the premotor spinal oscillators are rhythmical
ly recruited to fire transiently oscillatory Gelfand et al subdivided spinal (pattern) genera-
tors 1nto two groups - the rhythm generator and the output mechanism [S] The current rese-
arch indicates that the motoneuron 1s a part of the premotor osctllatory firing network and
therefore a part of the oscitlatory firing network [19], rather than only being driven by 1t
[16] In the occasional firing mode however (low activity firing mode), when the o-moto-
neurons are occasionally recruited for firing approx every 3 s according to the size principle
in each group [17,18], the premotor oscillators are not self organized because of low activity
mput The problem will be picked up 1n following papers [27,28]

Research 1n neurology has mostly concentrated on the firing properties of ¢¢; motoneu-
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rons which show the weakest rhythmic properties among the different types of o-motoneu-
rons. Actually, one of the authors (GS) discovered the oscillatory firing of motoneurons
when recording from a;-motoneurons, which show most rhythmic properties 1n their net-
work. The term ,reflex oscillation” may somehow characterize the weak oscillatory proper-
ties of the o;-network 1n combination with the monosynaptic drive from primary spindle af-
ferents, and should not be used with respect to the oscillatory firing of o, and o;-motoneuro-
nal networks

Spinal disorders may partly be due to the loss of specificity of spinal oscillators

It has been shown previously that the number of distribution peaks and the bandwidth
of oscillation periods and interspike intervals increased following a spinal cord leston
[19,26] Theretore, with the deterioration of neuronal network functions because of nonuse,
spinal cord lesion, and missing supraspinal drive or missing synchronization with supraspi-
nal oscillators, most likely the properties of the oscillators and the strength of mutual coup-
ling undergo changes Because of the broadening of the frequency band, the spinal oscilla-
tors partly lose their specific functions, namely their ability to interact according to certain
afferent input, with certain other oscillators Masses [34] 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 states of
coupled oscillators will not be reached any more (page 156 of [31]) Specific functions are
lost and altered Most likely, this increase 1n unspecific and altered interactions among spinal
oscillators 1s one reason for the dysfunction of the spinal cord following injury, and can give
rise to movement disorders Since following 1njury most o;-motoneurons change their oscil-
latory firing property [26] and the corresponding 0;-circuitries include more interneurons
than do the circuitries of the o, and oy-motoneurons (see above), the most intensive changes
concern the integrative functions of the disconnected spinal cord

Muscle spindle afferent projections onto the different types of motoneurons

It has been argued with respect to animal experiments that with regard to the functional
differentration 1nto types, the proprioceptive muscle-Ia fibre feedback system appears to be
organized 1n a fashion comparable to that of the recurrent Renshaw cell feedback (Fig 39
(page 185) of [30]) It 1s supposed to be well established that Ia fibres exert homonymous
monosynaptic excitatory effects that are stronger on S type than FR and FF type motoneu-
rons ([4,6], page 185 of [30]) At least in this general scope these measurements obtained
under artificial experimental conditions are not 1n accordance with the measurements 1n pa-
tients obtained under rather natural conditions In the continence range, no FR (o) and S ty-
pe (03) motoneurons have been found so far to be innervated by primary muscie spindle af-
ferents (Fig 5) It remains to be measured how the muscle spindle afferent projections onto
FR and S type motoneurons are 1n other parts of the human body
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Physiological and unphysiological sttmulation of the different types of motoneurons

It has been further argued that both, the mean rate and the discharge modulation around
the mean of spindle afferents are influenced more strongly by FF than by S type motor units
(3,13,30]. Whether this really holds cannot be followed from those measurements, since the
different types of motoneurons were sttmulated unphysiologically with 40 pulses per se-
cond. The FF type motoneurons, firing approximately oscillatory with one AP every 80 to
120 ms (8-12 Hz) were stimulated rather physiologically, even though the frequency of sti-
mulation was too high (40 Hz). The FR type motoneurons, firing physiologically with app-
roximately 3 APs every 160 ms, and the S type motoneurons, firing physiologically, e.g.
with 40 APs every second [1 Hz] (Fig.3 of [26]), were stimulated completely unphysiologi-
caily. It 1s unlikely that the modes of oscillatory firing (high mode of activation) are comple-
tely different 1n man as compared, e.g. to cats. If the sumulation pattern of all motoneuron
types had been physiologic the results may have been different.

On the other hand, the finding of the different types of motoneurons being enclosed in
different network projections 1s 1n accordance with these measurements. If one replaces the
Renshaw inhibition by neuronal network structures for generating rhythmic patterns, then
their S type motoneurons, which obtain more 1nhibition, are here connected to oscillatory fi-
ring networks stronger than do the FF type motoneurons.
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