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Reflex Stimulation of Continuously Oscillatory Firing o and y-Mo-
toneurons in Patients with Spinal Cord Lesion

G SCHALOW AND G A ZACH*

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

Abstract. Single nerve-fibre action potentials (APs) were recorded extracellularly from lo-
wer human sacral nerve roots, and simultaneous single-fibre impulse patterns of o and y-
motoneurons and secondary muscle spindle afferents were analysed

Identified o and Y-motoneurons fired oscillatory, due to the sustained stretch reflex of
the external sphincters induced by an anal catheter (and, possibly, the bladder catheter) The
motoneurons and the secondary muscle spindle afferents transiently synchronized their fi-
ring upon repetitive touch, pin-prick and dimpling stimulation of the perianal skin inside the
anal reflex area, by reducing the duration of their oscillation pertod untill resetting of the os-
cillation cycle In one case, the anal reflex area extended approximately 6 cm laterally from
the anus

The responses to pin-prick stimulation were different from those to touch stimulation n
three aspects Firstly, the response time till the shortening of the oscillation pertod was lon-
ger than the oscillation period (~100 ms) for pin-prick, and 1t was shorter for touch Second,
the response to pain stimulus was longer (shortening of several oscillation periods) and
stronger than for touch stimulation Pin-prick stimulation reduced the oscillation period to
between 5 and 40 ms (mean = 18 ms), and touch stimulation to between 8 and 28 ms (mean
= 15 ms) Third, transient synchromization of afferents and efferents was most pronounced
for pin-prick stimulation

The shortest latency following touch was approx 10 ms when measuring from the affe-
rent volley running 1n the direction of the spinal cord, and 30 ms when measuring from the
beginning of the skin touch It 1s discussed that repetitive touch stimulation reinforced the
sustained stretch reflex of the anal sphincter which 1s possible with no network reorganizati-
on (variation of the same network state) and therefore fast, whereas repetitive pin-prick sti-
mulation replaced the sustained stretch reflex by the protection reaction of the anal sphincter
(change from one network state to a different one) which made time consuming network re-
organization necessary

Different sacral reflexes were analysed by studying time related activation changes of
group conduction velocities 1n velocity distributions During the reflex response to stretch of
the external anal sphincter, the o,-motoneurons (FR) (and the secondary muscle spindle af-
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ferents) were strongly activated whereas upon eliciting the bulbocavernosus reflex (squee-
zing of the glans penis) the 0;-motoneurons (S) were mainly activated

Sacral reflexes are discussed with respect to the organization and reorganization of pre-
formated neuronal networks, and the synchronization of oscillatory firing networks 1s dis-
cussed with respect to the overlapping of synfire chains

Key-words: Paraplegia — Nerve root — Single nerve-fibre action potential ~ Premotor neuro-
nal network — Oscillatory fining — Sacral reflexes — Synchromzation

Introduction

Two concepts have been developed to interpret central nervous system (CNS) functions
of the human spinal cord One, supported by the Sherrington school [4], rests upon the obse-
rvation of the monosynaptic stretch reflex and explains human CNS functions through refle-
xes all reflectory, excttatory and inhibitory actions take place via a direct action onto the
motoneuron pool itself (reflex theory) The other concept, supported by v Holst [12] and
Jung [13], rests upon the basic observation of rhythmic movements, occurring 1n phystolo-
gic tremor the most basic mechanism for coordinated movements 1s the
»Schaltzellenapparat” (neuronal network) of the spinal cord, onto which all impulses con-
verge (oscillator theory), this concept also admits that there are certain spinal pathways
which bypass the ,,Schaltzellenapparat* and synapse directly onto the motoneurons This re-
cent, completely new development [17-27] 1in human neurophysiology supports the ,,0scilla-
tor theory®, brings further insight into the oscillator theory, and derives new knowledge from
analyses of simultaneous natural impulse patterns of single afferent and efferent human ner-
ve fibres Upon recerving an afferent input in the spinal cord, preformated neuronal net-
works are getting self-organized and reorganized 1nto spinal oscillators which 1n turn under-
go relative coordination upon wnputs from receptors of the skin, joints and muscles and sup-
raspinal centres, this spinal processing bears some similarity with what has been a new un-
derstanding of how brain functions

It was reported 1n the first paper of this series that o, (FF) and o,-motoneuronal net-
works (FR) fired oscillatory with alternating long and short oscillation periods [24], which
resembles the firing of coupled half-centre oscillators found 1n the lamprey spinal cord [8],
which mhibit each other reciprocally But since motor units can change their firing from al-
ternating to symmetrical oscillatory firing [27], alternating oscillatory firing may indicate
coupling of non-equal oscillators especially those which activate motor units of antagonistic
muscles, which must also be able to inhibit each other Also, it has been stated in the second
paper that o,-motoneurons fired oscillatory at approx 10 Hz [25] as predicted earlier [20]
However primary muscle spindle afferents were found to synapse directly (monosynaptical-
ly) onto the o;-motoneurons, 1n accordance with the monosynaptic stretch reflex connecti-
on Secondary muscle spindle afferents, on the other hand, synapsed polysynaptically onto
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o, and o,-motoneurons, suggesting that secondary spindle afferents project into the oscilla-
tory firing networks of o; and o,-motoneurons (Fig.1).

In the present paper we shall describe the application of reflex stimulations during the
motoneurons already firing in the oscillatory firing mode, to explore the relationship betwe-
en reflex responses and oscillatory firing. The important question is whether the reflex or
response times can be shorter than the duration of the oscillation period, since we want to
see whether the afferent input can interact with the ongoing oscillation cycle and if yes, until
what loop piece, and how strongly the oscillation loop is organized. Already P. Hoffmann
[11] mentioned that the response subsequent to the reflex came after 100 ms (he measured
on «;-motoneurons; silent period = 100 ms = oscillation period). Hoffmann and Delius
[5,11] reported that a second reflex response (Archilles tendon stretch reflex) of reduced am-
plitude could be elicited as early as after 25 ms (Fig.15 of [11]). No reflexes could be elicited
below 20 ms (absolute refractory period, as designated by Hoffmann). It will be shown in
this paper that the reflex response time can be shorter than the oscillation period, and that the
reflex response times depend on the organizational state of the motoneuronal networks. We
shall demonstrate that touching the perianal skin reinforced the sustained stretch reflex of

" the anal sphincter and therefore resulted in a reflex time shorter than the oscillation period
(30 ms), because no reorganization of the neuronal network state was necessary; whereas
upon pin-prick stimulation of the perianal skin, the neuronal networks had to reorganize the-
mselves from sustained stretch reflex to protection reaction, so that the response time was
longer than the oscillation period.

The term ,,reflex” is used here in the following sense. A reflex can be a special conne-
ction, which is activated by adequate stimulus (e.g., monosynaptic stretch reflex); it can be a
special preformated neuronal network organization (serving certain functions, such as pro-
tection reaction) which is activated by adequate natural afferent input patterns from a certain
area (e.g., the anal reflex, elicited by dimpling of the perianal skin) or intermediate cases.
According to W.R. Hess [10] a reflex represents a response to a sensible stimulus in the form
of a facilitated involuntary successful action of a certain organ. The reflex is called by its
fulfilled goal.

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 in each pair 4 mm) at two sites, preamplified (x 1,000), 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 identified; 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 a complete spinal cord lesion du-
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ring the implantation of an electrical anterior root stimulator for urinary bladder control
Detatls of the method are given elsewere [17,21-24] Bladder (& = 6 mm) and anal (8 to 20
mm) catheters were positioned Further details of paraplegics 9 and 10 (patients with com-
plete spinal cord lesion) are given 1n [24]

Results
Functional state at measurements

Single-nerve fibre action potentials (APs) were recorded extracellularly from lower
sacral nerve roots, APs of certain nerve fibre groups were 1dentified by the conduction velo-
city and AP waveform, and simultaneous single-fibre impulse patterns of o and y-motoneu-
rons and secondary muscle spindle afferents were analysed Fig 1 illustrates the basic as-
sumptions underlying the measurements Due to catheters positioned 1n the anal canal and
the urethra (approximately 1sometric stretch), o and y-motoneurons fired oscillatory (Fig 2)
as a result of the sustained stretch reflex of the external sphincters (not clear for the urethra)
Naturat sttmulations, like touch, pin-prick, anal and bladder catheter pulling and eliciting of

Reflex-stimulation of oscillatory firing a and y-motoneurons  Figure 1. Schematic drawing of
the probable state of the neuronal
network organization of the sacral
? spinal cord upon the apphication of
=~ different sacral reflex stimulations

SP2(2) aff = afferents, * = not elicited du-

BN
Q
e
|

/‘ Stimulations ring the first measurement o-
CEFQ ? < touch e af Motoneurons fired oscillatory, y-
Y1 @ ‘j} L & pin-prick (skin aff motoneuron fired oscillatory or al
pain aff ) most oscillatory ,,&* indicates 1n

1 = ;:Tl::: theter muf:so‘grajlaaf:f') teractions (transient synchronizati-
SP2(1) bladder catheter (bladder aff , on) of motoneuronal networks

g:llgzgavemosus (squz:::nagﬁo)f Inhibitory interneurons are not

ey reflex* the glans penis drawn because of lacking know-

sexual aff , pain?) ledge

the bulbocavernosus reflex, were applied, to measure changes in the oscillatory firing Since
1n the first measurement (Figs 2-5) all motoneurons fired oscillatory with impulse trains
consisting of one AP (pathologic), the shortening of the oscillation period was related to the
time of reflex eliciting Synchronization between afferents and efferents will be mentioned
and 1s discussed 1n detail 1n a following paper [26] In the second measurement (Figs 6,7),
sacral reflexes were analysed with quantified changes of motoneuron peaks 1n distribution
histograms of conduction velocities
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Response of oscillatory fining to touch stimulation

Ten schematically drawn sweep pieces of simultaneous impulse patterns, of the o, 043
and y,-motoneurons and the secondary muscle spindle afferent fibres SP2(1) and SP2(2) are
shown 1n F1ig 2 Following a sequence of 10 touch sumulations (Fig 2, upper right insert),
the rhythmucally firing motoneurons responded by a change 1n the duration of the osctllation
pertod Of interest 1s here how fast the o;-motoneuron reduced 1ts oscillation pertod follo-
wing the start of the touch stimulation or following the volley of skin-afferent APs running
through the ventral root skin afferent fibres The delay of the first reduction of the oscillation
period 1s defined 1n Fig 2 following touch 7 The begin and the end of the stimulation are
marked There 1s a possibility that the o;-motoneuron (S) is actually an o,-motoneuron
(FR), and the o, is an 0;-motoneuron Because of the pathologic oscillatory firing, the type
of the motoneuron cannot be safely identified from the firing pattern any more, and identifi-
cation on the basis of conduction velocity 1s not safe as the distributions of conduction velo-
cities of o, and a;-motoneurons (and of other nerve fibre groups) overlap

It can be seen 1n Fig 2 that the o;-motoneuron mostly reduced 1ts oscillation period af-
ter a delay (measured from the beginning ot the afferent volley) shorter than the duration of
the oscillation period The first reduction of the oscillation period 1s marked 1n the Figure by
the small arrow The response times are analysed quantitatively in Fig 4 Following touches
6 and 7 there occurred a partial transient synchronization of afferents and efferents, as can be
seen by the symilar occurrence times of the impulses Also, a slight partial synchronization
followed touches 2 and 3

Since on the average, the delay m the shortening of the oscillation period occurred after
a time interval shorter than the oscillation period, 1t was of interest to see whether the res-
ponse times were stmular to those for pin-pricking It has been established in man that the
difference between touch and pin-prick stimulation 1s that for pin-pricking, additionally pain
fibres are activated [17], and pain fibre activity may facilitate different pathways to the mo-
toneuronal networks (Fig 4)

As will be detailed 1n Discussion, the touch sites 1,2,6 and 7 were 1nside the anal reflex
area, and the sites 4,5,9 and 10 were outside of it The anal reflex area extended approx 6
cm laterally from the anus

Response of an osciliatory firing a-motoneuron to painful pin-prick stimulation

After experiments with the touch stimulation at pen marked sites I to 10 close to the
anus, the touching sites were now pin-pricked 1n a stmilar fashion approx every 0 8s As can
be seen from Fig 3, after a delay, there again was a reduction 1n the duration of the oscillati-
on pertods

The responses to pin-pricking differed from those following touch stimulation 1n three
aspects Firstly, the response delay times were longer than the oscillation periods Second,
the response to pain stimulus application was of a longer duration and was stronger, mostly,
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the duration of two oscillation periods was reduced following pin-prick stimulation and the
reduction of the duration was greater. Following pin-pricks 3,7 and 8, the oscillation period
was very short and resembled the resetting of the oscillation cycle. Third, the transient syn-
chronizations of afferents and efferents following pin-pricks 6 and 7 were more pronounced.

Latency in the reduction of the duration of the oscillation period following touch and pin-

prick stimulation

It can be seen from Fig. 4A that in 9 out of 10 cases, the latency of the oscillation period
shortening following touch stimulation of the perianal skin (see inserts in Figs.2,3) was shor-
ter in duration than the oscillation period (=100 ms), represented by the dotted line. The shor-
test latency was approx. 10 ms, when measuring from the afferent volley running in direction
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of the spinal cord. The latency of the first reduction of the oscillation period, measured from
the skin touch stimulation artifact, was longer or shorter than the duration of the oscillation
period (Fig.4B). The shortest latency was approx. 30 ms. The difference in latency, i.e. the ti-
me from the stimulation artifact (touching of the skin) to the moment when the skin afferent
volley passed the recording electrodes, was approx. 20 ms. According to the group conducti-
on velocities of skin afferents (T1 skin afferents (PC) =~ 44 m/s at 36 °C) [17,21], most of the
time was lost in the touch receptors and the thin nerve fibres connected to them. With a con-
duction distance of 0.3 m, a conduction time of t 4 = s/v = 300 mm/44 mm(ms) ' = 7 ms re-
sults.

The latency till the reduction of the first oscillation period duration following pin-pric-
king the sites 1 to 10 (Figs.2,3) was mostly longer than the oscillation period itself, indepen-
dent of whether measured from the skin afferent volley (Fig.4E) or from the stimulation arti-
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fact (Fig 4F) Since not every pin-prick was strong enough to generate pain, 1t 1s concluded
that the latency from the pin-pricking to the first reduction of the oscillation period was lon-
ger than the oscillation period

By comparing the latencies to the first reduction of the oscillation period following re-
petiive touch and pin-prick stimulation of sites 1 to 10, 1t turns out that following touch sti-
mulation the delay 1s shorter than the oscillation period, whereas 1t 1s longer following pin-
prick stimulation It seems therefore that touching reinforced the sustained stretch reflex of
the anal sphincter while pin-prick did not For further analysis see the Discussion section

Extent of oscillation period shortening following touch and pin-prick stimulation

The first shortening of the oscillation pertod (indicated by the small arrows 1n Figs 2,3)
in comparison to two preceding periods 1s plotted in Fig 4D,C (touch) and 1in Fig 4H,G
(pin-prick) The reduction of the oscillation period for touch stimulation was between 8 and
28 ms, and 1t was between 5 and 40 ms for pin-pricking The pin-prick stimulation generated
a greater transient reduction of the oscillation period

When correlating the latency of shortening to the extent of shortening for pin-pricking
(F1g 4H) 1t seems as 1f the shorter latency correlated with a slighter reduction of the oscillati-
on pertod (more touch-like), and the long latencies correlated with the greater reduction of
the oscillation period (more pain-like} A similar relation was not found following touch sti-
mulation (Fig 4D) It will be discussed below that probably, the painful pin-prick sumulation
transiently replaced the sustained stretch reflex of the anal sphincter by a protective reaction
of the anal sphincter against pain application, the time needed for the reorganization of the
oscillatory firing neuronal network was at least one oscillation period long

The relation between the sites of pin-prick (Fig 4G) or touch stimulation (Fig 4C) and
the oscillation pertod shortening shows no clear correlation The dotted and the dashed lines
may show simular latencies Perhaps the protective reaction against pin-pricking of the anal
canal and the pelvic floor 1s highest at sites 3 and 8 at the border of the anal reflex region

Change of natural impulse patterns following anal reflex stimulation

Since repeated touching only partly elicited the anal reflex, the anal reflex could also be
conveniently elicited by dimpling of the perianal skin The changes of the natural impulse
patterns of motoneurons and secondary spindle afferents were measured and analysed
(Fig 5)

Transient partial synchromzation of secondary muscle spindle afferents and motoneu-
rons occurred upon and following the anal reflex was elicited (10s to 14s 1n Fig 5) The di-
stributions of interspike intervals and oscillation periods are given elsewere [26]
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Shortening of oscillation period (T) and latency upon touch and pin-prick stimul.

Para 9
T-shortening [ms} T-shortening [ms] T-shortening [ms] * ¥ fTshx T ys4r
3] | T . C . 30 x  E3p G tox
\ / X x
20 . . x 20 ey 2 20 <20 x »
of X L 0] . %L ho " ke 10{4 0 e o
o Latency {ms] Sites of touch Latency [ms] - ¢ Stites of pin-prick
2 0
0 20 40 60 80 100 5 4 3 2 1x 0 20 40 60 80 100 140 80" 5 4L 3 2 ix
0 9 8 7 6 - — 10 9 8 7 6°
Touch Pin-prick
Latency from skin Latency from stimul Latency from skin aff act [ms] Latency from stim artif. [ms}
200/ aff actvity [ms] 200] ertifact [ms] x 200 ot t 200 ¥ xot “t
x
M x
A B E: F- .
. &y .
%0 x 10 . 140] : 140 g
x x x
x . .
100 100 s 100{ * 100
80 x 80 '
L, 80 . 80 ix)
60{ . 60 60 60
x .
40
. 40 .z L0 . 1) 40
20 5 20 20 20
0 * 0 Sites of touch Sites of pin-prick
5 4 3 2 1x 5 4 3 2 1x 054321*051.321'
10 9 8 7 6 0 9 8 7 6 0 9 8 7 6 0 9 8 7 6°

Figure 4. Shortening of the oscillation period T of the a;-motoneuron (perhaps an a,-motoneuron (see legend to
Fig 2)) upon touch and pin-prick sttmulation

A, B. Latency of the shortening of the oscillation peniod (for defimtion, see Fig 1) measured from the skin afferent
activity (A) and from the sumulation artifact (B) with successive touching of sites 1 to 5 (x) and 6 to 10 (*) as indi-
cated in Fig 2 Note that the delay 1s often shorter than the oscillation period

C,D. Shortening of the oscillation period (T-shortening), with respect to two preceding oscillation periods, 1n relati-
on to the latency of shortening (D) and 1n relation to successive touching of sites 1 to 10 (C)

E.-H. Same description as for A-D, only with respect to pin-pricking Note that touch stimulation induced a shorter
latency for the reduction of the oscillation pertod than did pin-pricking

Sacral reflex responses of motoneurons firing in the occasional firing mode, measured by
velocity distributions

In paraplegic patient 10, sacral reflexes could partly be measured from motoneurons fi-
ring in the occasional firing mode. The analysis of the velocity distributions provided infor-
mation on how certain groups of nerve fibres responded to the different stimulations.

Following pin-pricking at sites 3 and 8 (border of the anal reflex area (see Figs.2,3)),
the o,-motoneurons, firing 1n the occasional firing mode, strongly increased their firing rate,
whereas only few o,-motoneurons were activated (Fig.6A). Pin-pricking of the sacral der-
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matome at the border of the anal reflex area probably elicited protective reaction of the body,
since the faster motoneurons were preferentially activated.

Upon repeated pin-pricking of ,site 1* 6 times (inside the anal reflex area), o, 0; and
¥,-motoneurons increased their firing in the occasional firing mode (Fig.6B). Probably, fast
(0,) and slow motoneurons (0;) were recruited for the anal reflex response. The increase of
the y;-motoneurons suggests an activation of the y-loop.

Upon pulling of the anal catheter (Fig.6C) the activities of skin (T1-T4) and mucosal af-
ferents (M) and of o; and y-motoneurons increased. Obviously, shifting of the catheter in the
anal canal activates skin and mucosal afferents. It were the slow motoneurons (c3) which ma-
inly responded to the anal catheter shift. The high y-peak indicates activation of the y-loop.

The stretch reflex of the anal sphincter is elicited by changing the anal catheter gauge
from thin (& = 8 mm) to thick (& = 20 mm) (stretch reflex of the anal sphincter). As can be
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seen in Fig. 6D, the secondary muscle spindle afferent fibres strongly increased their firing ra-
tes as expected from the response of the stretch reflex. Primary spindle afferents were not acti-
vated, since they only are seldom present in the lower sacral range, and only sometimes seem
to contribute to the regulation of the anal sphincter. Skin (T'1 to T4) and mucosal afferents (M)
were activated as expected. The activity of the o, 0; and y-motoneurons increased, which
means that slow (0;) and moderately fast motoneurons (0,) were activated along with the y-
loop. More details concerning the stretch reflex of the anal sphincter will be given below.

By squeezing the glans penis, the bulbocavernosus reflex was activated 2 times
(Fig.6E). Activity in the afferents of that particular S5 root increased only slightly. Afferents
of the glans penis run through other roots (S1, S27?). Only the slow o-motoneurons (0,3) inc-
reased their activity in accordance with the slow muscle response of the bulbocavernosus re-
flex. y-Motoneurons were activated, especially the static ones, since slow y-motoneuron ve-
locities were observed. The bulbocavernosus reflex will be analysed further below. No clear
activation of nerve fibre groups was observed following pulling of the urinary bladder cathe-
ter (Fig.6F).

Stretch reflex of the anal sphincter (reflex reinforcement)

The activation changes of motoneuron groups in velocity distributions (Fig.6) seemed
to suggest that the o,-motoneurons (FR) were strongly activated during the stretch reflex
response of the external anal sphincter whereas with the bulbocavernosus reflex eliciting,
the o;-motoneurons (S) were mainly activated. A more detailed analysis was therefore tried.

In Fig.7A-D, the stretch reflex of the anal sphincter is analysed in more detail. Even
though the exact timing of the intervals was not possible, the transient activity increase of o,
and o;-motoneurons became evident.

The as-motoneurons (S) increased their activity from before stimulation levels (A) of 3
APs / 0.2s to 6 APs (B) shortly after the stretch reflex, and decreased further their activity
from 5 APs (C) to 4 APs (D). The o,-motoneurons (FR) responded more dynamically. They
increased their activity from 2 APs/0.2s (A) to 7 APs (B) and subsequently decreased their
activity from 5 APs / 0.2s (C) to 1 AP (D). Continuously oscillatory firing motoneurons did
only little or not at all affect the activity changes.

During the stretch response of the anal sphincter o, and 03-motoneurons increased the-
ir activity. The o,-motoneurons responded more dynamically in the reflex reinforcement of
the sustained stretch reflex of the anal sphincter. We did not differentiate here between firing
in the occasional and the oscillatory firing mode. It would also be difficult to do so, because
activity increases in the occasional firing mode and in the transiently oscillatory firing mode
are difficult to differentiate.

As expected, the secondary muscle spindle afferents increased their activity (B).
Primaries are only sometimes present in the lower sacral range. The second response of the
secondary muscle spindle afferents is difficult to discuss because of the timing of the anal
catheter handlings. Afferents with similar group conduction velocities could contribute to
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Figure 6. Conduction velocity distributions of afferents and efferents upon eliciting of sacral reflexes Note that fol-
lowing changing the gauge of the anal catheter (8 mm to 20 mm), the secondary muscle spindle afferent activity
(SP2) strongly increased Note further that the bulbocavernosus reflex mainly activated the a;-motoneurons T1
(PC), T2, T3, T4 = skin afferents {14,18], M = mucosal afferents CAPs = components of compound action potenti-
als, refl CAP =reflected CAP A = activity, measured in action potentials per ttme Para 10, left root §5

that second response. Golgi tendon organ afferents have not been identified so far in this re-
search project; the external striated sphincters have no tendons.

Bulbocavernosus reflex

The bulbocavernosus reflex was elicited twice by squeezing the glans penis, and the two
responses were added to see more clearly the changes in the activity patterns (Fig.7E-H).

The o;-motoneurons increased their activity from 8 APs / 0.4s (E) to 11 (E) upon reflex
eliciting, and subsequently reduced their activity to 9 (G) and 7 APs (H). The o,-motoneu-
rons did not increase their activity, which was an unexpected finding. Their activity changed
from 4 APs/0.4s (E) to 2 (F) and 3 (G) and | AP/ 0.4s (H). The o,-motoneurons even see-
med slightly inhibited following bulbocavernosus reflex eliciting.

Discussion
Anal reflexes

Anal reflexes were measured here with anal and bladder catheters positioned, i.e. under
conditions of sustained stretch reflex of the anal sphincter. The responses of the motoneu-
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rons innervating the external anal sphincter were different from those for touch and pin-
prick stimulation. Since most likely, the anal reflex organization is designed to secure conti-
nence when material, fluid or gas is passing through the anal canal or when the anal mucosa
is touched or pushed, the afferents stimulated in these ways are the adequate afferents of the
anal reflex. It is therefore not surprising that the anal reflex responses were different from
those for pin-prick stimulation. Since the response time was shorter for touch than for pin-
prick stimulation, it is suggested that there is less reorganization necessary in the neuronal
network of the sacral micturition and defecation centre to change the activation of sphincte-
ric motoneurons in the case of touch stimulation. It is therefore likely that touching of the
perianal skin reinforced the sustained stretch reflex which may be possible with little net-
work changes. Since normally, pin-prick stimulation of the surface of the body is followed
by a protective reaction of the body and or an avoidance reaction, it is likely that at least con-
traction of the muscles beneath the skin (protective reaction) also holds for the anal region.
Probably, the protective reaction induces an organization of the neuronal network different
from that necessary for the anal reflex. Probably, network reorganization (change from one
network state to a subsequent one) needs more time than strengthening of a certain organiza-
tion (variation of the same network state). It is therefore likely that the touch stimulation in-
duced reinforcement of the anal reflex for which little time is needed, whereas pin-pricking
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elicited a protective reaction for which more time was needed because of the reorganization
of the neuronal network.

Anal reflexes were measured using different kinds of electrical stimulation [1,2,6,9,14-
16,28-32]. Since electrical stimulation (painful or not) is not an adequate stimulus, different
response times have to be expected for different stimulations. Response times of approx. 50
[14] and 8 ms [9] were obtained. Even though electrically evoked responses of the anal sp-
hincter cannot be compared with natural stimuli in which the afferent input patterns to the
spinal cord have a natural composition, it is possible that the shorter latency (around 8 ms)
was more adequate to elicit the anal reflex (shortest latency measured here was 10 ms) whe-
reas the response with a latency around 50 ms was more adequate to elicit the protective re-
action (latency measured here was in the range of 100 ms). Anyhow, these measurements in-
dicate that electrically evoked responses of the anal sphincter are no real anal reflexes, since
the sacral spinal cord is not getting the natural adequate afferent input composition for the
network organization of the real anal reflex.

Stretch reflex of the anal sphincter

The stretch reflex of the anal sphincter has been measured here for the first time. The
reflex was evoked by stretching of the anal sphincter by increasing the gauge of the anal cat-
heter. In response to stretch, the activity of secondary muscle spindle afferents and o,-moto-
neurons increased. It has not been possible so far to measure the exact timing of the reflex. It
would be of interest to compare, on one hand, the stretch reflex elicited through secondary
muscle spindle afferent activity and acting on the o,-motoneurons, with the conventional
stretch reflex, elicited through by primary spindle afferents and acting on ¢;-motoneurons.
In the former case, the secondary muscle spindle afferents project into the interneuronal net-
work; the activity runs a polysynaptic pathway, and stimulates the organization of oscillato-
ry firing networks. In the latter case, the primary spindle afferents bypass the neuronal net-
work of the CNS and synapse directly onto the o,-motoneurons. Secondary muscle spindle
afferents stimulated simultaneously with the primaries will give rise to secondary effects on
o, and a,-motoneurons, similarly (on 0,) to those of the former case.

Bulbocavernosus reflex

The bulbocavernosus reflex consists of the reflex contraction of the bulbocavernosus
muscle elicited by squeezing of the glans penis. A simultaneous response can be recorded
from the anal or urethral sphincters upon the stimulation of the glans or the clitoris. Its neu-
rophysiological characteristics are supposed to be almost identical with those of the reflex
recorded from the bulbocavernosus muscle itself (see page 321 of [28]), even though it
seems as if the anal sphincter contracts faster than the bulbocavernosus muscle. Electrical
stimulation of the glans or the clitoris will evoke a response from the bulbocavernosus and
external sphincter muscles [6,28], but the responses may not be identical with the muscle
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responses evoked by squeezing of the glans penis

The squeezing of the glans pemus (Fig 7E,F,G,H) elicited an activity increase of the 0s-
motoneurons (S) only, which 1s in accordance with the slow contraction of the bulbocaver-
nosus muscle observed when squeezing the glans penis It would be interesting to know
whether electrical eliciting of the bulbocavernosus response also selectively activates the fa-
tigue resistant muscle fibres, innervated by the os-motoneurons

Stimulation with respect to the phase of the oscillation cycle

When the afferent volley, induced by touch, pin-prick or dimpling stimulation of the
peranal skin, runs 1nto the neuronal network, the question arises whether the afferent impul-
ses can interact with the ongoing oscillation cycle of oscillatory fining o-motoneurons or
whether they can induce changes in the following cycle only

It 1s conceivable that 1f the composition of the afferent input 1s of the kind that the resul-
ting network organization state 1s the same or very similar to the present one, then the repon-
se of the afferent volley would interfere with the present organization, and changes will di-
rectly be seen 1n the ongoing oscillation cycle If however the afferent volley has a compositi-
on which will induce another network organization state, then a larger network reorganization
has to take place The response time to the o-motoneuron firing changes will then be longer

The response time following touch-induced afferent volley was shorter than the oscilla-
tion period (Fig 4A,B) This may indicate that only little or no network reorganization took
place The ongoing oscillatory firing of the o-motoneuron, due to the sustained stretch re-
flex, was reinforced and this was possible with little network oganization changes with the
ongoing oscillation cycle

Further, the response time upon pin-prick sttimulation was observed to be mostly longer
than the oscillation period (Fig 4E,F) It 1s therefore likely that the afferent volley following
pin-prick stimulation organized another network state, and the network reorganization from
one state to a subsequent one needed more time than reinforcement of the sustained anal
stretch reflex Since the pain afferents are the main difference 1n the composition between
the afferent volleys following touch and pin-prick stimulation [17,19], the activity 1n the pa-
1n afferents 1s the cause for the reorganization The pain afferents may therefore have an ef-
fective projection 1nto the neuronal network for organizing certain network structures
Probably, the volley 1n the pain afferents formed a network structure to serve the protective
reaction of the pin-pricked body part (muscles beneath the pin-pricked-stimulated skin)
and/or an avoidance reaction 1n adjacent muscles, to ,.escape” from the intruding needle

Synchromization of spinal oscillators

According to the ,,oscillator theory* of v Holst and Jung [12,13], preformated neuronal
networks are getting self-organized and reorganized into spinal oscillators, which 1n turn un-
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dergo relative coordination upon inputs from receptors of the skin, joints and muscles and
supraspinal centres Movements and continence functions are achieved by relative coordina-
tion of rhythmucally firing neuronal networks The relative coordination 1s achieved by tran-
stent synchronization and desynchromzation of rhythmically firing propriospinal subnet-
works (probably subunits of pattern generators), and possibly partly also by spinal oscilla-
tors (premotor neuronal network) which are driven by the self-organized pattern generators
(see Figs 19,20 of [27]) With the change of the state of the functional organization of the
spinal cord neuronal network (from the anal reflex to the protection reaction), the premotor
spinal oscillators did not stop to fire oscillatory It seems therefore that spinal oscillators are
building units for the functional organization of certain network states In humans, synchro-
nization can so far only be measured on the output mechanism, 1 ¢ the motoneurons as a part
of the premotor network

It can be seen 1n Figs 2,3,5 that transient synchronization of osciflatory firing motoneu-
rons occurred following repetitive touch and repetitive pin-prick sttmulation, and upon elict-
ting true anal reflex (dsmphing of the perianal skin inside the anal reflex area) The synchro-
nization was strongest following pin-pricking of the perianal skin The synchronization was
partly achieved by a shortening of oscillatton periods The strong shortening following pin-
pricks 7 and 8 (Fig 3) were more likely a resetting of the oscillation cycle than a shortening,
and an indication of forced network reorgamzation As will be shown in a following paper,
synchronization 1s achieved by a transient adjusting of the oscillation periods and a transient
adjusting of the firing patterns of the motoneurons [26] Actually, the oscillation pertods and
the phases of the oscillatory firing motoneurons have to be similar for some time It will be
shown 1n a further paper that an oscillatory firing motoneuron first decreased 1ts oscillation
period to increase the activity output, and then increased the oscillation period again (decre-
ase of activity) to adjust 1ts oscitlation period to that of another oscillatory firlng motoneuron
under the preservation of a certain phase of broad peak type [26]

If oscillatory firing neuronal networks synchronize, they also must desynchronize
Spinal oscillators can be approximated by premotor spinal oscillators (of which the moto-
neuron 1§ a part) and the propriospinal oscillators The activation of premotor spinal oscilla-
tors 1s independent of movements, since they are also activated for continence functions [23]
and 1sometric contractions [27] Propriospinal oscillators are mainly activated for move-
ments, especially for rhythmic ones (see Figs 19,20 of [27]) Most of the ume, the premotor
oscillators fire not 1n a synchronized mode, but propriospinal oscillators may do A reason
for no synchronization of premotor oscillators could be the overlap in excitatory interneu-
rons of oscillatory firing networks If synfire chains are really the constituents of the oscilla-
tory firing networks, then the sharing of interneurons of overlapping synfire chains could be
the reason for strict synchronization over relative to no synchronization For strict synchro-
nization, oscillators with different frequencies may even synchromze according to multiple
integers as was observed by E v Holst [12] To date, the relationships of synchronization
between premotor and propriospinal oscillators remain unclear Nevertheless, for the case of
no synchronization, the premotor oscillators fire nicely distributed over time Further mea-



Reflex Stimulation of Motoneurons 91

surements on neuronal networks have to reveal how this distributed oscillatory firing 1s achi-
eved Random synchronization of oscillatory firing networks may give rise to tremor
Afferent input, especially of repetitive nature, will essentially contribute to transient syn-
chronization of synfire chains of different oscillatory firing networks The problem will be
picked up 1n a following paper [26]

Animal research suggests that Ib afferents may provide crucial feedback to rhythm-ge-
nerating circuits, as already postulated [7] Experiments during fictive locomotion 1n cats
pre-treated with DOPA have indicated that Ib afferents can indeed reset the cycle [3]

Reflexes and oscillatory firing networks

Reflexes and oscillatory firing networks are not mutually opposing phenomena The
monosynaptic reflexes are special connections, 11 which the afferent volleys bypass mainly
the oscillatory-firing networks, and synapse directly onto the motoneurons In polysynaptic
reflexes, the activated afferents project into the neuronal networks of the spinal cord and or-
ganize or reorganize the networks for motor output If the afferent input only lasts for a shor-
ter period of time, the self-organizing oscillators fire only transiently oscitlatory The shor-
test transient oscillation lasts for one oscillation cycle The term ,reflex* may (depending on
1ts definition) characterize the formation of a preformated network to function 1n a certain
way, 1if adequate afferent volleys enter the network from the periphery Inputs from supraspt-
nal centres, on the other hand, organize e g preformatted networks to perform volitional mo-
vements or muscle contractions (e g , volitional contraction of the external anal sphincter)

Anal reflex area

The motoneurons in Figs 2,3 synchronized their firing mainly following touching and
pin-pricking of sites 1,2 and 6,7 The synchronization wore off while sites 4,5 and 9,10 were
stimulated Thus, the afferent input from the skin, 6 cm lateral to the anus (Figs 2,3), elicited
the anal reflex, while an input from outside of this perianal skin area did not The anal reflex
18 thus elicited from the distal rectum, the anal canal mucosa and the perianal skin up to app-
rox 6 cm laterally (in this patient)
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