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ABSTRACT 

Maay recent studies on the segmental motor control system have 

employed spike-triggered-averaging (STA) and other forms of cross-

correlation to either attribute GNS, reflex, or direct motor effects to 

the impulses of a single (reference) neuronal spike train or to explore 

conditions under which pairs of neural units show temporal correlations 

in their discharge. Our experience with these techniques suggested the 

need for a control procedure that tests for synchrony between the 

reference and other spike trains such as to; 1) either preclude that 

the observed effects are due to spike trains other than or in addition 

to the reference train; or 2) give insight into the conditions leading 

to correlated discharge between two units. A motor unit synchronization 

test based on analysis of EMG waveforms has already been described. We 

have modified this test for the detection of synchrony between either 

afferent or efferent signals by analysis of averaged muscle nerve 

signals rather than EMG waveforms. Our procedure involves use of a 

multi-unit muscle nerve recording that serves as the input to a signal 

averager triggered by a spike train from either: 1) a motor unit's EMG; 

2) a dorsal root filament or ganglion cell; or 3) a random trigger 

source. With appropriate delay of the muscle nerve signal input, the 

non-rectified average of the trigger signal's waveform is compared to 

the rectified average which contains this waveform together with 

contributions of all other active unitary events. Additionally, the 

rectified average is compared to a "randomly" 

xii 



triggered average of the same input signal. On the basis of these 

recordings, it can be determined, within certain boundary conditions, 

whether or not any other unitary events are in synchrony with the 

reference event. Such synchronization is expressed quantitatively in 

the form of a synchronization index (Sl). We evaluated the efficacy of 

the Sr by electronic simulation procedures and by comparing its use to 

that of a cross-correlation procedure that tests for synchrony on the 

basis of crosscorrelograms computed between two simultaneously recorded 

spindle afferent spike trains during brief stretch of a passive muscle 

at progressively increasing amplitudes (5 - lOOum). These experiments 

revealed that the SI is a sensitive test of afferent synchrony in the 

passive muscle provided the spike trains of interest have a 

signal-to-noise (S/N) ratio >0.2 in the muscle nerve recording and that 

it is recognized that the detectable degree of synchronization of a 

non-reference event is a function of its S/N ratio. For tests on the 

active muscle, the force levels must remain low. Otherwise increased 

neuronal activity in the muscle nerve recording decreases the S/N ratio 

of individual spike trains. Thus, despite restrictive (but predictable) 

boundary conditions, the SI test can contribute importantly to select 

conclusions drawn from cross-correlation studies. 



CHAPTER 1 

INTRODUCTION 

Aim of the Present Study 

Synchronization between spike trains is present when the firing 

of spikes in one train is correlated in time to the occurrence of spikes 

in a different train. It becomes an issue in neurophysiological studies 

that employ spike-triggered averaging (STA) and other forms of cross-

correlation to attribute CNS, reflex, or direct motor effects to the 

impulses of a single (reference) neuronal spike train. Without a test 

for synchrony between the reference and other spike trains, the pos

sibility cannot be excluded that the observed effects are due to spike 

trains other than the reference train. 

A well-established cross-correlation procedure is available that 

tests for synchrony on the basis of cross-correlograms computed between 

two simultaneously recorded spike trains (for review see Perkel, 

Gerstein and Moore 1967). This procedure is commonly implemented by a 

pre- and post-stimulus time histogram (PPSTH). It is of proven value as 

a test of both motor unit (e.g. Person and Kudina 1968; Dietz, Bischof-

berger, Wita and Freund 1976) and spindle afferent synchronization 

(Windhorst 1977a, 1977b; Windhorst and Meyer-Lohmann 1977; Inbar, Madrid 

and Rudomin 1979). However, it is not always feasibile to use this test 

in STA studies, particularly when the technical constraints of the 

1 
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experimental situation preclude simultaneous measurement of a represen

tative number of spike trains. 

With this problem in mind, a test for motor unit synchronization 

in active human muscle has recently been developed by Milner-Brown, 

Stein and Yemm (1973). Synchronization was quantitated on the basis of 

an analysis of electromyographic (EMG) activity. The overall aim of the 

dissertation was to develop procedures for applying this technique to 

multi-unit muscle nerve (MN) activity rather than to EMG waveforms. The 

new procedure tests for synchronization between both afferent and ef

ferent spike trains that contribute to a MN recording. Synchronization 

is expressed quantitatively in the form of a "synchronization index" 

(SI). 

The limitations and boundary conditions for select uses of the 

SI were determined in both biological and simulated applications. The 

utility of the index was evaluated by comparing its uses to that of the 

PPSTH approach in a biological application in which spindle afferent 

synchronization is prominent. 

The SI was also brought to bear on two issues of relevance to 

the analysis of the segmental motor control system. First, the hy

pothesis was tested that there is no spindle afferent synchronization 

during sustained stretch of a passive muscle. Validation of this 

hypothesis was required to substantiate a variety of recent findings on 

the excitatory monosynaptic motoneuronal connections of single spindle 

la and group II afferents as revealed by the STA technique (for review 

see Kirkwood 1979 and Fetz, Henneman, Mendell, Stein and Stuart 1979). 

Use of the precise STA technique to study these connections has been 
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largely limited to preparations in which the test (homonymous) muscle is 

passive. It would be of great interest to use STA to explore changes in 

the "strength" of these connections when the CNS commands the test 

muscle to contribute to postural and other forms of muscle activity. 

However, such studies would still require a synchrony control. The 

final experiment of the present study addressed this issue by demon

strating use of the SI to test for both spindle afferent and motor unit 

synchronization in active rather than passive muscles. 

The presently developed SI technique was based on a set of theo

retical considerations first developed to test for motor unit synchroni

zation in an active human muscle. The utility of the SI was evaluated 

by comparing its use to a well-established cross-correlation procedure 

(the PPSTH) that tests for synchronization between simultaneously 

recorded spike trains. The SI was also applied to two issues on seg

mental motor control that have major implications for spike-triggered 

averaging experiments on the central connections of muscle receptor 

afferents. 

In summary, this study had four specific aims: 

1. to develop a quantitative technique for the assessment of the 

degree of synchronization between neuronal spike trains, to be 

expressed in the form of a numerical "synchronization index", (SI). 

2. to evaluate the utility of the index by comparing its use to a 

cross-correlation procedure that has a well-established value as a 

test of motor unit and muscle spindle afferent synchronization. 
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3. to test the hypothesis that there is no spindle afferent synchro

nization during maintained stretch of a passive muscle. 

4. to illustrate the feasibility of using the SI to test for synchro

nization between muscle receptor afferents and between motor units 

during sustained and phasic muscle contractions. 

The remainder of the introduction outlines the historical background of 

the present approach and its rationale. 

Motor Unit Synchronization 

As reviewed by Adrian (1932), shortly after the advent of elec

tromyographic techniques sufficiently sensitive to register the EMG of 

single motor units (Wachholder 1923), it became obvious that a smooth 

human voluntary contraction of limited forcefulness was achieved by the 

asynchronous discharge of single motor units (see, for example, Cobb and 

Forbes 1923; Fulton and Liddell 1925); and that as a muscle's contrac

tion strength grows, individual unitary EMG potentials became obscured 

within an "interference" pattern (Adrian 1932). During even stronger 

contractions, this interference pattern decreases in frequency, pre

sumably (at least in Adrian's prescient description) attributable at 

least in part to MU synchronization. 

The concept of MU synchronization (MUS) also appeared in early 

studies on tremor. It was frequently reported that the various kinds of 

muscle tremor were initiated by a momentary synchronization of 

independently firing MU's (Fulton and Liddell 1925; Gordon and Holbourn 

1949; Taylor 1962). Indeed, the rhythmic tremor present in Parkinson"s 
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disease was once used as a model to illustrate MUS (Hoefer and Putnam 

1940). 

Various neuromuscular diseases also show different degrees of 

MUS. In patients with spinal cord and/or peripheral nerve disease, 

there may be pronounced synchronization of the remaining MU's (Buchthal 

and Madsen 1950). Similarly, MUS is presented in patients affected with 

poliomyelitis (Person and Kudina 1968). In this disease, there is a 

depletion of the total number of alpha motoneurons innervating a muscle 

or a group of muscles. 

Can MUS be demonstrated in normal healthy subjects? It was 

indeed so described in the early literature (Denny-Brown 1949). More 

recently, cross-correlation analysis (described below) has been used to 

show that MU's display asynchronous activity during weak contractions 

(Buchtal and Madsen 1950; Person and Kudina 1968; Milner-Brown, Stein 

and Lee 1975; Dietz, Bishofberger, Wita and Freund 1976), although there 

is controversy on this point (Kranz and Baumgartner 1974; Shiavi and 

Niagin 1975). However, it appears unequivocal that MUS develops as the 

force of muscle contraction increases (Person and Kudina 1968; Milner-

Brown et al. 1975), particularly in subjects such as weight lifters 

(Milner-Brown et al. 1975). There is also an as yet unsubstantiated and 

somewhat unusual claim that if the surface EMG of a voluntarily 

contracted muscle is cross-correlated with the weak involuntary EMG 

activity of its antagonist, a high degree of MUS will be present (Person 

and Kudina 1968). 
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A Quantitative Test of Motor Unit Synchronization 

The basis of the technique developed in this study is found in 

the work of Milner-Brown, Stein and Yemm (1973). They required a syn

chronization control for a STA procedure that extracts the unfused 

tetanic force profile of a single motor unit from a high gain recording 

of force development during the voluntary contraction in a human hand 

muscle. Their synchronization test was later used to explore the rela

tionship between MUS, exercise, and supraspinal ("long-loop") reflexes 

(Milner-Brown et al. 1975). 

For this technique, a bipolar needle electrode was used to 

record the EMG activity of a single MU in the first dorsal interosseus 

muscle. This recording provided the trigger input for a signal 

averager. The input signal to the averager was the surface EMG taken 

from the area immediately superficial to the needle electrode. Full-

wave rectified and AC-coupled averages of the input signal were obtained. 

This technique is illustrated schematically in Figure 1. The 

lower horizontal line in Figure IC represents the zero voltage level for 

the rectified average and the upper horizontal line is the mean 

rectified level of uncorrelated motor units. Details of these analyses 

are given in Milner-Brown et al. (1973). 

A typical result based on averages of 500 consecutive motor unit 

discharges is shown in Figure 2. It demonstrates the contribution of a 

single MU to the rectified averaged surface EMG. By computing the area 

ratio of the rectified to AG-coupled average, an index of MUS can be 

obtained. A small ratio implies that during the averaging period there 

is little contribution of other MU's firing synchronously with the MU 



Figure 1. Schematic representation of AC-coupled and rectified EMG 
averages. 

Modified from Figure 2 in Milner-Brown et al. (1973:289). It 
provides a "schematic representation of a test for Synchroni
zation of motor units using the surface e.m.g. If a signal 
averager is triggered by impulses from a single unit A 
recorded by a needle electrode, a wave form B is obtained by 
directly averaging the surface e.m.g. When impulses in dif
ferent motor units are generated independently (no synchro
nization), this average will simply represent the voltage 
generated by the single unit which is recorded by the surface 
electrodes (the area is indicated by diagonal lines in B). 
If averaging is done after rectification C, there will be a 
net contribution to the average of CD the wave form in B 
after rectification, (2) the ongoing activity of other units 
and (3) a partial summation of these two (dotted area). 
However, if the discharge of several units tends to be 
grouped (synchronization) over a period greater than T, a 
broader and larger increase in the rectified surface e.m.g 
will be observed than can be accounted for by (1) to (3) 
above." 



7 

A 
Impulse 
on needle 
elearade 
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{ T { 

Figure 1. Schematic representation of AC-coupled and rectified 
EMG averages. 



Figure 2. AC~coupled and rectified EMG averages recorded from Che human 
first dorsal inCerosseous muscle. 

Modified from Figure 1' in Milner-Brown et al. (1975:246). It 
shows the "average responses of 500 sweeps obtained before 
and after rectification of the surface EMG, and their use to 
determine the degree of synchronization. Each sweep was 
triggered by an impulse from a single motor unit recorded by 
a needle in the first dorsal interosseus muscle of (A) a 
weightlifter or CB) a control subject. The lower horizontal 
lines in each part indicate the zero voltage level and the 
upper horizontal lines the mean rectified surface EMG, which 
gives a measure of the total electrical activity in the 
muscle. Note that there is a substantial rise in the 
activity near the time of the impulses from the single motor 
unit in the weightlifter (dotted area), but not in the 
control subject. This indicates Chat the impulses of this 
unit were grouped or synchronized with those of other motor 
units in the muscle. Tne surface EMG was delayed 
electronically 5 or 10 msec to show the full time course of 
this synchronization. The only peaks observed for the 
control subject were those expected from the unrectified 
average which represents the contribution of the single unit 
to the surface EMG (diagonal lines). As a measure of 
synchronization we computed the ratio of the dotted area to 
the diagonally hatched area for a number of motor units. Any 
dotted area which fell below the mean rectified level was 
subtracted from that which exceeded this level." 
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10 ms 

0 

Figure 2. AC-coupled and rectified EMG averages recorded from the 
human first dorsal interosseous muscle. 
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triggering the signal averager. Conversely, a large ratio represents a 

tendency for other MD's to be grouped with the triggering MU, causing an 

increase in the area of the rectified surface EMG average. 

A Cross-correlation Test of Spindle 
Afferent Synchronization 

Cross-correlation analysis provides a well-established test of 

the degree of synchrony between two simultaneously-occurring spike 

trains (Perkel et al. 1967). The technique is implemented by the con

struction of a pre- and post-stimulus time histogram (PPSTH) as 

explained and illustrated in Figure 3. It was recently used by Inbar, 

Madrid and Rudomin (1979) to assess spindle afferent synchronizaton in a 

muscle with no skeletomotor activity; first, when there was some degree 

of fusimotor tone and second, when there was no fusimotor tone. They 

recorded from pairs of la afferent fibers during stretch of the medial 

gastrocnemius (MG) muscle of unanesthetized decerebrate cats. Activity 

of 2-5 la afferents was recorded simultaneously with intact roots and 

then with cut ventral roots to abolish fusimotor tone. 

At <0.3 Hz sinusoidal (+100 um amplitude) stretch, spindle 

discharge was uncorrelated with ventral roots either intact or cut (Fig. 

4). At 0.3 to 0.5 Hz stretch, la afferent pairs exhibited uncor

related discharge with roots intact, but correlated discharge with 

ventral roots cut. At > 20 Hz stretch, paired la discharge remained 

correlated with ventral roots intact or cut. 

These experiments suggested that it would be valuable to compare 

use of the PPSTH test to the SI in a situation in which the extent of 



Figure 3. The construction of a pre- and post-stimulus time histogram 
(PPSTH). 

A is modified from Figure 5 in Sears and Stagg (1976:365). 
The first step in constructing a PPSTH for two spike-trains 
is to designate spikes in one train as the 'stimuli' and 
spikes in the other as the ''responses'. Next, one "stimulus" 
spike CI) has assigned to it a series of time bins before and 
after its occurrence. The occurrences of "response" spikes 
are entered into the corresponding time bin. This process is 
repeated for the next "stimulus" spike (^) and for as many of 
the stimuli spikes that are selected for the final histo
gram. B is modified from Figure 1 in Moore, Segundo and 
Perkel Tl970:879). It shows an example of a PPSTH 
(designated AB and commonly referred to as a-cross-
correlogram) for a cell A spike-train Cstimuli') having an 
excitatory effect on the spike-train ('response') of cell B. 
The peak at time zero represents the number of synchronous 
occurrences of "stimulus" and "response". When spikes from 
one spike-train are used as both 'stimuli' and 'response' the 
resulting histogram (lower portion of B, designated M or BB) 
is commony referred to as an autocorrelogram. 
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Modified from Figure 3 in Inbar et al. (1979:77). It shows 
"cross-correlograms of a muscle spindle pair during 
sinusoidal stretching at various frequencies before and after 
ventral root sectioning. Note increased cross-corfelation 
after ventral root sectioning at 5 Hz sinusoidal stretch." 



spindle afferent synchronization is known to progressively increase. 

The situation selected for analysis involved a brief stretch of a pas

sive muscle at progressively increasing stretch amplitudes (Lundberg and 

Winsbury 1960; Stuart, Mosher, Gerlach and Reinking 1970; Lucas and 

Willis 1974). 

Is There Spindle Afferent Synchronization in the 
Passive Muscle at Fixed Length? 

It is a well-established and carefully quantit ted fact that 

when a passive muscle is stretched to some constant length, each of its 

spindle la and group II afferents exhibit relatively regular discharge. 

This property is more prominent in the spindle group II than the la 

population (for review, see Matthews and Stein 1969b). From the 

beginning of relevant data acquisition (B.H. C. Matthews 1933), it has 

also been assumed that the discharge of each single afferent is es

sentially asynchronous in relation to the discharge of any of the other 

spindle afferents in the same muscle, at least when the muscle is 

electrically silent (passive) at a fixed length; and when it is not 

subject to transient intramuscular perturbations of vascular origin 

(Ellaway and Furness 1977; Ellaway, Furness and Murphy 1979). 

Surprisingly, this assumption has never been documented nor was it 

tested in rigorous fashion until the quite recent cross-correlation 

studies of Inbar, Madrid and Rudomin (1979) on a limited number of la 

afferents (see also Windhorst 1977b and Windhorst and Meyer-Lolmiann 

1977). 
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The significance of this particular hypothesis is brought out by 

consideration of the STA technique. When intracellular noise is aver

aged by a signal averager triggered by action potentials of a single 

functionally isolated but intact afferent, a waveform emerges which is 

considered an estimate of the post-synaptic potential due to that "in-

continuity" afferent. This method was first developed to explore the 

monosynaptic motoneuronal connections of single spindle la afferent 

fibers with their homonymous and heteronymous motoneurons (Mendell and 

Henneman 1968, 1971). Subsequently, its use led to the claim that there 

is a previously unsuspected monosynaptic excitatory connection between 

spindle group II afferents and their homonymous motoneurons (Kirkwood 

and Sears 1974). However, in none of this type of work has there ever 

been an unequivocal proof that the averaged post-synaptic motoneuronal 

effects are attributable solely to the reference spindle afferent spike 

train and not to other spindle la and/or group II afferents spike trains 

in synchrony with the reference train. 

To address this issue, Watt, Stauffer, Taylor, Reinking and 

Stuart (1976) suggested that it was sufficient to record on analog tape 

a short epoch of the afferent reference spike train together with a re

cording of multi-unit activity from the parent MN (see also Luscher, 

Ruenzel, Fetz and Henneman 1979). This recording could then be replayed 

in reverse and the afferent spike train at the dorsal root level again 

used to trigger the averaging computer using the multi-unit muscle nerve 

recording as the input signal. A similar technique has been used by 

Kirkwood and Sears (1974, 1975) for determining conduction velocity of 

afferent fibers recorded in peripheral nerve branches. The lower traces 



of parts 1 and 2 of Figure 5B show typical muscle nerve averages (128 

sweeps) for two la afferents recorded simultaneously at the and 

dorsal roots. As a control for another study, (Binder, Smith, 

Reinking and Stuart 1977) 18 la, 4 spindle group II and 2 tendon organ 

lb afferents were isolated in 13 cats, as shown in Figure 5B. In each 

case, the AC-coupled muscle nerve average revealed only a single action 

potential waveform. A variation of this muscle nerve averaging 

technique has also been used in motor unit studies (Binder, Cameron, and 

Stuart 1978; McDonagh 1979). By stimulating a ventral root filament and 

using the stimulus as a trigger for averaging the MN record of the 

parent muscle, one can determine when the functional isolation of a 

single motor unit axon has been achieved. In some cases, a double-peak 

waveform (Fig 5C-1) has been observed in these averages, even when the 

EMG recording and muscle tension transient appeared to indicate single 

unit isolation. Subsequent ventral root dissection routinely revealed 

that, in fact, two motor units were being activated (Fig. 5C-2,3), with 

one of the pair generating far less EMG activity and tension than the 

other. 

On the basis of experiments in the present study, it has become 

obvious that while this technique is perfectly acceptable for conduction 

velocity measurements and for isolation of single motor unit axons, it 

cannot resolve synchrony between two neuronal spike trains each of which 

has minor irregularities in its own discharge pattern (Matthews and 

Stein 1969b). This is shown quite convincingly in Figure 24 below. 

Indeed, the present study emanated from my demonstration of the in

adequacy of this particular technique. 



Figure 5. Typical averaging techniques used in studies on segmental 
motor control. 

A and B are from the unpublished work of Binder," Smith, 
Reinking and Stuart. A shows the recording arrangement. In 
anesthetized cats, single medial gastrocnemius (MG) afferent 
spike trains were functionally isolated from dorsal rootlets 
of both the Sj^ and Ly segments. A ball electrode placed 
on the dorsal surface of the cord was used to determine 
functional continuity of the afferents to the level of the 
dorsal root entry zone as described previously (Watt et al. 
1976). The monopolar electrode holding the muscle nerve was 
used to stimulate the intact MG muscle (all other muscles 
were denervated) as part of the afferent and motoneuron 
identification procedures and to record the discharge of all 
the MG afferents firing spontaneously at a fixed muscle 
length, B shows examples of dual "in-continuity" afferent 
recording. Top traces in CD and C2) represent single 
afferent average waveforms r2048 sweeps) recorded at the 
dorsal root entry zone. Bottom traces represent same 
afferent average waveforms (128 sweeps) as recorded 
peripherally from the muscle nerve. Multi-unit muscle nerve 
activity is recorded simultaneously with the afferent 
spikes. The analog tape is then played backwards and the 
averaging computer is triggered by each isolated afferent 
spike at the dorsal root level. The emergent waveform 
represents the same afferent action potential at the 
periphery. Both traces in Q) and (^) allow conduction 
velocity measurements; muscle nerve to dorsal root, dorsal 
root to cord entry. (£) is modified from Figure A-1 in 
McDonagh (1979:144). It shows "the output of the signal 
averager when the input is a multi-unit tibiales posterior 
muscle nerve recording and the trigger is single shocks 
delivered to small groups of ventral root filaments. The 
upper trace shows a double-peak action potential waveform 
indicative of two motor units being activated 
simultaneously. The stimulated filaments were subsequently 
subdivided with two groupings and each of these were 
stimulated to reveal single peak average waveforms (lower two 
trains) indicative of functional separation of two motor unit 
axons." 
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Despite this inadequacy, there was no reason to expect that 

spindle afferents in a passive muscle at fixed length should have 

synchronized discharge, when each individual spike train has intrinsic 

irregularities. For this reason, the third aim of this study involved 

testing the hypothesis that no such afferent synchronization occurs. 

Testing for Afferent and Efferent 
Synchronization in the Active Muscle 

An ever-expanding literature indicates that la, group II and 

tendon organ lb afferents have a variety of excitatory and inhibitory 

segmental connections with motoneurons. For example, Fatz, Jankowska, 

Johannisson and Lipski (1979) have recently demonstrated that la af

ferents have a previously unsuspected disynaptic inhibitory connection 

with their homonymous motoneurons. This pathway co-exists with their 

well-established monosynaptic excitatory connection and a particularly 

long-latency, polysynaptic excitatory connection that was also not 

demonstrated unequivocally until quite recently (Hultburn and Wiggstron 

1977). The prevailing opinion is that the extent to which any single 

pathway is in operation at any one time is largely dependent on the 

nature of the motor activity being commanded by the CNS. This topic has 

been recently reviewed to various extent by Lundberg (1969a, 1969b), 

Grillner (1975), Wetzel and Stuart (1976) and Cameron (1979). 

Individual reports of particular interest include those of Kirkwood and 

Sears (1974), Goodwin and Luschei (1975) and Forrsberg, Grillner and 

Rossignol (1977). For the present study, it is sufficient to emphasize 

that standardized afferent inputs have been shotm not to lead to 



stereotyped motoneuronal responses. To address this issue, the STA 

technique has to be extended to studies that examine the potential 

changes in the nature and "strength" of single la, lb and spindle group 

II afferent connections with motoneurons during epochs in which the 

musculature is contributing to some near-natural form of motor 

activity. Such studies would be technically demanding and would require 

a synchrony control, particularly since motor unit synchronization 

(which may lead to some degree of muscle receptor synchronization) has 

been shown to develop as the force of human voluntary contractions is 

increased fPerson and Kudina 1968; Milner-Brown et al. 1975). 

To date, muscle afferent synchronization has not been explored 

during the natural or near natural movements of experimental animals and 

humans. All that is available is information from acutely prepared de

cerebrate cats in which recordings of triceps surae spindle la afferents 

have been undertaken when the muscles were undergoing spontaneous 

contractions of quite limited forcefulness. 

Windhorst (1977a, 1977b) reported on experiments on unanes-

thetized cat preparations decerebrated as to allegedly emphasize alpha 

rather than gamma motoneuron activity (i.e., anemic decerebrate tech

nique of Pollock and Davis 1930, usually supplemented by both pre- or 

intercollicular mid-brain section and anterior cerebellectomy). He 

found (1977b) synchronization between the spike trains of pairs of la 

afferents innervating "neighboring" spindles in the same triceps surae 

muscle (Fig. 6). This synchrony was reduced following curare-induced 

paralysis. It was rarely found in muscles with particularly low levels 



Figure 6. Cross-correlation analysis of spindle afferent spike trains 
from active triceps-surae muscles of the cat. 

Modified from Figure 1 in Windhorst Cl977b:64). It "shows 
cross-correlations between discharge patterns of la afferents 
in active triceps-surae muscles of the decerebrate cat. 
Auto- and cross-correlograms for three simultaneously 
recorded primary spindle endings (A, B and C) from the active 
lateral gastrocnemius muscle (drawn by an XY-plotter). 
Anaemic decerebration complemented by precollicular midbrain 
section. In the cross-correlograms the negative times (-) is 
equivalent to the cross-correlation for positive times C+) 
when the spike trains are interchanged. This fact is 
symbolized by the inversed direction of the arrow between 
spindle symbols on the left side of the ordinates. The three 
cross-correlations were computed by changing the reference 
spike trains in a cyclic order. The controls were computed 
by replacing the reference trains by artificial regular 
trigger trains (five super-imposed runs). They yield some 
kind of "confidence belt" for random fluctuations in — 
cross-correlograms for uncorrelated trains (horizontal 
lines). Five hundred analysis periods of 200 ms duration; 
sampling rate 4000/sec; pulse width 4 ms. Mean discharge 
frequencies: for A 29/sec; for B 38/sec; for C 26/sec." 
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Figure 6. Cross-correlation analysis of spindle afferent spike 
trains from active triceps-surae muscles of the cat. 
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of skeletomotor activity. Windhorst (1977b:66) suggested that the syn

chrony in neighboring spindles arises from activity in select motor 

units whose "combined actions" (my quotation marks) influence the syn

chronized spindles. In addition, there is a possibility of shared fusi-

motor input, as suggested by the anatomical studies of Adal and Barker 

(1965). 

Windhorst and Meyer-Lohmann (1977) subsequently used similarly 

prepared decerebrate cats to test for the effect of skeletomotor muscle 

activity upon discharge patterns of la afferents and muscle tension 

fluctuations of the triceps surae muscles. The tension fluctuations 

were averaged backwards and forward in time in reference to spikes from 

la afferents. This STA procedure revealed "tension trajectories" of 

almost unique profile for each single spindle. These profiles were 

interpreted to indicate frequently recurring mechanical events in each 

spindle's immediate surroundings (Fig. 7). Again, spindles situated in 

close vicinity had relatively similar tension trajectories and the la 

discharge patterns of such neighboring spindles were correlated to a 

degree that was thought dependent on the "strength of their mechanical 

coupling". 

Windhorst's (1977b) and Windhorst and Meyer-Lohmann's (1977) 

findings are not necessarily in agreement with data provided by Inbar et 

al. (1979). Recall, however, that in the latter work there was no 

skeletomotor activity in the test muscle (see Fig. 4 above). It is also 

necessary to recall the earlier work of Matthews and Stein (1969b) who 

showed that the regularity of single spindle la and group II afferent 

discharges is disrupted in the decerebrate preparation by fusimotor 



Figure 7. Averaged tension profiles triggered from spindle afferent 
spike trains in active triceps-surae muscles of the cat. 

The upper two parts of the Figure are modified from Figure 1 
in Windhorst and Meyer-Lohmann 1977:133). It shows tension 
"trajectories", "which are average tension changes of the 
triceps-surae muscle linked to spikes in discharge patterns 
of 4 primary endings (columns labelled A through D) for 4 
static muscle lengths (rows,0-3inm). Anemic plus 
intercollicular decerebration plus anterior cerebellectomy. 
Part of SI dorsal root severed: reflex loop otherwise 
intact. Spindles A, B and C situated in the MG muscle in 
the proximo-medial part, C more distally, more laterally and 
deeper): spindle D situated in the LG muscle. Average of 
500 analysis periods (sweeps). The top traces were obtained 
at 2' mm muscle extension." The lowest part of the Figure is 
modified from Figure 2 in Windhorst and Meyer-Lohmann 
(1977:134). It shows "cross-correlograms for spindles A and 
B (left column) and A and C (right column) of Figure 1 (i.e. 
upper two parts of present Figure) for 4 static muscle 
lengths (rows: 0-3 mm). The correlations were computed 
simultaneously with the spike train of spindle A as the 
reference train (symbolized by the direction of the arrow 
between spindle symbols). 500 analysis periods evaluated." 
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activity and. to somewhat lesser extent by motor unit activity. Matthews 

and Stein (1969b:73) thought that "though tonic contraction may well 

increase the variability of the discharge, any effect seems to be sub

merged in the already large effects of fusimotor drive on the endings" 

(that is, to increase their variability); but this may not be so in 

natural contractions, at least in man (Burke, Skuse and Stuart 1979). 

Further complicating the nature of spindle afferent and motor 

unit synchronization in an active muscle, is the possibility that if two 

muscle spindles are within the receptive field of a single motor unit, 

then the unit's contraction should entrain the discharge of the two 

spindles' afferents irrespective of any activation from other units. A 

theoretical basis for this viewpoint may be found in the work of Perkel 

et al. (1967) but to date this possibility has not been tested in motor 

unit studies using the active muscles of either experimental animals or 

human subjects. The closest experimental approach to this problem is 

described in a recent abstract by Schwestka, Windhorst and Schaumberg 

(1979). They studied the separate and combined action of three motor 

units on three simultaneously recorded spindle afferents in the 

otherwise passive cat semitendinosus muscle. They reported (1979:R36) 

that "...The convergent influence of several motor units on one spindle 

reduces the ability of the latter to precisely monitor the activity of a 

single motor iinit. This loss of information might be partially 

compensated for by correlations between discharge patterns of several 

muscle spindles evoked by divergent influences from a motor unit." 

Unfortunately, no data was presented by Windhorst (1977b), 

Windhorst and Meyer-Lohmann (1977), Matthews and Stein (1969b) and 



Schwestka eC al. (1979) on the extent to which motor unit synchroniza

tion was observed in their preparations. This issue must remain an open 

question. It led to the fourth aim of this study which was to explore 

the feasability of applying the SI test to active muscle preparations. 

Rationale for the Present Study 

From the above, it is clear that there is need for a simple-

technique that tests for synchrony between afferent and between efferent 

spike trains in studies on the segmental motor control system. "Sim

plicity" is stressed because such a control is required in technically 

demanding experimental situations such as in intracellular (IC) 

recording using STA and studies in which spindle afferent and motor unit 

EMG spike trains are recorded simultaneously during spontaneous muscle 

contractions of unanesthetized decerebrate cats. Under such conditions, 

it would be unusually demanding to use the well-established cross-

correlation (PPSTH) test for synchrony between motor unit EMG (Person 

and Kudina 1968) or afferent (Inbar et al. 1979) spike trains. It 

requires simultaneous recording of two or more spike trains from the 

same afferent or efferent species. This requirement would distract from 

the main and most technically difficult aspects of an IC-STA experi

ment. Similarly, it would be particularly difficult to record simul

taneously from two or mora spindle afferent spike trains and two or more 

motor unit EMG spike trains for PPSTH tests of synchrony during spon

taneous muscle contractions of unanesthetized cats. If, in addition, 

the experimental situation called for simultaneous measurement of 

in-continuity afferent and motor unit EMG spike trains under "closed-
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loop" conditions (e.g. Cameron 1979; see his Appendix B), then the need 

for a "simple" synchrony test would become even more pressing. 

To address these various issues, this study required the modifi

cation of a technique developed by Milner-Brown et al. (1973) to assess 

synchrony between motor unit EMG spike trains. Their technique involves 

simultaneous measurement of but a single motor unit EMG and a surfaca-

-recorded EMG. The modification involves substitution of a multi-unit 

in-continuity MN recording for the surface EMG recording. In experi

ments on acutely-prepared animals, this substitution was considered to 

have several advantages. First, the extreme simplicity of the 

multi-unit muscle nerve recording allows greater attention to more 

demanding measurements being made simultaneously. Second, this 

technique has potentially greater sensitivity than the original EMG test 

in that all the "active" motor and sensory axons contribute to the 

multi-unit nerve recording whereas the surface EMG recording is limited 

to thfl action potential currents of relatively adjacent skeletomotor 

fibers. Third, the new technique has greater versatility than the 

original test since recording an afferent spike train concomitantly with 

the EMG spike train makes it possible to detect synchrony between both 

afferent and efferent EMG spike trains for the same recording epoch. 

While these advantages appeared self-obvious the main problem 

was to determine how sensitive the present test of synchrony could be. 

This problem was approached by use of both electronic simulation tests 

and acutely prepared animal experiments and by comparing use of the 

present test to the well-established PPSTH test. Additionally, the 



present SI was applied to two experimental situations in which it is 

difficult to apply the PPSTH test with full effectiveness. 

It was also hoped to focus the attention of investigators using 

cross-correlation procedures on the need to be more concerned with syn

chrony controls such that the term "reference event" is never applied 

in those instances in which the trigger signal is not indeed a temporal

ly unique one, uncontaminated by other signals in synchrony with it. 

The experiments reported in this study involved the development 

of electronic simulation and rectifier circuits and standard but exact

ing electrophysiological procedures which were combined with a variety 

of on-line signal averaging and off-line computer processing techniques. 



CHAPTER 2 

THE DEVELOPMENT OF M INDEX THAT TESTS 
FOR SYNCHRONOUS ACTIVITY BETWEEN NEURONAL SIGNALS 

Introduction 

Studies that employ spike-triggered averaging (STA) and other 

forms of cross-correlation to attribute CNS, reflex, or direct motor 

effects to the impulses of a single (reference) neuronal spike train, 

require a control that tests for synchrony between the reference and 

other spike trains. Without such a control, the possibility cannot be 

excluded that the observed effects are due to spike trains other than 

the reference train. 

A well-established cross-correlation procedure is available that 

tests for synchrony on the basis of a pre- and post-stimulus time histo

gram (PPSTH) computed between two simultaneously recorded spike trains. 

This specific test or one of its analogs has been used to analyze both 

motor unit (Person and Kudina 1968; Dietz, Bischofberger, Wita and 

Freund 1976) and spindle afferent (Windhorst 1977a, 1977b; Windhorst and 

Meyer-Lohmann 1977; Inbar, Madrid and Rudomin 1979) synchronization. 

However, it is not always possible to use this approach in STA studies, 

particularly when the technical constraints of the experimental situa

tion preclude simultaneous measurements of a representative number of 

spike trains. 

With this problem in mind, a test for motor unit synchronization 

in an active human muscle has recently been developed by Milner-Brown, 
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stein and Yenm (1973). Synchronization was quantitated on the basis of 

a comparison of rectified and AC-coupled averages of surface electro

myographic (EMG) activity triggered by a single motor unit's EMG spike 

train. This report describes the development of a synchronization index 

(SI). It is based on applying the technique of Milner-Brown et al. 

(1973) to muscle nerve (MN) signals rather than to EMG waveforms. The 

SI is a sensitive test for synchrony between afferent spike trains as 

described in the present study and Chapters 3 and 4. In addition, it 

can detect synchrony between motor unit discharges as described in 

Chapter 4.. 

The utility of the SI was evaluated in biological and simulated 

applications. In addition, comparison was made of the extent of spindle 

afferent synchrony revealed by the SI and PPSTH tests when a passive 

muscle was subjected to brief stretches of progressively increasing 

amplitude CLundberg and Winsbury 1960; Stuart, Mosher, Gerlach and 

Reinking 1970; Lucas and Willis 1974). 

Taken together, these various approaches revealed that the SI is 

a sensitive test of neuronal synchrony provided certain clear-cut and 

predictable boundary conditions are taken into account. 

Preliminary accounts of this work have been presented (Roscoe, 

Botterman, Cameron, Reinking and Stuart 1979; Roscoe, Botterman, 

Reinking and Stuart 1980). Other features include two technical devel

opments (Chapters 5 and 6) and use of the SI in two applications of 

relevance to studies on segmental motor control (Chapters 3 and 4). 
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Methods 

The present report required analysis of electronically simulated 

neuronal signals and afferent signals from a passive (i.e. electrically 

silent) muscle in deeply anesthetized cats. The simulation circuit is 

described in Chapter 5. The surgical and bioelectric recording tech

niques are described in detail in previous reports from this laboratory 

(Stuart, Mosher, Gerlach and Reinking 1970, 1972; Reinking and Stuart 

1974; Binder, Kroin, Moore, Stauffer and Stuart 1976; McDonagh 1979; 

Cameron 1979). 

Spike-triggered Averaging (STA) 

Figure 8 shows the configuration of inputs to the signal aver

ager used for the present experiments. 

The trigger signal for the averager came from one of three 

sources: 1) an electronic pulse (simulation experiments) applied 

directly to the signal averager; 2) a unitary afferent spike train from 

the medial gastrocnemius (MG) muscle that was obtained from either a DRF 

or the Sj^ DRG in a deeply anesthetized cat and subsequently passed 

through an amplitude discriminator that generated the final trigger 

pulses to the signal averager; or 3) a random trigger source generated 

either by a trigger decorrelating circuit or by the signal averager 

itself when set for auto-recurrent triggering. 

The signal input to the averager was either a simulated MN 

signal or a recording from the nerve to MG referred to adjacent 

dennervated musculature. Before reaching the averager, the MN signal 



Figure 8. Experimental arrangement for determination of the 
synchronization index. 

The components of this Figure are presented in alphabetical 
order. Active Filter — adjustable band-pass filter with 
high and low 24 dB/dec roll-offs, bandwidth 100 lOKHz for 
passive muscle preparations; 300 - 10 KHz for active muscle 
preparations. AMP3 1" and 2 —' variable high-gain, AC-coupled 
differential amplifiers (10 - 10 KHz). AMP 3 — variable 
high-gain AC-coupled differential amplifier (500' or 1" KHz -
10 KHz), low frequency cut-off selected to optimize unitary 
EMG recording. AMPs 4 and 5 — DC-coupled amplifiers 
designed to interface with length and tension transducers. 
AMP 6 —variable high-gain sample and hold amplifier. 
Analog Delay — variable analog delay line with unity gain (4 
- 10 KHz at - 3 dB). DRF, ORG —' afferent spike train 
recorded from either a cut dorsal root filament or an intact 
dorsal root ganglion cell. Full-wave Rectifier —'precision, 
high slew rate full-wave rectifier (DC - 20 KHz at - 3 dB). 
Ly/^l — spinal cord levels for innervation of the test 
muscle. ^ — length transducer. ^ — cat medial 
gastrocnemius muscle. ^ multi-unit recording from either 
the whole nerve to MG, or from one of its branches. Random 
Trigger — output pulse generated randomly within a 10 ms 
window following the trigger input pulse. Signal Averager — 
input analog-to-digital converter resolution 9-bLts, 1024 
digitizing points, minimum dwell time 20 us per point, 
maximum vertical memory count 132,000 per address. TO — 
tension transducer. Vibrator — a servo-regulated 
electromagnetic muscle puller (Reinking and Stuart 1974) that 
delivers sinusoidal or triangular stretches of 1 to 200 um 
amplitude. TO — voltage window discriminator. For further 
details, see text. 
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input was passed through a variable analog delay line (ReCicon SAD 

1024A). 

In addition to the delay line, provisions were made to either 

AC-couple or full-wave rectify (Chapter 6) the input signal before it 

entered the signal averager. 

Development of the Synchronization Index (Sl) 

Three averages are required to formulate an afferent SI. These 

include; 1) an AC-coupled MN average (Al) triggered from a unitary 

afferent spike train; 2) a rectified MN average CA2) triggered from the 

same spike train; and 3) a rectified MN signal average (A3) triggered 

randomly. Three such averages are shown in Figure 9. The time tj^ -

ZQ is the averaging interval over which Al, A2 and A3 were accumu

lated. It is carried as a subscript on the SI (SI ). The 
r 0 

boundaries of the unitary event in Al are defined by t^ and t^. 

After each average was accumulated by the signal averager, its 

digitized waveform was transferred into a small laboratory computer for 

all subsequent calculations. 

Figure 9 also shows the steps required to calculate a SI from 

the Al, A2 and A3 averages. 

Step 1, the mean rectified level of the randomly triggered 

average A3 (designated as A3) is determined; 



Figure 9. Measurements required for determination of the 
synchronization index. 

A shows a rectified MN average ("A2, 1024 sweeps) triggered 
from a spindle la afferent spike train. ^ — mean rectified 
random average of the same MN signal, triggered randomly. 
Component 1 — decorrelated activity above Component 2 
— correlated activity above ^ — differential area 
between ̂  and ̂  _tQ and — temporal limits of 
the averaging period. B shows an AC-coupled MN average (A1) 
with -the same trigger and MN signal as in A. ^ — area of 
the Al average between the limits £2 £3* this and 
subsequent figures, negative voltages are below the zero 
voltage axis. Note that in this and subsequent figures no 
voltage calibration is required for the AC-coupled and 
rectified averages used in SI computations (see Methods). 
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Figure 9. Measurements required for determination of the 
synchronization index. 
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(1) 

where n equals the total nxmber of digitized points in A3(t) and 

A3(t^) is the value of A3(t) at the digitized point k. 

A3 represents the mean rectified level of all neuronal activity 

in the muscle nerve. Because the average is accumulated randomly, it 

also serves as a reference level for decorrelated or asynchronous 

activity. 

Step 2, the portion of A2 that exceeds A3 is integrated. The 

resulting area is noted as SR and can be expressed by: 

SR = (A2Ct) - A 3 )  d t  ( 2 )  

t, 
0 

for A2(t) ̂  A3. 
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SR contains information on the random fluctuations of A2 that 

exceed A3 and that portion of'A2 that is significantly greater than A3. 

This latter component of SR is the correlated activity of A2. It 

contains the contribution of the reference event and any other event 

synchronized to it. 

Step 3, the absolute value of Al for the interval 

integrated. The resulting area AA consists of: 

*̂ 3 

j  lAl(t]  AA = \ iAW.)| it. 

^2 

The sensitivity of the SI is dependent, in part, on the number 

of sweeps (n) used to compile the A1-A3 averages. Obviously, the higher 

the value for n, then the greater the resolving power of the index. 

However, two practical considerations set a limit on n. First, the 

nature and strategy of biological experiments limit the duration of any 

recording epoch. Second, even if n were infinite, data accumulation 

would over-fill the signal averager's memory. In the present study n 

ranged from 1024 to 2048 sweeps in biological experiments. In 

simulation experiments, n was set at 2048 sweeps. This number took 

advantage of the full memory capacity of the averager. 

Finally, the SI is determined by the ratio SR/AA. It is written 

as: 
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! 
tr  

(A2(t) - A3) dt 

SI = 

t3 (4) 

J |Al(t)| dt 

Out of over 70 Al averages obtained for SI computations, only 

one was discarded due to an atypical reference event waveform. 

No absolute voltage calibration is required for the Al, A2 and 

A3 averages (determined at a fixed MN signal amplifier gain) because the 

SI is computed by the ratio expressed in Equation 4. 

A Cross-correlation Test for Neuronal Synchronization 

The technique for obtaining a PPSTH between two simultaneously 

recorded spike trains is described in detail by Perkel, Gerstein and 

Moore (1967). In the present study, PPSTHs were computed between 

simultaneously recorded spindle afferent spike trains while the passive 

MG muscle was either at a fixed length or subjected to brief (5 ms) 

triangular wave stretches of variable amplitude (1-100 um). 

Correlograms were also obtained between the trigger signal that 

initiated a brief stretch of the test muscle and single afferent spike 

trains. These correlograms indicated the threshold at which a 

particular afferent became synchronized to the rising phase of the 

stretch and the degree of this synchronization. 
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At each stretch amplitude, 1024 consecutive stretches were 

evoked at random intervals (mean inter-stretch interval was 32 ms; range 

27 to 37 ms). Use of random stretches avoided difficulties associated 

with the analysis of two simultaneously recorded afferent spike trains 

which are themselves periodic (Matthews and Stein 1969b). The random 

stretch train avoided spurious correlations between such trains by its 

tendency to arrive at random with respect to on-going activity of both 

afferents (Binder et al. 1976). 

The spike train data were processed by a signal averager 

operating in a histogram mode. 

Signal-to-noise Ratio Calculation 

The signal-to-noise CS/N) ratio of each unitary event was 

obtained from the AC-coupled MN average of Al. To secure an accurate 

estimate of the reference event's peak-to-peak amplitude, a final S/N 

ratio after n averages should approach 10 (for a complete review of the 

statistical aspects of signal averaging see Glaser and Ruchkin 1976). 

Additionally, when comparing S/N ratios between reference events, a 

relatively consistent final S/N ratio should be achieved. The initial 

S/N ratio before averaging was obtained by dividing the final S/N ratio 

by the square root of n CFig. 10). 

Results 

The present assessment of the sensitivity, boundary conditions, 

and practicality of the SI, involved consideration of: 1) the S/N ratio 

of the reference and other spike trains contributing to the MN signal; 

2) the detectable degree of synchronization (variance band) between the 
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i— ^ / A -4 r 

1 ms 
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S/N = îr2ZZ. (peak-to-peak values) /s 

VfT 

Figure 10. Calculation of the signal-to-noise CS/N) ratio of an 
afferent's action potential. 

A shows a typical AC-coupled MN average (Al, 1024 sweeps). 
The averaging interval is subdivided into eight intervals 
from which peak-to-peak values (arrows) of the ̂  waveform, 
before and after the reference event, are recorded. 
Peak-to-peak amplitude of reference event measured between 
points _1 and ^ shows calculation of the S/N ratio from 
the data obtained in A. — peak-to-peak amplitude of 
reference event, n — number of sweeps required for Al 
average. 
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reference and a synchronized non-reference event; and 3) the relative 

efficacy of the SI and PPSTH assessment of synchrony. 

Signal/Noise Considerations 

"Noise" in the present context has four components; 1) the 

theoretical minimum noise of the recording system (i.e. the Johnson 

- "23 -
noise level, N, expressed by N = y^kTRB, where K= 1.38 xlO , T = 

temperature (°K), R = resistance, B = amplifier's bandwidth); 

2) electronic noise generated by switching transients within the 

recording equipment; 3) 60 Hz interference and its harmonics; and 4) the 

discharge of unitary events comprising the multi-unit MN signal. Of 

these, item four is the major determinant of the sensitivity and bound

ary conditions for use of the SI. Two of its aspects require particular 

consideration. First, there is a broad range in the amplitude of 

extracellularly recorded action potentials (EAPS) that make up each 

single spike train that contribute to the MN signal. As a result, it 

becomes necessary to deliniate the boundary conditions for the 

percentage and nature of the afferent population that are both included 

and excluded in any given SI test. 

The second, and interlocking consideration is that the number of 

these spike trains and their individual firing rates vary as a function 

of the length-tension status and activity level of the muscle. These 

parameters change the noise level (N) from which individual signals must 

be extracted. 

The above issues indicate the need to delineate the minimum S/N 

ratios that are acceptable for the reference event and for that com
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ponent of the afferent population tested by the SI for synchrony with 

the reference event. 

Action Potential Amplitudes. It is generally accepted that the 

fastest conducting spindle la and tendon organ lb afferents in cat hind-

limb muscles have a conduction velocity (CV) of 120 m/s, while the slow

est conducting spindle group H axons have a CV of 24 m/s (Matthews 

1972). However, values slightly beyond these extremes have been 

reported (see, for example, Fig. 2 in Stuart et al. 1970). It is also 

well-established experimentally that the amplitude of a single axon's 

EAP is related to the axon's CV (Erlanger and Gasser 1937). This 

relationship is difficult to demonstrate in the "active" nerve because 

it depends, in part, on the recording configuration for the EAP 

measurement and on the number and activity level of axons in the section 

of nerve from which the single EAP waveform is to be extracted (Pearson, 

Stein and Malhatra 1970; Stein and Pearson 1971; Stein, Nichols, 

Jhamandas, Davis and Charles 1977). 

Under some recording conditions, EAP varies as the square of 

CV. This relationship has been shown for bipolar recordings of unitary 

EAPs taken from the central ends of small groups of cut ventral root 

filaments (Clamann and Henneman 1976) and for monopolar and bipolar 

recordings from within a sealed nerve cuff around the peripheral nerves 

of select cat hindlimb muscles with only one axon active during the 

recording period CStein et al. 1977). 

In the present study, it was necessary to determine EAP-CV 

relationships under the recording conditions (Fig. 8) used to formulate 

the SI. In this particular experimental arrangement, (a monopolar 



electrode in contact with the muscle nerve in a restricted extracellular 

space) it was predicted from work on unmyelinated nerves (Stein and 

Pearson 1971), that each EAP should be proportional to the three halves 

power of its axon's CV. To confirm this point, pairs of afferent spike 

trains from the same DRF were recorded simultaneously. AC-coupled MN 

averages of the EAP were then obtained for each of the afferent spike 

trains. The advantage of this recording paradigm is that the relative 

EAP and CV values could be compared, thus eliminating gain and 

calibration errors. 

Eleven afferent pairs from the MG muscle in three cats were 

tested. Figure 11 shows the ratio of paired peak-to-peak EAP values 

(EAP/EAP) versus the corresponding ratio of CV values raised to the 

3/2 
three halves power, (CV/CV) . The line of regression (r = 0.99) 

determined by least squares of the experimental data, had a slope of 

2/3 
0.97. These data confirm the EAP proportional to CV relationship 

(slope of 1.0) predicted from the work of Stein and Pearson (1971). 

Amplitude of the Muscle Nerve Signal. For passive muscle 

applications, the level of MN activity is set largely by that of the la, 

spindle group II and lb afferents, which dominate the muscle's total 

myelinated population(for review see Boyd and Davey 1968). These 

afferents are progressively recruited into activity as muscle length is 

increased. Most probably, applications of the SI would involve a muscle 

length setting (Lo) that is associated with the maximum whole muscle 

twitch. At Lo, virtually all of the la and spindle group II (Botterman 

1977) and 25-50% of the lb axons (Reinking, Stephens and Stuart 1975) in 

the nerve to MG are active in the passive muscle. Figure 12A shows that 
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EAP 
EAP 

m = 0.97 

r =0.99 {P< 0.001) 

10 

Figure 11. Relationship between action potential amplitude and axonal 
conduction velocity. 

EAP —• peak-to-peak value of an extracellularly recorded 
action potential, obtained by dividing the AC-coupled MN 
average of the action potential by square root of number of 
sweeps required for average. CV — axonal conduction 
velocity. Each data point represents a pair of afferents 
whose spike trains were recorded simultaneously from same DRF. 
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Figure 12. Muscle nerve averages during passive and active states of the 
cat medial gastrocnemius muscle. 

A shows and ̂  MN averages (2048 sweeps) of a MG la 
afferent recorded when MG was passive and held first at Lo 
Q) and then at Lo + 2 mm C2). The rise in ̂  represents 
increased activity in the MN signal. B shows ^ and ̂  
MN averages of a tendon organ lb afferent, first during low 
levels of force generation in the active MG muscle (^) and 
then during epochs in which active force fluctuations were 
approximately 500 g. 



the background activity in the nerve to MG does indeed increase somewhat 

between Lo and Lo+2 mm but not enough to preclude effective use of the 

SI. This suggests that at least in many passive muscle applications, 

increased MN noise due to small lengthening increments would only 

slightly decrease the S/N ratio of the afferents being studied. 

In the active muscle, the level of MN activity is set, in 

addition, by the number and firing rate of "active" motor axons. Again, 

most conceivable applications of the SI involve the same Lo but with 

active muscle force varying from 10 - 20g to 5kg. The upper value 

corresponds to about 25 - 50% of the maximal force obtainable from the 

adult cat MG muscle (Reinking, Stephens and Stuart 1975; Walmsley, 

Hodgson and Burke 1978). There are no data on the activity level of the 

MG muscle nerve during periods of such large active force development. 

Figure 12B shows background activity of this nerve for an unanesthetized 

decerebrate cat in which MG length was set at Lo and the averaged level 

of "spontaneous" active force development was 760 g. These conditions 

are similar to those in some recent reports in which synchrony was an 

issue (Binder, Rosenberg, McWilliams and Moore 1974; Windhorst 1977a, 

1977b; Windhorst and Meyer-Lohmann 1977; Cameron 1979). Figure 12B 

shows that under these quite select conditions, the background activity 

in the MN recording again does not preclude effective use of the SI. In 

the following section, the conditions that do preclude the use of the SI 

are discussed. 

Simulation of the S/N Ratio of the Reference Event. In one 

experiment, the simulated MN signal was electronically mixed with a 

simulated reference event. The S/N ratio of the reference event in this 



composite signal was varied from 0.6 to 0.1. For each of these S/N 

ratios, an AC-coupled (Al), full-wave rectified (A2), and randomly 

triggered (A3) average were obtained. Figure 13B shows that S/N ratios 

>0.2 presented no difficulty for accumulating an A2 average which had 

a significant contribution from the reference event. However, at a S/H 

ratio of 0.1, there were only random fluctuations of A2 about A3 (Fig. 

13A). Thus, for a "practical" number of sweeps (see Methods), an 

important boundary condition for the SI is that the reference event must 

have a S/N ratio > 0.2. In work to follow elsewhere, these emperical 

findings will be related to a statistical model of averaging rectified 

signals. 

There is a direct relationship between the S/N ratio of the 

simulated reference event and the SI which is attributable to the 

diminished rise of correlated activity above A3 (i.e. component 2 in 

Fig. 9) and to increased decorrelated activity around A3 (i.e. component 

1 in Fig. 9) with decreasing S/N ratios. As a result, SI values must be 

computed for different S/N ratios of the reference event during 

asynchronous background activity. Figure 14 shows a plot of the SI 

versus the S/N ratio of a simulated reference event mixed with asynchro

nous activity. This plot indicates boundary SI values above which (two 

standard errors above the line of regression in'the case of biological 

data shown in Fig. 20, p. 58) it would be legitimate to claim the 

presence of synchronous activity. Notice in Figure 14 that S/N ratios 

between 0.4 and 1.0 yield relatively similar Sis. In subsequent 

simulations, reference events were selected in this range when studying 

the effects of other parameters on the SI. 
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Figure 13. Effects of the S/N ratio of the reference event on the 
rectified muscle nerve average. 

A simulated biphasic reference event, electronically mixed 
with psuedo-random noise (bandwidth 1-8 KHz), served as the 
input to a signal averager, triggered in this and subsequent 
simulations by an electronic pulse that preceeded the 
constant-amplitude reference event by 5 ms. and A3 
averages C2048 sweeps) shown in A, B, C and D for 
progressively increasing S/N ratios of reference event, 
accomplished in this and subsequent analysis by progressively 
increasing noise level. 
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Figure 14. Relationship between the synchronization index and the S/N 
ratio of a simulated reference event. 

Sim — synchronization index (10 msj 2048 sweeps). S/N — 
signal-to-noise ratio of the reference event. Vertical bars 
in this and subsequent simulations represent + one standard 
deviation (S.D.) for mean Sim value CN = 3). 
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Simulation of the S/N Ratio of a Non-reference Event. Shown in 

Figure 15 is a plot of the relationship between the SI and the S/N ratio 

of a simulated synchronized non-reference event. For this simulation, 

the S/N ratio of the reference event was set at 0.9. A 1 ms variance 

band (see Chapter 5 for details on the distribution of the non-reference 

event within the variance band) was selected for the non-reference event 

such as to minimize nonstationary effects on signal averaging (see 

below). As the S/N ratio of the non-reference event decreases, the SI 

reduces to a value commensurate with asynchronous background activity. 

However, provided the S/N ratio of the non-reference event is >0.2, its 

synchronization to the reference event was detectable by the SI. 

Figure 15 also implies that the absolute amplitude of the SI 

gives no information on the exact number of unitary events synchronized 

to the reference event. Since a single synchronized event's contribu

tion to the SI is dependent on its S/N ratio, a combination of two 

events with low S/N ratios could produce the same SI as obtained by a 

single event with a large S/N ratio. 

In any given biological application, it should be possible to 

undertake control experiments that reveal the range of S/N ratios to be 

anticipated in the MN recording. For example, data from this laboratory 

(Figure 26 in Chapter 3) on the S/N ratios of a sample of 24 la and lb 

afferents (CV = 74 to 93 m/sec) and 24 spindle group II afferents (CV = 

21 to 70 m/sec) show a S/N range of 0.29 to 0.88 for la afferents and 

0.09 to 0.61 for spindle group II afferents in the passive cat MG muscle. 

Extent of the Sampled Afferent Population. It is possible to 

calculate the representativeness of the non-reference spike train 
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Figure 15. Relationship between the synchronization index and the S/N 
ratio of a synchronized non-reference event. 

SI^o — synchronization index ClO ms, 2048 sweeps). S/N — 
signal-to-noise ratio of the non-reference event, set in this 
and subsequent analysis by changing the peak-to-peak 
amplitude of the non-reference event with asynchronous 
background noise level held constant. Horizontal broken line 
represents the Sim CO.53) when only the reference event 
(S/N ratio 0.9) was present in the MN signal. 



population sampled in any single SI computation, provided the CV and S/N 

ratio of the reference event have been determined. For example, in the 

present recording configuration (Fig. 8), if the reference event is a la 

spindle afferent with a CV of 80 m/s and an S/W ratio of 0.6 in the MN 

signal from the passive MG muscle, it is then possible to calculate the 

CV of the smallest and slowest conducting afferent detectable by the 

SI. Other boundary conditions involve each of the tested, non-reference 

population having a S/N ratio > 0.2 and being synchronized to the 

reference event within a 1 ms variance band (this latter variable is 

treated separately below). 

A calculation is not required to determine the largest and 

fastest conducting afferent sampled in a SI. All non-reference 

events with a CV greater than that of the reference event are 

automatically sampled (within the same 1 ms variance band) 

because their S/M" ratios will generally exceed that of the 

reference event. 

Recall that the present recording configuration for the MN 

signal results in each axon's EA? being approximately proportional to 

its CV raised to the three halves power (i.e. AP « CV^''^). It can 

then be stated that: 

C5) 



where Sr/N is the S/N ratio for the reference event with its cor

responding CVr and Sm/N the minimtnn S/N"ratio (0.2 for most practical 

applications) with its corresponding CVm. Substituting into equation 

(5) the variables for this example yields: 

Solving for CVm one obtains a C7 of 39 m/s. Therefore, under the 

experimental conditions and variance band constraints of this par

ticular example, the SI evaluated the extent to which the reference 

event was synchronized to spike trains from the entire Fa and lb 

population (with CVs ranging from approximately 60 to 120 m/s) and the 

component of the spindle group II population C20-72 m/s) with a CV >39 

m/ s. 

The utility of the type of calculation is further emphasized in 

Table 1. For the same test muscle and recording situation, it shows the 

relationship between the S/N ratio and CV of the reference 

event and the minimum CV tested by the SI from among those spike trains 

of the non-reference population that have a S/N ratio > 0.2 and the 

possibility of being synchronized to the reference event within a 1 ms 

variance band. Similar tables can be constructed for broader variance 

bands and other recording situations. 
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Table 1. Computed values of minimum conduction velocities of 
non-reference events sampled by the synchronization index. 

Conduction Velocity 
of Reference Event 
(m/s) 

S/N^ 0.2 

Minimxm Conduction Velocity of 
Tested Non-reference Event^ 

0.3 0.4 0..5 0.6 

120 120 120 80 80 60 

80 80 80 60 60 40 

60 60 60 40 40 40 

40 40 40 40 40 20 

20 20 20 20 20 20 

^S/N" is the signal-to-noise ratio of the reference event in the 
muscle nerve signal. 

Assuming that the non-reference event is synchronized to the 
reference within a 1 ms variance band. 
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Variance Band Considerations 

A major limitation of the SI is that it can only detect syn

chrony between the reference and non-reference events when the individ

ual SAP's of the non-reference spike trainCs) occur within a few ms of 

the individual EAP's of the reference spike train. This variance band 

constraint is attributable to interlocking limitations associated with 

averaging rectified signals and averaging a signal that is not rigidly 

time-locked (nonstationary) with respect to the reference event. 

In AC-coupled averaging, the S/N ratio of a stationary signal is 

improved as the square root of n (Glaser and Ruchkin 1976). Figure 16A 

shows a series of accumulative averages that reveal the S/N ratio im

provement of such a signal that had an initial S/N ratio of 0.47 (n = 1) 

and a final S/N ratio of 7.52 at n = 256 (i.e. ̂ 256 x .47 = 7.52). This 

result is based on the theory that for successive sweeps of the 

averager, the signal of interest is summed linearly and the noise is 

progressively reduced by the n due to its random polyphasic nature. In 

the case of a full-wave rectified average (Fig. I6B), the signal still 

sums linearly, but now the noise accumulates. As a result the rate of 

signal summation for a small S/N ratio will only match that of the 

noise. This situation results in the signal becoming undetectable in 

the final average (as, for example, in Fig. 13A). Figure 16 provides a 

comparison of the resolution of a stationary signal by an AC-coupled (A) 

and a rectified (B) average. 

Limited Resolution of a Nonstationary Signal. If a signal is 

nonstationary with respect to the trigger required for its average, then 

for each sweep of the averager, the signal will be shifted in time and 
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Figure 16. Cumulative S/N" ratio improvement. 

A shows a series of AC-coupled simulated MN averages in which 
the S/IT ratio o£ the reference event was held constant 
(0.47). B shows same simulated input signal, full-wave 
rectified before entering averager, n — number of sweeps 
required for each average. Reference event clearly 
distinguishable in A after 32 sweeps. In contrast, for same 
number of sweeps in B, noise and reference event have summed 
equally with no S/N improvement. Comparable improvement not 
achieved until an n of 256. 



52 

an incomplete summation will occur in both AC—coupled and rectified 

averages. As a result, the S/N ratio improvement o£ the nonstationary 

signal is greatly impaired. Furthermore, such improvement is only 

evident in the rectified average. In a AC-coupled average, the non-

stationary signal is eventually cancelled. 

This point is demonstrated in a simulation experiment summarized 

in Figure 17. A "MN" signal was produced that contained a reference 

event, a second event synchronized to the reference and asynchronous 

noise. In one case (Fig. 17A), the S/N ratio for both the reference and 

the synchronized event were set at 0.56. The degree of synchronization 

was varied by changing the width of a variance band within which the 

second event was allowed to occur. It can be seen that as the variance 

of the second event increased with respect to the reference, the SI 

decreased toward a value commensurate with asynchronous background 

activity. Also demonstrated in Figure 17B and C is that the variance 

band restriction increases as the S/N ratio of the non-reference event 

decreases. 

In any given biological application, it would be essential to 

have on hand the information contained in Table 1 and be aware of the 

relationships expressed in Figures 15 and 17. They provide control data 

that set the boundary conditions for use of the SI as a test for 

neuronal synchrony. 

Comparison of the Synchronization Index and 
Cross-correlation Tests of Neuronal Synchrony 

When a passive muscle is maintained at an Lo setting associated 

with moderate tension, small brief stretches of progressively increasing 



53 

SI TO 

B 

0.7 

0.6 

0.5 

0.4 

S/N,,,=0.44 

SI lO 

0.6 

a s  

0.4 »-

L. 

S/M,,,=0.22 

« « ' J—1 

0 2 4 6 8 

Variance Band (ms) 

Figure 17. Relationship between the synchronization index and the degree 
of synchronization between the reference and a non-reference 
event. 

Sim — synchronization index ClO ms, 2048). S/Nfjiip i — 
S/N ratio of the non-reference event. VARIANCE BAND — 
duration of variable time window placed symmetically around 
reference event (S/N ratio, 0.66). Non-reference event 
occurred randomly only once within this band for each 
occurrence of reference event. Horizontal bars represent the 
mean (+ S.D.) SIin when non-reference event was excluded 
from averages. 



amplitude recruit a progressively greater number of the muscle's la, lb 

and spindle group II population into a volley (Lundberg and Winsburg 

1960; Stuart, Mosher, Gerlach and Reinking 1970; Stuart, Willis and 

Reinking 1971; Lucas and Willis 1974). This volley is superimposed on 

the supposedly asynchronous MN activity attributable to those of the 

afferents firing in response to static stretch at Lo. It becomes pro

gressively more synchronized (i.e. sharper peaked; see Fig. 6 in Stuart 

et al. 1970) as stretch amplitude is increased. 

In the passive cat MG muscle held at a Lo yielding 100 g of pas

sive tension, Lucas and Willis (1974) have shown that a 10 ;um stretch 

(8.3 ms duration, 4.3 ms rise time) activates but a few of the la af

ferents. In their sample, a 20 ;im stretch activated about half of the 

la afferent population while a 100 stretch activated 97% of the la, 

6% of the lb, and 5% of the spindle group II population (for full 

details see Fig. 2 in Lucas and Willis 1974). 

Figures 18 and 19 summarize an experiment in which this brief 

stretch technique was used to compare the relation efficacy of the PPSTH 

and SI as a test of synchrony. The test muscle, its Lo and initial 

tension were as in the Lucas and Willis experiment, but the stretch was 

of slightly briefer duration (5 ms) and rise time C2 ms). 

Stretch threshold was >• 1 < 2 ym for the A unit and >11 <20 ̂  

for the B unit. Figure 18 shows that the PPSTH revealed that these two 

unitary spike trains were clearly correlated at 86 and 44 ;jm stretch, 

barely correlated at 20 )m stretch and decorrelated at 11 and 0 ;jm 

stretch. The progressive reduction and broadening in the peak of the 

correlogram between 86 and 20 ;jm stretch and the lack of correlation at 
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Figure 18. Cross-correlation analysis of la afferent spike trains during 
brief muscle stretches. 

Each graph shows a PPSTH ClOO us bins, 1000 reference events) 
computed between two spindle la afferent spike trains during 
triangular wave stretches of the MG muscle, at amplitudes 
ranging from 86 ;jm to 0 ;jm (fixed length). N — number of 
occurences in each bin. Confidence level for asynchronous 
activity (horizontal line in each correlogram) set by 
correlogram in which test muscle was passive and at fixed 
length. 



Figure 19. Syhnchronization indices for stretch-induced spindle afferent 
synchronization. 

Slin — synchronization index (10 ms, 2048 sweeps). 
Afferent A — la afferent used as reference event. S/N 
ratio, 0.54 CV 87 m/s. Afferent B spindle la afferent used 
as reference event, S/N ratio 0.36, CV 80 m/s. Complete set 
of averages CAI, A2 and shown at 0 ;jm stretch amplitude 
only. ^ and ̂  shown for all other stretch amplitudes. 
Sim computation at far left and right of A and B averages 
respectively. Note that synchronous activity is evident in 
Sim computation base on afferent A at 5 >3m stretch CSIm 
= 1.0) and at 11 ;im stretch for afferent B CSIm - 0". 79). 
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Figure 19. Synchronization indices for stretch-induced spindle 
afferent synchronization. 
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11 ;ini and 0 pn (static) stretch illustrate the utility of the PPSTH 

approach for detecting afferent synchrony (see also Windhorst 1977a, 

1977b; Windhorst and Meyer-Lohmann 1977; Inbar et al. 1979). 
I 

Fi^re 19 shows Sis of the same brief stretch data using the A 

and B units from Figure 18 as the reference event for the computation. 

With the extremely stretch sensitive A unit as the reference event, the 

SI reveals synchronous behavior at even 5 jLim stretch. In contrast with 

the less sensitive B unit as the reference event, synchronous behavior 

was indicated by the SI test to begin at 20 ;Lim stretch. Quite similar 

results were obtained for two other pairs of spindle la afferents 

obtained from the same and one other preparation. 

The significance of demonstrating that the SI progressively 

increases with stretch-induced afferent synchrony is shown in Figure 

20. The Sis for 60 muscle receptor afferents from seven "passive" MG 

muscles were plotted versus their S/N ratio in the muscle nerve (see 

Chapter 3 for experimental details). 

Two of the afferents plotted in Figure 20, labeled A and B, are 

the same two afferents involved in the brief stretch experiment shown in 

Figure 19. Elevated SI values for afferents A and B CA to A' and B to 

B' in Fig. 20) produced by small amplitude stretches (5 and 11 pm re

spectively) in which only a few low threshold spindle la afferents would 

be expected to be synchronized (Lucas and Willis 1974) is supportive 

evidence that the Sis computed in the passive muscle represent asynchro

nous activity. 

The Figure 18 data emphasizes that if the PPSTH test is 

used as an indication of the degree of synchrony present in the 
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Figure 20. Relationship between Che synchronization index and the S/N 
ratio of afferent action potentials. 

SIin — synchronization index (10 ms average). S/H —•' S/N 
ratio of Che reference event. Number of sweeps in each 
average for Sim computation C5lf - 2048) selected to bring 
final S/N ratio of reference event to > 9. Line of 
regression (r =• 0.70; SI^o ~ 0.21'CS/N) + 0.35) was 
significant CP < O.OOD. Circled data points 
show increased SIin values obtained for two la spindle 
afferents during brief stretch of passive muscle, — 
shows an increased SIĵ q obtained for a la spindle afferent 
during a 4 um sinusoidal stretch (Figure 28). Horizontal 
broken lines represent two standard errors above and below 
Che line of regression. 
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• total afferent population, the efficacy of the test is limited 

by the less stretch sensitive of the two la afferents. Simi

larly, the Figure 19 data shows that the efficacy of the SI is 

enhanced when the reference event afferent has a particularly 

low stretch sensitivity. Thus, to detect synchrony during 

quite small stretches, the SI requires one low stretch 

threshold unit and the PPSTH test requires two such units. 

Within the boundary conditions described in preceding sections, 

it is clear from simulation experiments and Figures 18, 19 and 20 that 

the sr can provide a sensitive test of afferent synchronization. 

Discussion 

A technique for quantitating the degree of synchronization 

between neuronal spike trains has been developed and is expressed as a 

numerical synchronization index (SI). Since the technique is based on 

results obtained by signal averaging, it was necessary to review some of 

the fundamental aspects of this procedure and relate them to the SI. 

The concept of signal-to-noise (S/N) ratio improvement which is funda

mental to signal averaging, also establishes a primary SI boundary con

dition. When an afferent spike train is isolated and selected as the 

reference event in a SI determination, its initial S/N ratio and that of 

the non-reference event(s) will predict the level of sensitivity for the 

test. 

It is possible to improve the S/N ratio of afferents 

obtainable from a muscle nerve by either using a small test 

muscle (e.g. Bessou, Emonet-Denand and LaPorte 1963) or by 



removing the nerve's connective tissue at the point(s) of 

electrode contact (Murthy, personal communication 1980). 

Similarly, recent work from this and LaPorte's laboratory 

involves recording from single naturally occurring intra

muscular nerve branches rather than the whole muscle nerve 

(see for example, Emonet-Denand, Jami and LaPorte 1975; 

Cameron 1979 and Botterman, Hamm, Reinking and Stuart 

1980). For MG, a moderate-sized branch can contain active 

afferent axons with S/N ratios ranging from 0.33 to 1.22 

(Fig. 21) and for a small branch from .83 to 4.10 in the 

passive muscle. In such instances, the sensitivity of the 

SI and the proportion of the restricted afferent population 

tested can be increased considerably. In contrast to 

studies using the whole nerve for the MN signal (Fig. 21), 

it is not necessary to exclude any afferents recorded from 

an intramuscular nerve branch on the basis of too low an S/N 

ratio. 

The influence S/N ratio has on signal averaging techniques and 

subsequently on the SI is straightforward. A more complex issue is that 

of the degree of synchronization that a non-reference event can exhibit 

with respect to the reference event. Each time a spike fires within a 

train, its interspike interval is slightly different from the one before 

(see Fig. 23). Thus, if one spike is taken to be the reference, then 

the occurrence of the second synchronous spike will vary within a vari

ance band around the reference. It is this characteristic of synchro

nous neuronal activity which has made a previous synchrony test from 
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Figure 21. Comparison of the relationship between action potential S/N 
ratio and axonal conduction velocity for different-sized 
muscle nerve branches. 

S/N — ratios of reference events recorded from either an 
intramuscular nerve branch (crosses) or the whole muscle 
nerve (filled circles). CV — conduction velocity. 
Intramuscular nerve data Tsingle experiment) from 10 la, 11 
spindle group II and 1 lb afferents. Whole muscle nerve data 
(single experiment) from 24 la, 20 group II and 4 lb 
afferents. Broken horizontal line represents minimum S/N 
ratio of the reference event for use of the SI. 
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this laboratory (Watt et al. 1976) invalid and which has imposed re

strictive boundary conditions on the new SI test. 

The present analysis suggests that the SI can test for synchro

nization within a 8 ms variance band provided the S/N ratio of the 

reference and tested non-reference events is 0.60. The restrictiveness 

of these boundary conditions is brought out by considering Matthews and 

Stein's (1969b) data on the variance bands of single spindle la and 

group ir afferent spike trains from spindles while subjected to gamma 

drive 

but not local skeletomotor activity and subsequently when de-efferented. 

Under gamma (but not alpha) drive at firing rates near 30 impulses/sec, 

variance bands are typically near 24 ms for la afferents and 7 ms for 

group II afferents. When de-efferented, but firing at the same rate, the 

band reduces to about 6.6 ms for Ta afferents and 2.7 ms for group II 

afferents. These approximations suggest that the SI will have less 

sensitivity in the active than passive muscle but nonetheless the 

boundary conditions can still be predicted. 

The SI can reflect synchronous activity but is unable to provide 

precise information about the "nature" of this activity. It is conceiv

able that for the same SI value several combinations of the conditions 

(S/N ratios and the degree of synchronization) are possible. Despite 

this limitation the key feature of the SI" is that it can compare a 

reference event to the majority of the afferent and efferent population 

of the parent muscle when testing for synchronization. 

It is not suggested that the SI procedures should replace or is 

more sensitive than the technique of simultaneously isolating two 



neuronal spike trains and performing a cross-correlation analysis. 

Certainly, there would be no need for the SI methodology if during a 

given test period a representative number of afferents and efferents 

could be isolated and recorded simultaneously. Since this situation 

highly unlikely, a test like the SI is reqviired and, as shown here, 

can be of value provided due consideration is given to boundary con

ditions. 



CHAPTER 3 

THE LACK OF SYNCHRONOUS ACTIVITY BETWEEN MUSCLE RECEPTOR AFFERENT 
SPIKE TRAINS IN THE PASSIVE MUSCLE AND ITS SIGNIFrCANCE 

FOR INTERPRETATION OF SPIKE-TRIGGERED-AVERAGING EXPERIMENTS 

Introduction 

There is recent claim on the basis of spike-triggered averaging 

CSTA) experiments (technique reviewed in Fetz et al. 1979) of a 

monosynaptic excitatory spindle group II connection with homonymous 

motoneurons (Kirkwood and Sears 1974, 1975; Stauffer, Watt," Taylor, 

Reinking and Stuart 1976; Luscher et al. 1979). However, without a 

synchronization control, one might possibly attribute the averaged 

intracellular motoneuronal response to a la afferent fiber firing in 

synchrony with the trigger spindle group II spike. 

To address this issue, it has been suggested by this laboratory 

(Watt et al. 1976; see also Luscher et al. 1979) that it is sufficient 

to record on analog tape a short epoch of the afferent reference spike 

train, together with a recording of multi-unit activity from the parent 

nerve. These recordings can then be played in reverse 

("back"-averaging) using the afferent spike train as the trigger to an 

averaging computer whose input signal is the multi-unit muscle nerve 

(MN) recording. If the recordings are made when the test muscle is 

passive and at fixed length, the AC-coupled MN "back"-average invariably 

reveals a single extracellularly recorded action potential CEAP) 

waveform, as shown in Figure 22. 

64 
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1 ms 

Figure 22. Extraction of an afferent's action potential from an 
AC-coupled MN average. 

A shows an AC-coupled MN average CIO ms, 512 sweeps) 
triggered by a la afferent's spikes recorded from a cut DRF 
(single sweep EAP profile in B). 1.58 ms — EAP conduction 
time from MN to DRF electrode. 
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The aim of this report is to describe experiments that reveal 

that this procedure does not provide a legitimate synchronization 

control. However, it is also shown that by use of a sensitive test for 

neuronal synchronization (Chapter 2), it is possible to prove that there 

is no synchronous muscle receptor activity in the passive cat medial 

gastrocnemius (MG) muscle when it is held at a fixed length. Most of 

the STA data on the monosynaptic spindle group II connection with 

homonymous motoneurons (Kirkwood and Sears 1974, 1975; Stauffer et al. 

1976; Luscher et al. 1979) has come from this preparation. As a result, 

the present findings provide a strong confirmation of this particular 

neuronal connection. 

Methods 

The present report required analysis of electronically simulated 

neuronal signals and afferent signals from a passive (i.e. electrically 

silent) muscle in deeply anesthetized cats. The simulation circuit is 

described in Chapter 5. The surgical and bioelectric recording 

techniques are described in detail in previous reports from this 

laboratory (Stuart, Mosher, Gerlach and Reinking 1970, 1972; Reinking 

and Stuart 1974; Binder, Kroin, Moore, Stauffer and Stuart 1976; 

McDonagh 1979; Cameron 1979). 

The biological recording arrangement involved functional 

isolation of single MG afferent spike trains from among dorsal 

root filaments mounted on a monopolar stainless steel Canberra-type 

electrode. The "indifferent" electrode was a stainless steel needle 

inserted into adjacent dennervated back musculature. One to four spike 



trains were recorded on analog tape together with a multi-unit recording 

made with a coiled silver spring monopolar electrode holding either the 

whole muscle nerve or an intramuscular branch. This electrode was also 

used to stimulate the intact MG muscle (all other muscles were 

denervated) as part of our standard afferent identification procedures 

(reviewed in Maitthews 1972). 

The synchronization test was a modification of one developed by 

Milner-Brown, Stein and Yemm (1973). It is described in detail in 

Chapter 2 with synchrony being expressed quantitatively in the form of a 

synchronization index (SI). 

Results 

Limitations of AC-coupled averaging 

The AC-coupled averaging technique shown in Figure 22 cannot 

reveal synchrony between spindle afferent spike trains, each of which "is 

known to display a prominent interspike interval variance (Matthews and 

Stein 1969b) as shown in Figure 23. The negation of this test for 

synchrony is demonstrated in Figure 24. The same afferent spike train 

and MN recording used in the Figure 22 analyses are used to extract an 

AC-coupled MN average of the afferent's EAP. However, in the Figure 24 

configuration, the averaging interval is extended to include the epoch 

in which the afferent spike should have "re-appeared" at the MN 

recording level (i.e. the next spike following the reference trigger 

spike). The AC-coupled MN average shows no evidence of this second 

spike. Also shown in Figure 24 is an autocorrelogram of the afferent 

spike train. Due to interspike interval variance, the second peak in 
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Figure 23. The interspike interval variance of a unitary afferent spike 
train. 

A - D show single sweeps of a la afferent spike train as in 
Figure 22B. E shows a superimposition of 16 single sweeps 
subsequent to the A-D sweeps. Mean discharge rate, 45 pps. 
Mean interspike interval, 22 ms. First spike in A - E 
initiated each sweep after a 1.4 ms delay. Second occurrence 
of spike always after a slightly different interspike 
interval. Range of second occurrences forms the Variance 

Band. 
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Figure 24. AC-coupled muscle nerve average and autocorrelogram of a 
single reference event. 

A-B show an AC-coupled muscle average C512 sweeps) formed 
from the same MN signal (A) and la trigger (B) as in Figure 
22A. Averaging interval extended to include second 
occurrence of reference event. C shows an autocorrelogram 
(interspike interval histogram triggered by 947 reference 
events), the duration of which indicates the afferent's 
VARIANCE BAND. Broken vertical arrow indicates when second 
spike in single 3 sweep would appear in the MN average, if it 
was detectable. 



the autocorrelogram is vastly reduced in amplitude and widened to form a 

variance band. This variance band is responsible for the non-appearance 

of the next spike following the reference in the AC-coupled MN average 

(see Chapter 2 for a complete discussion on averaging a nonstationary 

event). 

The repetitive firing of the same single reference event is, of 

course, analogous to synchronous discharge. If the AC-coupled MN 

averaging technique cannot detect such simple "synchrony", then a second 

event, with its own interspike interval variance, must surely escape 

detection even if it is synchronous with the reference event. 

This limitation suggested the need to apply a sensitive test of 

neuronal synchronization to a representative population of spindle Ta, 

group II, and tendon organ lb afferent spike trains recorded from 

passive MG muscles held at a fixed length. 

A Sensitive Test of Neuronal Synchronization 

Figure 25 shows by use of electronic simulation the sensitivity 

of the presently used SI. The situation is simulated wherein a 

reference "spike" is shown to be in synchrony with a non-reference 

"spike" in the presence of asynchronous noise. With the reference spike 

serving as the trigger for a signal averager, it can be extracted from 

the AC-coupled average of the simulated MN signal. The rectified MN 

average, using the same trigger source, reveals both the trigger 

"spike" and the presence of synchronous discharge (within a 1 ms 

variance band) attributable in the simulated case to but a single 

additional "spike" train. 



71 

/ 
A2 

SI,,-0.53 

^0.01 

A3-

B 

SI,o=0.88 

^0.02 

Si,o =0.70 

^0.01 

SI,o-0.57 i 

=̂ 0.02 

1 ms 

Figure 25. Rectified averages of simulated muscle nerve signals. 

A-D show the A2 and ̂  averages required for SIin 
computation. SIin — synchronization index (10 ms, 2048 
sweeps). A shows the mean S.D.) Sim = 3) when the 
reference event (S/N ratio, 0.9) was mixed only with 
asynchronous noise in a simulated MN signal. In B a 
non-reference event (S/N ratio, 0.9) was synchronized to the 
reference event within a I ms variance band. C and D same as 
B except for the S/N ratio of the non-reference event being 
reduced to 0.6 (£) and 0.3 (D). 
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In this particular simulation, the non-reference spike was first 

selected to have a signal-to-noise CS/N) ratio equal to that of the 

reference event (0.9). It was then set at lower values, (0.6 and 0.3), 

to emphasize the test's capability to detect synchronization when only 

two afferent fibers are in synchrony and when one of these contributes a 

very small potential to the multi-unit MN recording. (For further 

details on S/N considerations, see Chapter 2). 

Afferent Signals from the Cat Medial Gastrocnemius Muscle 

Afferent recordings came from experiments in which the MN 

recording was taken from either the whole nerve (four cats) or a single 

naturally occurring (Letbetter 1974; Cameron 1979) intramuscular nerve 

branch (three cats). This data base included 16 spindle la, 20 spindle 

group II and 2 lb afferents from the whole nerve experiments and 10 la, 

17 group II and 5 lb afferents from the nerve branch experiments. 

As explained in detail in Chapter 2, there are two boundary 

conditions for the present SI technique. First, there is a minimim S/N 

ratio (0.2 for most applications) for the reference and non-reference 

unitary events below which the SI" test cannot detect synchronous 

activity. For the present sample of afferents from the whole nerve 

experiments, this restriction excluded from the analysis 11 group II 

afferents. These afferents generally had relatively slow CV's (21 to 43 

m/s). However, no exclusions were necessary for the afferents recorded 

from intramuscular nerve branches because of their improved S/N ratios 

(see Discussion section in Chapter 2) which ranged from 0.31' to 1.71. 
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Within this population, the group II afferents (N = 17, CVs 32 to 71 

m/s) had S/N ratios ranging from 0.31" to 1.20. 

The first boundary condition dictates the representativeness of 

the non-reference spike train population sampled in any single SI 

computation. As explained in Chapter 2, no single SI computation that 

uses the whole MG nerve as the MN signal can test for potential 

synchrony in the discharge of the entire spindle and tendon organ 

afferent population (CV range, approximately 20 to 120 m/s, Matthews 

1972). 

Thus, in the present study, there would have been little purpose 

in repeating SI computations that used different reference events with 

the same CV and the same S/N ratios. Rather, the goal was to ensure 

that the reference event sample was sufficiently broad in its range of 

CV and S/N ratios that the full afferent population of the muscle was 

indeed tested for potential synchrony. 

Figure 26 shows the distribution of CVs and S/N ratios of the 

afferents selected from among the larger sample as a reference event for 

an SI computation. 

The CV of the la afferents in Figure 26 ranged from 73 to 103 

m/s (X + S.D. = 82 + 7 m/s). The corresponding values for the spindle 

group II sample were 32 to 71" m/s (47+ 16 m/s). These values are 

reasonably representative for cat MG (Hunt 1954) as were the values of 

the more limited lb afferent sample r67 to 83 m/s; 77+7 m/s). 

Figure 26 also shows that while the spindle group II sample from 

the whole nerve experiments was restricted to those with a CV > 41" m/s. 



Figure 26. Relationship between action potential S/N' ratio and axonal 
conduction velocity for a select sample of spindle afferents 
from cat medial gastrocnemius. 

S/N — ratio of the reference event as recorded from both 
intramuscular nerve branches (crosses, 3 experiments) and 
whole muscle nerve (filled circles, 4 experiments). ^ — 
conduction velocity. Sample includes 10 la, 17 spindle group 
II and 5 lb afferents from nerve branch experiments and 16 
la, 9 spindle group II and 2 lb afferents from whole nerve 
experiments. Note that all S/N ratios are above 0.2 "(broken 
horizontal line), the minimal acceptable S/N" ratio for a SI 
computation. 
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Figure 26. Relationship between action potential S/N ratio and 
axonal conduction velocity for a select sample of 
spindle afferents from cat medial gastrocnemius. 
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the sample frcm the nerve branch experiments extended down to 32 m/s. 

Furthermore, the S/N"ratio of afferents from the nerve branch experiment 

were particularly high, as stated above. 

The second boundary condition involves the relationship between 

the SI and the degree to which (variance band) an event is synchronized 

to the reference event. The S/N ratio of a synchronized non-reference 

event determines the size of this variance band. For example, in the 

simulation presented above in Figure 17B, the non-preference event's (S/N 

ratio = 0.44) synchronous activity with respect to the reference event 

was not detectable by the SI until the variance band was limited to 4 

ms. The detailed variance band restrictions for this study are 

described below. 

Figure 27 presents the invariant finding for the presently 

studied afferent data base: namely, a lack of synchronization as 

revealed by the SI using la (A), lb (B), and spindle group II (C) 

afferent spike trains as the trigger source. 

When this finding is considered together with the S/N ratios and 

CVs presented in Figure 26 (see also Fig. 21) and the variance band 

restrictions, it can be claimed that the present study has demonstrated 

a lack of muscle receptor afferent synchronization for the passive 

muscle at fixed length within the following boundary conditions: 

1. isolated afferent spike trains with a S/N ratio > 0.2 in the muscle 

nerve were not tested by the SI; 

2. estimated variance band sizes, based on the S/N ratio of the 

non-reference event, for the detection of synchronous activity by the SI 

were; 1) < 2 ms variance band for S/N ratio >0.2 < 0.4; 2) < 4 ms 
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Figure 27. Testing for muscle receptor synchronization in the passive 
muscle at fixed length. 

A - C shows typical ̂  and ̂  averages ClO ms'; 1024 sweeps in 
A - 2048 in £) signal from whole nerve. Reference events 
Tand their CV) were a la (87 m/s),~ lb C83 m/s) and spindle 
group II (58 m/s) afferent in A, B and C, respectively. 



variance band for S/N ratios >0.4 < 0.6 and 3) < 8 ms variance band 

for S/N"ratios >0.6. 

Discussion 

The AC-coupled averaging technique shown in Figure 22 has been 

used by Kirkwood and Sears C1975) for determining the conduction 

velocity of single afferent fibers. It has also been used in this 

laboratory for proof of the isolation of single motor unit axons 

(Binder, Cameron and Stuart 1978; see also Fig. 5). These tests are 

quite valid, but the technique cannot reveal synchrony between spindle 

afferent spike trains because of interspike interval variance (Matthews 

and Stein 1969b). This limitation is shown quite clearly in Figures 23 

and 24. On the basis of these tests, it must then be concluded that the 

detection of a unitary afferent EAP in an AC-coupled MN average may 

validate that the brief (0.4 to 1.8 ms) rising phase of a motoneuron's 

STA-recorded EPSP (Watt et al. 1976) is attributable to a single fiber's 

input, but does not validate the unitary origin of the EPSP's more 

prolonged C > 5 ms) falling phase. Additionally, an AC-coupled STA 

cannot verify the single fiber origin of any component of a "population" 

EPSP (PSPP, rising phase 0.4 to 8.0 ms, falling phase > 15 ms) as 

recorded from the ventral roots perfused with glucose (Luscher et al. 

1979). 

Despite this limitation, there was still no a priori reason to 

believe that synchronous discharge should emanate from muscle receptor 

afferents in a passive muscle at fixed length, except for transient 

epochs when a few afferents may be time-locked by the blood pressure 
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pulse (Ellaway, Furness and Murphy 1979). Indeed, the very fact that 

single spindle afferent spike trains have interspike interval variance 

(Matthews and Stein 1969b) argues against synchronous spindle la and 

group II discharge. While this position is implicit in the STA work 

from various laboratories (reviewed in Fetz et al. 1979) and some recent 

theoretical work on the Ta afferent system (Milgram and Inbar 1976; 

Windhorst'1977a, 1977b), we have been unable to find adequate 

documentation of this point in the literature, except for recent reports 

using cross-correlation analysis on a necessarily limited sample of la 

afferents (Windhorst 1977b; Figs. 2E and 3D in Inbar et al. 1979). 

The present experiments provided further confirmation, by 

applying a sensitive test of neuronal synchronization to a carefully 

selected sample of la, spindle group II and lb afferents. The presently 

used SI could not test those of the afferents with a S/N ratio in the 

whole MN recording of >0.2. However, on the basis of the established 

properties of spindle afferents (for review see Matthews 1972), it is 

unreasonable to propose that this group of slow-conducting spindle group 

II afferents should behave any differently to group II afferents with 

higher ratios. Additionally, Sis obtained from intramuscular nerve 

branches had no group II exclusions, and all group II afferents tested 

under these conditions (N = 17 from three cats) showed no synchronous 

activity. 

It is now known that the territory ("compartment") occupied by a 

single intramuscular MG nerve branch includes few skeletomotor fibers 

innervated by other nerve branches (Letbetter 1974). Furthermore, the 

muscle spindles within that compartment are innervated by la afferents 



that travel in the same intramuscular nerve branch (Farina and Letbetter 

1977). Given that the afferent sample from the three intramuscular 

nerve branches of the present study were considered to be representative 

of the afferents emanating from the three compartments (Cameron 1979), 

it follows that the total compartmental muscle receptor afferent sample 

was actually tested for synchrony with a reference event by each single 

SI computation in the three nerve branch experiments. Since no 

synchronization was evident in the three compartments, it is 

unreasonable to assume that any would have been detected by afferents 

emanating from progressively more distal compartments. Therefore, the 

present results, using both the whole nerve and a nerve branch as the MN 

signal, strongly support the long-held assumption that muscle receptor 

discharge is essentially asynchronous in the passive muscle at fixed 

length. 

Single spindle afferent spike trains can occasionally be 

shown in experimental animals to become time-locked to the 

electrocardiogram, presumably due to the arrival of a 

mechanical pulse adjacent to the test receptor (Matthews 1933; 

Ellaway and Furness 1977; Ellaway, Furness and Murphy 1979). 

In the conscious human, the arterial pulse has recently been 

shown to significantly modulate a substantial number 

(approximately 80%) of la afferrents in the test muscle. It is 

thought to interact with other spike generating mechanisms such 

as to account for 3-54% of the variance in single afferent 

spike trains (D. Burke, personal communication; McKeon and 

Burke 1979). The present results suggest that at least in an 



anesthetized animal with the test muscle passive and at fixed 

length, such arterial pulsation does not cause a detectable 

synchronization of spindle afferent discharge. This result can 

also be deduced from the comparable data of Windhorst (1977b) 

and Inbar, Madrid and Rudomin (1979). Presumably, arterial 

pulsations can modulate individual afferents, but there is no 

evidence to suggest that the discharges of each afferent would 

become correlated to each other, as has recently been 

demonstrated for spindle afferent pairs during the contraction 

Of a single motor unit in an otherwise passive muscle 

(Schwestka, Windhorst and Schaumberg 1979). 

These results validate the assimption in STA experiments that, 

provided the parent test muscle is passive and at fixed length, the full 

waveform of an individual EPSP or PSPP can indeed be attributed to the 

synaptic effect(s) of the individual impulses of a single afferent 

fiber. However, it is important to emphasize that the present results 

cannot be extended to other preparations and situations in which this 

testing procedure has not been rigorously applied. For example, 

Windhorst (1977b) has reported temporal correlations in the spike trains 

of la afferents innervating neighboring spindles in active triceps surae 

muscle of decerebrate cats. It would be of great interest to know if 

these correlations were related to synchronized motor unit discharge. 

This possibly can now be explored with the present SI technique (see 

Chapter 4). 

It is proposed that the SI' test of afferent and/or efferent 

synchrony should be employed in all spike-triggered averaging and other 



cross-correlation procedures where the possibility cannot be excluded 

that the observed effects are due to spike trains other than, or in 

addition, to the reference train. 



CHAPTER 4 

TESTING FOR SYNCHRONIZATION OF MUSCLE RECEPTOR AND MOTOR UHIT 
DISCHARGE IN THE ACTIVE MUSCLES OF DECEREBRATE CATS: IMPLrCATIONS 

FOR SPIKE-TRIGGERED-AVERAGING EXPERIMENTS 

Introduction 

Spike-triggered-averaging (STA) is a form of cross-correlation 

in which the effects of a single neural unit on another motor or neural 

unit can be extracted in the presence of additional on-going activity 

from various other sources that are playing on the second unit (for 

review see Kirkwood '1979 and Fetz et al. 1979). This method of studying 

neural connections has been shown to be particularly valuable for 

studies on segmental motor control. The method is completely specific 

for testing central connections of different types of muscle afferents 

free from the uncertainties of less direct methods of their selective 

activation. To date, STA has been used in such segmental studies to 

analyze the details of the monosynaptic spindle la and spindle group II 

excitatory connection with motoneurons and to demonstrate that under 

select conditions, STA can reveal disynaptic la, spindle group II and 

tendon organ lb connections (Mendell and Henneman 1968, 1971; Jankowska 

and Roberts 1972; Kirkwood and Sears 1974, 1975; Scott and Mendell 

1976. Stauffer et al. 1976; Watt et al. 1976). These studies have all 

been performed with the test muscle(s) passive (i.e. electrically 

silent). This limitation does not preclude further analysis of the 
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efficacy and diversity of connections between a single muscle receptor 

afferent and its target motoneurons. However, since the presence of 

afferent input from a select afferent species (e.g. la input) does not 

necessarily result in stereotyped (e.g. Forssberg, Grillner and 

Rossignol 1977) or obligatory (e.g. Goodwin and Luschei '1975) segmental 

reflex output, it would now be of great interest to explore the 

feasibility of extending use of STA to study of segmental muscle 

receptor connections in preparations in which i;he musculature is 

contributing to near-natural postural and phasic motor activity. 

Whether the test preparation involves passive or active muscles, 

studies that employ STA should provide a control that precludes that the 

observed central effects are not due to spike trains other than or in 

addition to the reference train. Development of such a test (the 

synchronization index) was described in Chapter 2. The SI is based on 

extraction of the reference spike train from a multi-unit recording of 

activity in the nerve supplying the test muscle. The extraction is 

compared in AC-coupled and rectified averages such as to reveal whether 

or not the reference spike train is a temporarily unique one. The SI 

has been used to demonstrate that the discharge of muscle receptor 

afferents is essentially asynchronous when it comes from a passive 

muscle set at a fixed length (Chapter 3). This expected finding was 

considered necessary to validate use of the STA method in studies on 

passive muscle preparations. 

The present report describes preliminary experiments in which 

the SI was used in active muscle preparations. It will be shown that 

under particularly select conditions, the discharge of muscle receptors 



and many (but not all) motor units remains sufficiently asynchronous in 

the active muscle to permit application of conventional STA procedures. 

However, the main purpose of this report is not to emphasize the par

ticular physiological conditions under which asynchronous discharge was 

observed in the active muscle. Rather, it is to emphasize that in 

technically demanding situations imposed by active muscle preparations, 

a synchrony control for STA studies is indeed feasible. 

Methods 

The data base for this study came from two types of experiments 

on adult 2.5-3.5 Kg cats. 

Experiments on the Passive Muscle 

The first experiment was undertaken to again emphasize the 

capability of the SI to detect synchrony between spindle afferent spike 

trains during particularly small perturbations of the test muscle. For 

this demonstration, the left hindlimb of two deeply anesthetized prep

arations was denervated except for the test MG muscle. This muscle was 

attached to a servo-regulated muscle stretching device that also pro

vided muscle length CL) and tension signals (Reinking and Stuart 1974).  

Lo was set to yield a passive tension of 100 g. The I'g~S2 dorsal 

and ventral roots were cut away from the spinal cord after their ex

posure by a laminectomy. By use of conventional techniques described in 

previous reports (Stuart et al. 1970; Stuart, Willis and Reinking 1971; 

Binder et al. 1976), separate channels of an analog tape recorder were 

used for simultaneous storage of: 1) single spindle afferent spike 

trains recorded from S^^ DRFs; 2) a multi-unit muscle nerve (MN) 
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recording from the nerve to MG; and 3) muscle length. Experimental runs 

were initiated with the muscle fixed at Lo and during short epochs of 50 

Hz sinusoidal stretch beyond Lo, ranging from 2 to 63 um. 

Experiments on the Active Muscle 

The second experimental procedure was undertaken on three cats 

to assess afferent and motor unit synchrony in spontaneously active 

muscles. It entailed performing mid-collicular decerebrations by use of 

a wire leukotome (described in Watt 1974) that was positioned stereo-

taxi cally 1 mm anterior to the Horsely-Clark zero coordinate (Snider and 

Neimer 1961). The left hindlimb was denervated except for MG, lateral 

gastrocnemius CLG) and soleus (S). MG was attached to the muscle 

stretching devise, now maintained in an isometric mode. Lo for MG was 

set 2 mm shorter than the optimal length for a peak whole muscle 

twitch. This length setting is more appropriate than whole muscle Lo 

for the development of relatively high twitch forces by single motor 

units in MG (Stephens, Reinking and Stuart 1975). LG and S were fixed 

at a more extensively stretched length such that the increased discharge 

of their muscle spindle afferents could provide supportive excitation to 

the motoneurons supplying MG. The left Sj^ DRG was exposed by a 

minimal laminectomy. Spike trains of single spindle or tendon organ 

afferents were recorded by way of a "floating" tungsten microelectrode 

inserted into the Sj^ DRG (Coensgen^ Roscoe, Botterman, Cameron and 

Stuart 1979). The activity of single or small groups of motor units was 

recorded electromyographically by use of similar microelectrodes. 



Separate channels of the tape recorder were used for simul

taneous storage of; 1) single afferent and/or single or multi-unit EMG 

spike trains; 2) a multi-unit MN recording from the nerve to MG; and 3) 

active muscle force. Experimental runs were initiated during periods of 

relatively constant active force development. In one preparation, 

active force was intermittently abolished by adding halothane and 

nitrous oxide to the inspired air. In another preparation a 51 minute 

recording epoch was undertaken while the test muscle was undergoing 

rhythmic (approximately 1/s) bursts of motor activity. 

Under these various conditions, a not easily disposable problem 

is that passive tension does not remain constant, but rather varies from 

approximately 0 to 100 g. As a result, it is difficult to gauge the 

level of active force development by its mean value above passive 

tension, particularly when the active force fluctuations are < 100 g. 

However, it is possible to make extremely accurate measurements of 

higji-gain force fluctuations by use of a sample and hold circuit 

(Reinking and Stephens "1975). Emphasis is placed on this measurement in 

the subsequent description of active force. 

After both types of experiments, a variety of computations were 

performed with tape play-back to a signal averager and a small labora

tory computer. 

Results 

Sensitivity of the Synchronization Index 

It has already been demonstrated that within specific boundary 

conditions, the SI is a sensitive test of synchrony between neuronal and 
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simulated spike trains (see Chapters 2 and 3 above). This point was 

re-emphasized in the present study, by showing a progressive increase in 

the SI value when a passive muscle was stretched sinusoidally (50 Hz) at 

progressively increasing amplitudes. 

In the Figure 28 example, the reference (trigger) signal for the 

SI computation was a spindle la afferent with a conduction velocity of 

87 m/s and EAPs with a S/N'ratio in the unprocessed MN signal of 0.6. 

Under these recording conditions, the afferents tested for synchrony by 

the sr include those with a CV >40 m/s providing their S/N^ratio in the 

MN signal was > 0.2 (see Table 1 in Chapter 2). Furthermore, the SI 

tests for synchronous activity within a variance band presumably time-

-locked to the reference event. The size of this band is a function of 

the S/N"ratio of the non-reference event synchronized to the reference 

(see Figure "17 in Chapter 2). As outlined in Chapter 3, the following 

variance band limitations were also used in this study for the detection 

of synchronous activity by the SI: 1) < 2 ms variance bands for S/N 

ratios >0.2 < 0.4; 2") < 4 ms variance band for S/N ratios >0.4 < 0.6; 

and 3) < 8 ms variance band for S/N ratios > 0.6. 

Figure 28A indicates an absence of afferent synchrony when the 

passive muscle was fixed at Lo. This finding is in keeping with the 

results presented in Chapter 3 (see also Windhorst 1977b and Inbar at 

al, 1979). The reference afferent had a low threshold to sinusoidal 

stretch becoming entrained at a stretch amplitude > 2 ;im < 4 ;am. As 

such, this particular SI could not reveal synchrony at a stretch ampli

tude of 2 )Hii CFig. 28B). This finding does not preclude the possibility 
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Figure 28. Synchronizatioa indices of afferent synchronization during 
sinusoidal muscle stretch. 

A shows M," A2 and ̂  ClO ms, 1024 sweeps) for a SI iq 
computation To.44) at 0 |jm stretch (i.e. static stretch at 
Lo). The reference event was a la afferent (CV 87 m/s, S/N 
in whole MN signal 0.6). B shows ̂  and ̂  averages for same 
reference, during progressively increasing C2 pm to 63 pm) 
amplitudes of 50 Hz sinusoidal stretch. Note progressive 
increases in 0.44 at 0 pm stretch to 7.29 at 63 
;nn stretch. Synchronized discharge first noted at 4 ;mi 
stretch. 



that other afferents were activated and/or entrained at this stretch 

amplitude. 

At 4 stretch(Fig. 28B), the SI test indicated some degree of 

afferent synchronization. The SI value then grew progressively as 

stretch amplitude was increased to 63 ;jm. 

The profile of the rectified (A2) average in Figure 28B is 

complex, with no single pattern emerging at increasing stretch 

amplitude. This complexity is attributable in part to the pro

gressive recruitment of additional la, group II, and perhaps lb 

afferents and to the strong possibility the many of at least 

the la afferent population exhibited double firing at the high

er stretch amplitude (see, for example Fig. 6 in Stuart et al. 

1970"). rt would be of interest to examine this rectified 

average pattern in some,detail, particularly since there is 

controversy on the number of spindle group II and lb afferents 

activated by small sinusoidal stretches (see, for example Trott 

1976; Burke, Hagbarth Lofsted and Wallin 1975 and Matthews and 

Stein 1969a). However, for the present purposes, the goal was 

simply to indicate that the ST is a sensitive index of afferent 

synchrony, even during a perturbation as small as a 4 pm 

stretch. 

In reasonably comparable experiments on the S muscle. Brown, 

Engberg and Matthews (1967) showed that over 95% of the tested la 

afferent sample were activated by a 40 ;jm stretch at 200 Hz. Taken 

together, these various results along with brief stretch experiments 

(Lundberg and Winsbury 1960; Stuart et al. 1970; Lucas and Willis 1976) 
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suggest that random samplings among the la afferent population can 

quickly provide a la afferent with a low-stretch threshold. With such a 

reference spike train, the SI can provide a sensitive index of small 

perturbations analogous to those anticipated from an active muscle in a 

decerebrate cat during "spontaneous" low force contractions. 

Nature of Active Force Fluctuations 

In the three decerebrate preparations, the MG muscle exhibited 

sustained motor activity of limited forcefulness. In two of the three 

preparations, this activity was characterized by arrhythmic active force 

fluctuations with peak values ranging from 1 to 20 g. Examples of this 

activity are shown in Figure 29. Figure 29E shows that the active force 

measurement remained constant at 0 g in a preparation (Figure 29 C and 

D) in which halothane and nitrous oxide were added temporarily to the 

inspired air to obviate motor activity. Taken together, these 

observations suggest that in these two preparations, the active force 

level at any one moment in time was attributable to the contraction of 

anywhere from a single motor unit to the combined contraction of a small 

population of motor units. 

On the basis of active force measurements, it is not pos

sible to give a more precise estimate of the number of active 

motor units. The single motor units in cat MG have been re

ported to have twitch forces ranging from 0.1 g to 36 g 

(mean 7.4 g) and twitch contraction times from 18 to 129 ms 

(Wuerker, McPhedran and Henneman 1965). Furthermore, in the 

present preparations the firing rates of single motor units, as 
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Figure 29. Active force fluctuations of the medial gastrocnemius muscle 
in the decerebrate cat. 

A and C show high gain force fluctuations of the test 
muscle. Passive tension was approximately 0-100 g. B, D — 
time expansions of 1 sec A, C respectively. E shows noise on 
the force signal (approximately 20 mg) when a test muscle (£, 
D) had no skeletomotor fiber activity (details in text). 
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adjudged from their EMG spike trains, ranged from 2/s to 10/s. 

At these slow rates, it would be possible for the force of a 

single motor unit to decline to 0 g between the individual 

twitches of a subfused tetanus train. A final complication is 

that it cannot even be approximated that the active motor units 

were all of the small, slow-twitch type S category. It now 

appears that some of the larger and faster contracting type FR 

units are also recruited at low force levels (for a review of 

motor unit nomenclature and recruitment order see Burke and 

Edgerton 1975; Henneman and Harris 1977; Kanda, Burke and 

Wabnsley 1977; Walmsley, Hodgson and Burke 1978). 

Figure 34 (p. 105) shows that a different type of activity was 

observed in the third preparation. MG exhibited substantial ( > 500 g) 

rhythmic force fluctuations at approximately 1/s. This rhythm is 

somewhat suggestive of locomotor activity, routinely observed in cats 

with a somewhat higher plane of midbrain transection, but sometimes also 

seen in preparations with a mid-collicular transection (for review, see 

Wetzel and Stioart 1976). For the present purposes, the source of this 

rhythmicity was not an issue. Rather, its manifestation provided an 

interesting data processing possibility as outlined below. 

The level of active force development by MG in two of the 

three preparations (i.e. Fig. 29A) is less than that antici

pated for this muscle (see, for example, Kanda, Burke and 

Walmsley 1977) and certainly far less than that reported for S 

in similar mid-collicular decerebrate preparations (e.g. Hoffer 

and Andreassen 1978). An extensive search of the literature 



revealed that the level of spontaneous sustained force develop

ment in the MG muscle of the decerebrate cat is quite limited 

(usually <100 g). Furthermore, even in the S muscle, with its 

far higher proportion of low threshold type S units CBurke and 

Edgerton 1975), most work on the tonic stretch reflex has been 

limited to its phasic component. The difference between the 

present preparations and those of others is probably also at

tributable to the extensive hip and tail denervation undertaken 

in the present work. An extensive denervation facilitates 

single unit isolation from among the DRG cells. Apparent

ly, there is a trade-off between the ease of such isolation 

among DRG cells and among DRF filaments and the amount of 

supportive excitation provided to the test muscle in the 

decerebrate preparation (separate personal communications from 

Professors J. C. Houk and A. J. Szumski). The present force 

levels are, however, compatible with those in the preparations 

used by Windhorst (1977b), Windhorst and Meyer-Lohmann (1977) 

and Cameron (1979), all of which studies require consideration 

of the issue of afferent and motor unit synchronization. 

Spindle Afferent Discharge in the Arrythmically-active Muscle 

For this analysis, recordings were made from four spindle group 

II afferents. Their axonal conduction velocities were 72, 71, 40, and 

52 m/s, repectively. 

Figure 30 compares the nature of their discharge when the test 

muscle was exhibiting sustained essentially arrhythmic motor activity 
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Figure 30. Interspike interval histograms of spindle afferent discharge 
in the active medial gastrocnemius muscle. 

A - D show interspike interval histograms of 4 spindle 
afferents, computed with a signal averager operating in the 
histogram mode ClOO us bins for A, B, D; 200 us for C). 
Number of interspike intervals sampled ranged from 722 to 
1039. Passive and Active — state of the test muscle when 
histograms were computed. Passive tension was approximately 
0-100' g. Active force fluctuations ranged approximately from 
1-20 g. The A - D afferents had a CV of 72, 71, 40 and 52 
m/3 respectively. The coefficient of variation rs.D;/mean 
interspike interval) for the discharge of afferents A, C and 
D was 0.074," 0.095 and 0.054 respectively when the muscle was 
passive and 0.070, 0.10 and 0.065 respectively when the 
muscle was active. 



(Fig. 30A-D, right column)and when the muscle became passive (Fig. 

30A-D, left column) at the same fixed length. The coefficient of 

variation (SD/mean interspike interval) for the afferent in Figure 30A 

was 0.07 in the active muscle and 0'.074 in the passive muscle. The 

ratio of these two values (i.e. active coefficient/passive coefficient) 

was 0.95. For two of the remaining three afferents (£ and D) tested in 

the same experiment in similar fashion, this ratio was 1.05 and "1.20 

respectively. (No coefficient of variation was computed for the af

ferent in Fig. 30B because of its high degree of decorrelated activity 

in both the passive and active muscle.) 

These measurements suggest that even during passive muscle 

epochs, the spindles studied were under fusimotor drive. The basis for 

this conclusion is drawn from Matthews and Stein Cl969b) who reported 

generally lower coefficients of variation at comparable conduction ve

locities when the test muscle (albeit cat soleus) was both passive and 

without fusimotor drive (see their Fig. 7A). More convincingly, they 

further showed that the variability of spindle discharge in the presence 

of fusimotor activity did not change when the receptor-bearing muscle 

became active. Therefore, it could hardly be anticipated that synchrony 

would be obvious in the active muscle if each individual spike train 

itself either remained at the same coefficient of variation or became 

slightly more irregular (i.e. the ratio of active coefficient/passive 

coefficient became > 1.0). This point is affirmed in Figure 31 which 

shows a lack of synchrony in the rectified averages required to compute 

a synchronization index for the same spindle afferent shown in Figure 
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SL (passive) = 0.37; S/N = 0.39 

SI,Q (active) = 0.40; S/N = 0.33 

A3- X 
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1 ms 

Figure 31. Testing for spindle afferent synchronization in an active 
medial gastrocnemius muscle. 

Al, ̂  and ̂  averages ClO msj 2048 sweeps) for an SI^q 
To.40) computed during a period of skeletomotor activity in 
the test muscle. Reference event same as in Figure 30A. 
Also shown are S/N ratios of reference event and a 
computation when the muscle was passive. 



30A. A similar result was obtained for the three other spindle af-

ferents of this experiment. 

An intriguing feature of this analysis was the relationship 

between the SIĵ q value and the S/N ratio of the reference 

afferent as compared to a set of values for a larger sample 

(N = 59) of spindle afferents in the passive muscle (see Figure 

20 in Chapter 2). In both cases, the MN signal was taken from 

the whole muscle nerve. For the passive muscle at fixed 

length, there is no synchronization of spindle afferent 

discharge. Under these conditions, the equation of the line of 

regression relating the Slj^g to the S/N ratio of the ref

erence event was determined to be: = 0.21 (S/N) + 0.35 

(see legend to Figure 20). For the present sample of four 

afferents, these S/N ratios in the passive muscle (but 

apparently under fusimotor drive) were 0.39, 0.31, 0.57 and 

0.45 respectively. The corresponding Slj^g values were 0.39, 

0.31, 0.51 and 0.60, respectively. All of these values are 

within two standard errors of the value predicted by the 

equation for the passive muscle. For the active muscle, the 

same four afferents had an S/N ratio of 0.38, 0.26, 0.63 and 

0.40, respectively. The corresponding SIĵ q values were 0.31, 

0.58, 0.47 and 0.5, respectively. Three of these values are 

within two standard errors of the same prediction, while the 

fourth (0.58) is barely outside two standard errors (0.56). 

The purpose of presenting this comparison is not to suggest 

that the SIĴ Q;S/N relationship should be identical for the 
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active and passive muscle. Obviously, it would be of great 

interest to make a comparison as based on a large sample of 

afferent discharges in the active muscle. For the present, 

however, it appears that the difference in the SIj^giS/N ratio 

for passive and active conditions is sufficiently subtle that 

the regression line equation from the passive muscle can be 

used to give some indication as to what the range of SI^^q 

values (indicating asynchronous discharge) might be for any 

given S/N ratio computed for the active muscle. This argument 

is developed further below in relation to potential motor unit 

synchronization in the active muscle. 

Motor Unit Discharge 

Figure 32 shows the whole muscle force fluctuations and inter

spike interval histogram of a single motor unit's EMG spike train under 

active force conditions similar to those described in Figure 29A-B. The 

mean interspike interval for this motor unit was 138 ms and its coeffi

cient of variation was 0.11. Figure 33 shows a synchronization index 

computed with this motor unit as the reference event for a 321 sec 

analysis period. Unlike the spindle afferents, there was subtle 

evidence of one or more other motor unit spike trains being synchronized 

to the reference train. This evidence is based in part on visual in

spection of the A1-A3 averages shown in Figure 33 and, even more con

vincingly, by consideration of the relationship between the 
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Figure 32. Interspike interval histogram of a motor unit's EMG spike 
train during active force development. 

A shows active force fluctuations taken from within the epoch 
shown in Figure 29A. B shows an interspike interval 
histogram C200 us bins, 1108 interspike intervals) for a 
single motor unit's EMG spike train from the same test muscle 
during activity like that in A and Fig. 29A. 
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computation and the S/N ratio of the reference motor unit event for that 

computation. 

Visual Evidence for Synchronization. The rectified A2 average 

in Figure 33 shows a substantial rise in the level of electrical activi

ty near the time that the averaged, reference spike train occurs in the 

MN signal. Indeed, the visual evidence for synchronization presented in 

Figure 33B is analogous in most respects to that presented by Milner-

Brown et al. (1975; see their Fig. 1) as shown in Figure 33C. Their 

evidence for voluntarily activated motor unit synchronization in the 

first dorsal interosseus muscle of the human was based on comparison of 

rectified and unrectified averages of motor unit EMG spike trains. 

These spikes are at least ten times longer in duration than motor axon 

spikes in a cat MN signal which form the basis of the present SI 

measurement. When this difference is taken into account, it is obvious 

that, at least as adjudged visually, the degree of motor unit synchroni

zation for the test muscle of a decerebrate cat presented in Figure 33 

approaches that presented by Milner-Brown et al. C1975) for a human 

muscle during a voluntarily activated low force contraction. 

Figure 33B shows that when applying the present technique 

to an active muscle, the peak of the inverted AC-coupled MN 

average of the reference event EAP does not exceed the overall 

level of rectified electrical nerve activity (set by the A3 

average). In contrast^ Figure 33C shows Chat in the Milner-

Brown et al. (1973) technique, Che analogous AC-coupled peak 

does indeed exceed the analogous overall EMG activity level. 

The reason for Chis difference is explainable by Che facC chac, 



Figure 33. Presence of motor unit synchronization in an active cat 
medial gastrocnemius muscle. 

A shows the ^ and ̂  averages (10 ms, 2048 sweeps) 
required for a computation CD.61) using a single motor 
unit EMG spike train as the reference event. The motor axon 
of the unit had a S/IT ratio in the MN signal of 0.21. ^ 
shows the same data as B but on an expanded X:Y scale around 
the ̂  average. The dotted line superimposed above the M 
average of the motor axon's spike, shows its negative-going 
contribution to the ̂  average. The increased area in the ̂  
average indicates electrical activity attributable to the EMG 
spike train(s) of one or more motor units discharging in 
synchrony with the reference event Figure lA in Milner-Brown 
et al. (1975:246; see also present Figure 2A). £ shows 
relationship between an AC-coupled averager of a single motor 
unit's EMG action potential and a rectified whole muscle EMG 
average triggered after an appropriate delay by the same 
action potential. Evidence for synchronization between the 
test unit and other units in the test muscle (human first 
dorsal interosseous) is as described above. For further 
details see Milner-Brawn et al (1975) and present Chapter 2) 
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Figure 33. Presence of motor unit synchronization in an active 
cat medial gastrocnemius muscle. 
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in the present technique, the MN signal includes all of the 

afferent and efferent traffic of the test muscle. In contrast, 

the analogous whole muscle EMG signal in the Milner-Brown et 

al. C1975) technique is restricted to sensing the electrical 

activity of a small proportion of the total motor unit popula

tion of the test muscle. Despite this difference, it is 

legitimate to compare visually AC-coupled and rectified 

averages derived from both techniques, at least for the 

presence or absence of synchronized electrical activity from 

non-lreference events. However, it is conceded that for both 

techniques, the component of the A2 average immediately above 

the peak of the Al (i.e. AC-coupled) average includes an 

indeterminate amount of both synchronous and asynchronous 

activity. This is a minor limitation, of course, because this 

restriction is limited to such a small ( < 0.1 ms) epoch. 

Quantitative Evidence for Synchronization. The SI j q̂ computa

tion for the Figure 33 data was 0.61 and the S/N ratio of the reference 

event's MN signal was 0.21. No data are as yet available that provide 

unequivocal evidence that the relationship between these two values is 

indicative of synchronization in this particular application. However, 

as explained above, data are available on the relationship between the 

and the S/N ratios of sensory axons when used for the same MN 

signal and test muscle (see Figure 20 in Chapter 2). There is no af

ferent synchronization in the muscle when it is passive and at fixed 

length (Chapter 3). Under these conditions, the is equal to 0.39 

(as determined from the line of regression, SI^ q̂ = .2r(S/N) + 0.35, 
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see also legend of Fig. 20) if the reference afferent event has an S/N 

ratio of 0.21. A SIĵ q of 0.61 is greater than the value CD.55) two 

standard errors beyond 0.39 (P < 0.001). Such a value would indicate 

that the computation was influenced by synchronous activity. 

A reasonably similar SI:S/N relationship should hold for motor 

axons in the active muscle, particularly in view of the fact that: " D 

the MN signal comes from the same source (i.e. the whole muscle nerve); 

and 2") the SÎ q:S/N relationships of four asynchronously discharging 

afferent axons in the active muscle (Figs. 30 and 31) were predicted 

quite closely by the same regression equation as explained above. 

It deserves emphasis again that the above argument is not 

predicated on the SIĴ Q:S/N'relationship being identical for 

passive and active muscles. This point is well-exemplified in 

the present case in that the reference event's motor axon had a 

S/N ratio of 0.21. Since this axon's CV must surely have been 

> 70 m/s (the lower end of the scale for MG motor unit axons 

according to Burke et al. 1973). In the passive muscle such an 

axon's S/N ratio generally exceeds 0.4 (see Figure 21 in Chap

ter 2). Suprisingly, the S/N ratios of the four spindle af-

ferents in the present study did not change substantially when 

their parent muscle changed from a passive to an active state. 

Note, however, that their conduction velocities were generally 

slower than those of motor axons (72, 71, 40 and 52 m/s, re

spectively). Perhaps the anticipated difference in S/N'ratio of 

sensory axons in the passive and active muscle becomes a more 

complicated issue for slower conducting axons, with corre
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spondingly smaller amplitudes of extracellulary recorded action 

potentials (see Fig. 11 in Chapter 2) and lower S/lT ratios 

(Figs. 20-21 in Chapter 2). 

In summary, while the evidence is subtle and much more data is 

clearly required from the active muscle, it nonetheless seems valid to 

claim that the records and computations presented in Figure 33 are 

indicative of some degree of motor unit synchronization in the test 

muscle. 

Tendon Organ Discharge during Rhythmic Motor Activity 

In the single preparation exhibiting rhythmic motor activity, it 

was possible to obtain simultaneous recordings of 32,000 consecutive 

single lb afferent discharges, the MN signal, and active force fluctua

tions. Examples of these recordings are shown in Figure 34. The more 

pronounced of the force fluctuations were immediately preceded by the 

onset of an envelope of augmented MN activity, the peak of which clearly 

preceded the peak of the force fluctuations. The lb afferent responded 

vigorously to the major force fluctuations and was quiessent during 

periods of minimal motor activity. During the major force fluctuations, 

its firing pattern was remarkably consistant CFig. 34B). There were 

three or four spikes on the initial rising phase of force development 

after which there was a short pause followed by particularly vigorous 

discharge that was sustained until shortly after the peak of the force 

development. Also shown in Figure 34B is a "force gate" that triggered 

a square wave pulse at an arbitrarily chosen point on the rising and 
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Figure 34. lb afferent activity during rhythmic activity of the medial 
gastrocnemius muscle. 

A and B (expanded time scale) show temporal relations between 
multi-unit MN activity (top trace), lb afferent discharge 
from a DRG cell (adjacent trace) and rhythmic active force 
fluctuations (bottom trace) of the test MG muscle of an 
unanesthetized decerebrate cat. Also shown above the force 
trace is a "force gate" pulse which is enabled when the force 
signal exceeds an arbitrarily selected level. The major 
active force fluctuations declined to a near passive level of 
tension (approximately 0-100 g). 
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falling phases of force development. This gate provided the opportunity 

to examine in detail the events shown in Figure 34. 

Figure 35 shows the phase relationships between averaged rec

tified MN activity and the averaged force profile for those of the 

forced fluctuations that exceeded a 430 g force gate level. These 

averages were compiled by using the rising edge of the force gate pulse 

as the trigger to the signal averager. By use of both delayed and non-

delayed averaging, it was possible to compile a 2048 sweep average of 

force and MN activity for a 200 ms epoch on either side of the trigger 

pulse. The force average cancels out minor force fluctuations in and 

around the major rhytmic event. The most remarkable feature of this 

figure is the smooth rise and fall of rectified MN activity. The aug

mentation must be due in part to increased motoneuron and tendon organ 

discharge. The nature of spindle discharge is more difficult to predict 

due to the opposing effects of gamma motoneuron discharge and internal 

shortening associated with the isometric force development. 

Figure 36 shows use of the same trigger pulse to compare the 

temporal relations between average force development and a PPSTH of the 

lb afferents discharge. The stereotyped discharge pattern seen in 

Figure 34B is reflected in the PPSTH. There is a gradually rising peak 

and brief decline in the PPSTH prior to onset of the force gate pulse 

followed by a broadened, heightened probability of discharge throughout 

much of the remaining increase in force development. Such a PPSTH is in 

sharp contrast to the cross-correlograms reported by Binder, Kroin, 

Moore and Stuart (1977) for the responses of lb afferents to twitches of 

a single motor unit in an otherwise passive muscle. Such responses are 
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Figure 35. Averaged profiles of muscle force and rectified muscle nerve 
activity during rhythmic muscle contractions. 

A-£ show a technique for averaging the MN signal and active 
force activity of MG when it is displaying the type of 
rhythmic activity shown in Figure 34. A shows a force gate 
pulse, enabled when active force exceeded approximately 430 g 
(broken horizontal line). Bi shows a averaged force profile 
(2048 sweeps) of the test muscle triggered both forwards and 
backwards in time by the onset of the force gate pulse. C 
shows a averaged MN activity, similarly triggered. 
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100 
ms 
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Figure 36. Pre- and post-"stimulus" time histogram of a lb afferent's 
discharge during rhythmic muscle activity. 

A as in Figure 35, but on an expanded time scale. ^ shows a 
PPSTH (200 us bin width, 1000 samples) of lb discharge, again 
with the onset of the force gate pulse serving as the 
reference event. 
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remarkably consistant as if to suggest that in the present instance the 

PPSTH is revealing the responses of a lb afferent to asynchronously 

discharging motor units. 

It is reasonable to assume that other "active" tendon organ 

afferents and the muscle spindle population would have similar broadly-

peaked profiles in their individual PPSTHs. Under such conditions and 

despite the clear-cut envelope of augmented MN activity associated with 

the average force profile (Fig. 35A), it would not be anticipated that 

the tendon organ discharge under study would be synchronized to the 

discharge of any other sensory afferents. This point is verified in 

Figure 37 which shows the synchronization index computation for this 

afferent for the "low" force epoch that precedes each onset of the force 

gate trigger and the "high" force epoch in which the level of force 

development was above the level set by the force gate. This finding is 

quite remarkable because it suggests that the central connections of a 

single muscle receptor afferent could be studied by use of standard STA 

procedures, without contamination from other synchronized spike trains, 

even when the test muscle is exhibiting quite rhythmic motor activity. 

Discussion 

The purpose of this preliminary study was to illustrate the 

feasibility of using the SI as a test for neuronal synchrony when the 

test muscle is active rather than passive. As a result of the success

ful demonstration of this application, it is now possible to envision 

STA experiments in which the central connections of single muscle 

afferents are explored in active as well as passive muscles while 
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Figure 37. Testing for muscle receptor synchronization during different 
levels of rhythmic muscle activity. 

A and B are the ^ and ̂  averages ClO ms, 2048 sweeps) 
that were used in computations during Low Force and 
High Force epochs of the test muscle. These conditions were 
obtained as shown in Figures 35 and 36. The low force epoch 
involved arrhythmic active force levels < 430 g. The high 
force epoch included all time in which the force level 
exceeded 430 g. The S/N ratio of the lb afferent's spike in 
the MN signal was 0'.37 in the low force epoch and 0.26 in the 
high force epoch. 
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simultaneously providing a control that tests for synchrony between the 

reference and other spike trains. A remarkable feature of the present 

work was the demonstration that even in the presence of pronounced 

rhythmic motor activity, the discharge of a single lb afferent could be 

shown to remain asynchronous to that of other afferents. This finding 

suggests that the STA technique can eventually be brought to bear on a 

precise description of segmental reflex connectivity during a variety of 

"near-natural" motor events including, for example, those that occur 

when the locomotion pattern generator comes into play. 

The present study provided evidence of a small degree of motor 

unit synchronization and a lack of spindle afferent synchronization in 

the cat MG muscle during "spontaneous" low-force contractions. These 

findings suggest that the potentially "correlating" effects that syn

chronized motor unit discharge would have on select spindles are offset 

by effects of non-synchronized motor unit contractions and by fusimotor 

input. This argument should be considered a testable hypothesis for 

subsequent studies because the present data from a feasability study are 

too limited to have proven the point. The hypothesis is nonetheless 

proposed because, currently, there is much uncertainty concerning the 

extent of motor unit and spindle afferent synchronizaton that occur in 

an active muscle, even at the low levels of force development analyzed 

in the present study. 

For voluntary human contractions, it is generally agreed that 

beyond a certain level of active force development, muscle unit synchro

nization is present (Milner-Brown et al. 1975). However, during weak 

contractions there is evidence both for (Kranz and Baumgartner 1974; 
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Shiavi and Nigan 1975) and against (Buchtal and Madsen'1950; Person and 

Kudina 1968; Milner-Brown et al 1975, Diatz et al. 1976) such synchroni

zation. For weak contractions in unanesthetized decerebrate cats, the 

present report on only one unit did suggest synchronization. Synchroni

zation has occasionally been observed (see Fig. B-2 in Cameron 1979) in 

other similar preparations studied recently in this laboratory. 

While the present (again limited) results suggest no spindle 

afferent synchronization during weak contractions, Windhorst (1977b) and 

Windhorst and Meyer-Lohmann 1977) have reported evidence of such syn

chronization using relatively similar preparations to those used in the 

present study. However, it deserves mention that the latter studies 

involved a decerebration technique that may result in a different pat

tern of augmented motoneuron activity (i.e. anemic decerebrate technique 

of Pollock and Davis 1930, usually supplemented by both preor inter-

collicular mid-brain section and anterior cerebellectomy). Nonetheless, 

it is difficult to reconcile their finding spindle afferent synchroni

zation in muscles undergoing weak contractions with the work of Matthews 

and Stein (1969b) who showed that the regularity of single spindle Ta 

and group II afferent discharges is disrupted in the decerebrate 

preparation by fusimotor activity and to somewhat lesser extent by motor 

unit activity. Similarly, Burke, Skuse and Stuart "1979 have reported an 

increase in the variability of individual spindle discharges as a human 

test muscle is voluntarily changed from a passive to an active state. 

It has now been clearly shown that, despite the highly regular discharge 

of individual spindle afferent spike trains, they nonetheless remain 

asynchronous in the passive muscle (Chapter 3). Therefore, it is 
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difficult to envision a mechanism whereby such synchrony would come 

about during weak contractions of the active muscle in which instance 

increased fusimotor activity and the motor activity itself have been 

shown to make the discharge of individual spike trains far less regular 

(Matthews and Stein 1969b), 

In summary, it is difficult to accept these diverse results on 

motor unit and spindle afferent synchronization on their face value. 

Presumably, these issues will become resolved in subsequent studies that 

extend upon the present preliminary one. 



CHAPTER 5 

AN ELECTRONIC SIMULATOR OF NEURONAL SPIKE-TRAINS: 
APPLICATION IN SPIKE-TRIGGERED AVERAGING 

Abstract 

A full circuit description is provided for an electronic 

simulator of neuronal spike trains. A simulated muscle nerve signal is 

produced by summing a biphasic, reference spike train; a synchronized, 

biphasic, non-reference spike train; and psuedo-random noise. The 

amplitude and the degree of synchronization of the non-reference spikes 

to the reference spikes are adjustable. An external trigger pulse 

preceding each reference spike is available for spike-triggered 

averaging applications. Some fundamental aspects of neuronal activity 

as recorded from a peripheral muscle nerve can be demonstrated by use of 

this simulator. 

Introduction 

There were two objectives that promoted the present design and 

development of an electronic simulator of neuronal spike trains. First, 

in acute neurophysiological experiments dealing with segmental motor 

control, many hours of animal surgery are required before it is possible 

to record the neuronal signals of interest. Such signals include; 

muscle nerve signals, unitary afferent spike trains recorded from the 

dorsal root filaments or ganglion cells, and unitary EMGs from single 

motor units in the test muscle. A simulator can quickly provide these 

114 
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signals such that recording and/or signal processing techniques (e.g. 

signal averaging) can be developed and tested without the complications 

and delays of an animal preparation. Furthermore, it is usually not 

possible to control all of the variables associated with a biological 

preparation. However, the present simulator circuit permits accurate 

adjustment of the signal-to-noise CS/N) ratio of a reference spike train 

and/or the S/N ratio of a second non-reference spike train. 

The second objective required that the simulator could 

synchronize a non-reference spike to a reference spike within an 

adjustable variance band centered around the occurrence of the reference 

spike. It was then possible to simulate the phenomenon of 

synchronization between neuronal spike trains and to establish the 

boundary conditions for a newly developed test of such synchronization 

(Chapter 2). 

Circuit Description 

A schematic diagram of the circuit is shown in Figure 38 and a 

timing diagram of the wavefoms it produces is shown in Figure 39. The 

text and legend to Figure 39 includes capitalized components from Figure 

38 and circled letters from Figure 39. 

A simulated muscle nerve signal is produced by combining 

pseudo-random analog noise and two biphasic pulses, the REFERENCE and 

NON-REFERENCE events (Andreassen, Stein and Oguztoreli 1979). Each 

pulse is generated by the paired firing of monostable multivibrators 

(MMS) whose outputs are stmnned by operational amplifiers. 
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Figure 38. Schematic diagram of a neuronal spike train simulator. 



Figure 39. Waveforms and timing diagram for simulator circuit. 

A - J show the timing relationships of several standard 
low-power schottky TTL integrated circuits used in the 
simulator. Dotted lines indicate causal relationships in 
the logic circuit, for details see text. A — external 
trigger supply to simulator. B — START multivibrator 
output. C — COUNT LOAD multivibrator output. D, E — 
halves of REFERENCE event. F — gate DELAY multivibrator 
output. G — GATE multivibrator output. H — gated clock 
output. Arrows identify binary-coded decimal word 50 and 
the maximum value (?4) for the 4 ms gate time. I.> J — 
halves of NON-REFERENCE event. Also shown in I-J are shaded 
areas depicting occurence times of those pulses for 32 
previous input trigger signals. K — simmed analog output. 
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Figure 39. Waveforms and timing diagram for simulator circuit. 
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Generation of the Reference Event 

The first biphasic pulse, the reference event, has a fixed 

output amplitude and a fixed time of occurrence with respect to the 

REFERENCE TRIGGER OUTPUT. It is generated when a MM integrated circuit 

(ICla) produces a 5 ms START pulse @ initiated upon receipt of a 

suitable trigger signal applied to the REFERENCE TRIGGERED INPUT . 

The falling edge of the START pulse fires MM ICSa which generates a 

100 us logic level pulse whose falling edge triggers A8b which also 

produces a 100 us pulse. The Q output of ICSa and the Q output of ICSb 

are capacitively coupled to IC9c. IC9c is configured to minimize the 

effects of capacitive loading on its output. Otherwise, it is a 

conventional inverting summing amplifier. 

Generation of the Non-reference Event 

The NON-REFERENCE event (biphasic pulse) has a switch selectable 

amplitude (S3) and time of occurrence (SI). By use of precision 

resistors, SI provides four different RC time constants for both DELAY 

(lC2a) and GATE (IC2b) (G) MMS. For the switch position shown 

(Figure 38) MM IC2a will produce a 3 ms delay and MM IC2b will produce a 

4 ms gate. For each SI switch position (I, 2, 4 and 8 ms), the gate 

is "centered" around the time of occurrence of the REFERENCE event. The 

generation of a NON-REFERENCE biphasic output pulse within this selected 

gate time is produced by a preloaded and clocked counter scheme. BINARY 

COUNTERS IC4a and IC4b are incremented with each REFERENCE TRIGGER INPUT 

signal and provide a binary coded decimal (BCD) word to the preset 

input of counters IC5 and ICS. This BCD word increments to a value 
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selected by switch Sic. When the preset value is achieved, NAND gates 

IC3b and IC3c provide a non-inverted and slightly delayed (~ 20 ns) 

reset signal to counters IC4a and IC4b. Thus, for each selected gate 

time, the BCD word supplied to ICS and IC6 is in the range of 0-16, 

0-32, 0-64 or 0-128 respectively. 

The 800 us COUNT LOAD (MM IClb) is also fired with each 

REFERENCE INPUT TRIGGER signal. The rising edge of the Q output of MM 

IClb transfers a BCD word from both IC4a and IC4b. It is then preset 

into counters ICS and IC6. UP-DOl'JN COUNTERS ICS and IC6 are configured 

in the count down mode. The gate signal generated by IC2b is applied to 

a NAND gate (lC3a) along with an externally-supplied 16 KHz clock signal 

The resulting "gated clock signal", , is applied to the 

count down input of the ICS-IC6 counter pair. This 16 KHz gated clock 

is 1, 2, 4, or 8 ms long (t). It allows N counts to be applied to the 

down counters, where N = t/(l/f^). por the range of gate times, N = 

16, 32, 64, and 128 respectively. Since the preset count input is 

always less than or equal to the number of counts applied to the count 

down input, each occurrence of the REFERENCE TRIGGER INPUT signal always 

forces ICS-IC6 to count down to zero at some time during the selected 

gate time. The IC5-IC6 underflow output thus generated is applied to MM 

IC7a and IC7b . These MMs provide pulses that are summed by 

amplifier IC9a to form the NON-REFERENCE event in the same way as 

described for the REFERENCE event. This signal is scaled by amplifier 

IC9b, with switch S3 providing amplitude ratios of 1.0, 0.83, 0.66, O.S, 

0.33 and 0.17 in relation to the reference event. Amplifier IC9c 

supplies the SIMULATED MUSCLE NERVE SIGNAL OUTPUT by summing the outputs 
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o£ IC7a, IC7b, IC8a, and IC8b with the externally supplied noise signal 

Switch S2 allows the selective inhibition of either the 

REFERENCE event or the NON-REFERENCE event. 

Generation of a Simulated Muscle Nerve Signal 

REFERENCE TRIGGER INPUT signals causes MM ICl to produce a 5 ms 

start output pulse . The rising edge of this pulse has four 

functions and the falling edge has one. The leading edge: 1) is 

available as an external trigger; 2) increments the binary counter pair 

that supply BCD words; 3) initiates the selectable gate DELAY MM; 

and 4) intiates the LOAD MM. At the conclusion of the LOAD pulse, 

the COUNT DOWN COUNTERS are preset to a new BCD word value. When the 

gate "delay" times out, the GATE pulse, , enables the gated clock 

signal, , to begin decrementing the COUNT DOWN COUNTERS. 

The falling edge of the 5 ms start pulse triggers the paired 

MM IC8a and b, , and whose outputs are summed to produce the 

REFERENCE event. The COUNT COW COUNTERS eventually reach zero 

("underflow") and similarly trigger paired MMs IC7a and b, and , 

whose outputs produce the NON-RERFERENCE events. Each REFERENCE trigger 

generates a similar sequence (i.e. produces one REFERENCE and one 

NON-REFERENCE event). Subsequent NON-REFERENCE events are adjacent, 

following the previous one by 62.5 us (l/f^)^ until the preset 

counters reach their maximum permissible count. Upon reaching this 

count, preset counters are reset and begin incrementing again. N counts 

are required to provide one count at each 62.5 us interval within the 
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selected gate times. Therefore, averaging computer runs should be N, 

2N, 3N, etc., counts long. For the example discussed (4 ms gate time), 

64 input triggers are required to place one asynchronous event at each 

possible location within the gate time. Therefore, computer runs of 64, 

128, 256 etc. are appropriate. 



CHAPTER 6 

DESIGN OF A FULL-WAVE RECTIFIER 
WITH EMPHASIS ON NEURONAL SIGNAL HANDLING CHARACTERISTICS 

Abstract 

The design of a precision, high-slew rate, full-wave rectifier 

is described. Emphasis is placed on theoretical aspects of the design 

and on how component selection and matching effect circuit performance. 

Use of this circuit in the processing of neuronal signals is discussed. 

Introduction 

A newly developed technique that tests for synchronization 

between neuronal signals (Chapter 2) requires full-wave rectification of 

a multi-unit muscle nerve signal before it is used as an input signal to 

a signal averager. Two such rectified averages are required and their 

relationship to each other is critical to the interpretation of the test 

results. 

When the input signal to a signal averager is rectified, any 

offset voltages or signal drift will be summed into the final average. 

To eliminate such errors, it was necessary to design a precision, 

full-wave rectifier with special emphasis on the offset voltages and 

drift characteristics of its components. 

The circuit's design also takes into consideration the spectral 

content of the muscle nerve signal and the wide range of amplitudes that 

contribute to this signal (Chapter 2). 

122 
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Circuit Description 

Figure 40 shows four low-drift operational amplifiers that 

perform buffer, gain, and absolute value functions. The overall 

performance of the circuit is shown in Figure 41. 

Amplifier ICl is a conventional inverting unity gain buffer 

stage. Input coupling and feedback capacitors limit frequency response 

to 1 Hz - 50 KHz. Low frequency limiting avoids the need for low offset 

and/or low drift instrxmentation preceeding the present circuit's input. 

Amplifier.IC2 forms an inverter function at a gain of ten. Note 

that for this and all subsequent operational amplifiers described, the 

positive input terminal is grounded through an appropriate resistor in 

order to minimize voltage offsets, offset drift, and noise. 

Operational amplifier IC3 and transistors Q1 through Q4 

implement a half wave rectifier function. Transistors Q1 and Q4 are 

connected in order to utilize only their base-emitter junctions. The 

Q1-Q2 and Q3-Q4 pairs were carefully matched by viewing their 

voltage-current relationships on a transistor curve tracer. This 

matching was checked both at ambient temperature and at a slightly 

elevated temperature (c.a. 35°C). All four transistors were then 

attached to an aluminum heat sink to eliminate any temperature gradients 

between transistors. These procedures along with the appropriate choice 

of operational amplifiers dramatically reduce the drift of the overall 

circuit. 

Transistor Q2 and resistors Rl, R2, and R3 provided an accurate 

bias network for Ql. Similarly Q3, R4, R5, and R6 bias Q4. By 

implementing this biasing network, the "dead zone" associated with zero 
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Figure 40. Schematic diagram of a full-wave rectifier. 



125 

A 

I 1 
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Figure 41. Full-wave rectifier circuit performance. 

Upper waveform in A is a 2 KHz, 1 Vpp sine wave input to the 
rectifier. Lower waveform in A is the output of rectifier. 
B same as A except input signal is 10 m Vpp. 
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crossing can be minimized. This biasing netsvork and the preceding gain 

stage (IC2) contribute greatly to the low amplitude accuracy of the 

overall circuit. 

The gain of the half wave rectifier circuit (IC3) and associated 

components may be calculated as follows: 

G3 = -(Rf/Ri) (1) 

But takes on different values for positive and negative input 

signals due to the front-to-back resistance ratio of the diode connected 

transistors Q1 and Q4. The rectifier gain for positive signals is given 

by; 

G3P = -((R3+RQ1r) X (R4+RQ4F+RF)/(R3+RQlR) + (R4+RQ45.+RF))/RI (2) 

= -((R3+RQlp) X (R4+RQ4j^+Rf)/(R3+RQl5.) + (R4+RQ4i^+Rf))/Ri (3) 

If we assvmie near perfect diode action (i.e. forward resistance R^^ = 

10a and reverse resistance R^ = LO Mji. ) the positive signal gain is 

found from eq (2): 

G3 = -(100 + 10) X (100+10 + 1740 )/(100+10M) + (100+10+1740 ))/2100 

= -0.881 

Rectifier gain for negative signal inputs may similarly be calculated 
using eq. (3): 

G3JJ =. (100+10) X (100+10 M +1740)7(100+10) + (100+10 M +1740)/2100 

= -0.052 
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Amplifier IC4 sums the outputs of IC2 and IC3. The gain of IC4 

for the buffered, gain of ten, output of IC2 is given by; 

<^2 = -(R9+R10+R11/R7+R8) (4) 

For potentiometer R8 set near midrange and potentiometer R9 set near IK: 

^2 = -(1K+4K+50) / (45K+5K) = -0.101 • 

The gain of IC4 for the half-wave rectifier output of IC3 is given by: 

G43 = -R9+R10+R11/R12 (5) 

Therefore; 

G43 = -(1K+4K+50 /22.1K) = -0.229. 

Careful adjustment of potentiometers R8 (positive to negative 

signal gain ratio) and R9 (overall circuit gain) is necessary to obtain 

an accurate absolute value circuit. 

Overall circuit gain should be the product of the individual 

stages; but since amplifier IC4 has two input paths, the total circuit 

gain can be calculated as follows: 

= (G1 X G2) X (04,) + (G1 x G2) x (G3 x G43) (6) 

For positive signals; 

= (-1 X -10) X (-.101) + (-1 X -10) X (-0.881 x -0.229) 

=  1 . 0 1  



For negative signals: 

= (-1 X -10) X (-.101) + (-1 X -10) X (-.052 x -0.229) 

''TN = "0*99 

Thus, with an overall gain near unity, positive input signals 

are unchanged while negative signals are inverted. The output 

configuration of IC4 minimizes the effects of capacitative loading. 

This particular design gives careful consideration to factors 

that affect amplifier offset levels as well as the circuit's high 

frequency performance.^ Low-slew rate, operational amplifiers will 

produce large zero-crossing errors which are unacceptable especially 

when working with small signal input levels. 

1. National Semiconductor Corp. LF351A operational amplifiers 
satisfied all of our design criteria. 
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