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Summary. 1. The movements of the merocarpopodite 
(M-C) joint of the rock lobster were recorded simul- 
taneously with electromyograms from the extensor, 
flexor and accessory flexor muscles during unres- 
trained walking in all directions. In optimal record- 
ings it was possible to distinguish the activity of sev- 
eral identifiable motor  neurons. 

2. During lateral walking, the M-C joint makes 
vigorous movements (Table 1), due in large part to 
strong alternating discharge in the antagonistic mus- 
cles (Fig. 2, Table 2). During forward and backward 
walking, the movements of the M-C joint occur over 
a more restricted angular range (Table 1). Here the 
antagonistic muscles are co-activated (Fig. 2, Table 2), 
so that the joint functions more as a rigid strut. 

3. Extreme variability was observed in the timing 
of the discharge of several identified motor neurons 
between steps during walking in a given direction 
(Table 3). Implications with regard to the nature of 
the pattern generator are discussed. 

4. Major differences were observed in the dis- 
charge frequency of these identified motor neurons 
between walking modes when the corresponding mus- 
cles served a power stroke, return stroke or postural 
function (Fig. 8, Table 4). Variability occurred in the 
discharge of some units between steps in some walk- 
ing directions, but was not directly related to step 
period (Figs. 9, 10; Table 4). 

Introduction 

Animals commonly employ the same locomotory ap- 
pendages to produce many fundamentally different 
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behavioral acts. For  example, most vertebrates can 
use their hindlimbs to stand, walk, run, swim, jump, 
copulate and scratch. Furthermore, many animals can 
locomote with equal facility in all directions. A simple 
invertebrate model for this latter phenomenon is pro- 
vided by walking behavior in decapod crustacea. De- 
capods, such as lobsters and crayfish, apparently util- 
ize the same neuronal oscillator system to produce 
cyclic walking movements in all directions (Ayers and 
Davis, 1977a; Clarac and Ayers, 1977). In this system, 
some joint movements which are synergistic for walk- 
ing in one direction become antagonistic for walking 
in the opposite direction. It has been concluded that 
in the overall organization of walking behavior in 
Crustacea, the difference in the nature of the behavior 
results from a shift in the coordination of some bi- 
functional basalar joint motor units relative to a com- 
mon return stroke pacemaker (Ayers and Davis, 
1977a). 

A similar organization is observed in the control 
of the more peripheral merocarpopodite (M-C) joint 
of the crustacean walking leg (Clarac, 1977; Clarac 
and Ayers, 1977). During lateral walking on the lead- 
ing side, propulsive forces are provided by a vigorous 
flexion of the M-C joint, whereas, an extension move- 
ment of this same joint underlies the power stroke 
on the trailing side (Clarac and Coulmance, 1971). 
In contrast, during forward and backward walking, 
propulsive forces are provided by movements of the 
more basalar thoraco-coxal (THC) joint. Here, the 
M-C joint apparently functions only as a strut with 
little vigorous movement (Ayers anA Davis, 1977a; 
Clarac and Ayers, 1977). The M-C joint motor neu- 
rons are therefore presumably controlled in several 
distinct coordination modes, each of which is specific 
for a different locomotory act. 

It is of considerable interest to determine the neu- 
romuscular mechanisms which the central nervous 
system uses to elicit these different coordination 
modes, and the M-C joint system is quite amenable 
to such analysis (Clarac and Ayers, 1977a). In con- 
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trast to vertebrate motor systems, decapod Crustacea 
offer considerable simplicity in their functional organ- 
ization. Extension movements of the M-C joint are 
achieved by contractions of the merocarpopodite ex- 
tensor muscle which is controlled by only two excitors 
and a peripheral inhibitor motor  neuron. Flexion 
movements of this joint are produced by two muscles 
which operate in parallel: the flexor (F) muscle and 
the accessory flexor (AF) muscle. The flexor muscle 
is controlled by a phasic flexor motor neuron, three 
tonic flexor motor neurons and a peripheral flexor 
inhibitor motor  neuron (Wiersma and Ripley, 1952). 
The accessory flexor muscle is controlled by the acces- 
sory flexor motor neuron and the peripheral inhibitor 
which it shares with the extensor muscle (Angaut-Petit 
et al., 1974). Due to this relative paucity of motor 
innervation it is possible to distinguish the activity 
of several identified excitatory motor  neurons in fa- 
vorable extracellular myograms in freely behaving 
animals. 

The present study utilizes techniques which enable 
us to chronically record the activity of four identified 
motor  neurons: the tonic extensor (t-E), the phasic 
extensor (p-E), the phasic flexor (p-F), the accessory 
flexor (AF) and the tonic flexor pool simultaneously 
with the angle of the M-C joint in freely behaving 
lobsters during walking in all directions. Through 
quantitative analysis we address the following ques- 
tions: (1) What overall patterns of synergistic and 
antagonistic discharge characterize the motor  output 
in the four walking modes? (2) What are the sources 
of variability within a walking mode in the relative 
timing of the discharge of identified motor neurons? 
and (3) How does the organism grade motor output 
in intensity in different identified motor neurons when 
it walks at varying stepping frequencies in the four 
directions ? These experiments are aimed at character- 
izing normal motor  output in unrestrained animals. 
In a subsequent report  (Clarac and Ayers, 1978), we 
examine the effects of proprioceptive perturbations on 
the motor  output of these motor  neurons to ascertain, 
in part, the role of proprioceptive feedback in the 
production of the final motor  score. 

trally such that they tend to push or pull during walking in these 
directions. 

Recording Techniques 

Movements. The angle of  the M-C joint  was monitored with a 
capacitative movement  transducer (Sandeman, 1968) which was 
arranged to measure the movements  of a signal wand attached 
to the carpopodite between two antennae which were attached 
to a wire frame mounted  on the distal end of the meropodite 
(Fig. 1 b). As this type of transducer is somewhat  non-linear under 
the conditions of the present experiments, the apparatus was cali- 
brated frequently between walking bouts with regard to  the DC 
voltage produced over the full range of joint angles. 

Electrophysiology. Techniques for electromyographic recording 
from lobster walking leg muscles can be found in Ayers and Davis 
(1977a). In general, several implantat ions were made into each 
muscle and the best pair of electrodes was selected during the 
course of the experiment. Poor recordings could often be greatly 
improved by passage of DC current from a battery through the 
recording electrodes. In the present study, recordings were made 
from freely behaving animals in an aquarium. To insure complete 
mobility, the recording leads were attached to a mini-connector 
which was mounted  on a small float (Fig. 1). The lobster and 
attached wiring harness could then be removed from the recording 
apparatus  for implantat ion or storage between recording sessions. 
The float was apparently frictionless on the surface and provided 
no obvious restraint on the animals movements.  

Interpretation of Records. Electrodes of the type used in the present 
experiments record field potentials generated by muscle EJP's. In 
favorable recordings, the potentials generated by different identifi- 
able motor  units of the same muscle are distinguishable on the 
basis of the number  of inflections and relative amplitude of positive 
and negative components.  In addition, some potentials exhibit cross 
talk on the electrodes which record from different muscles. Thus, 
if the muscle activity is recorded at high enough speeds 
(ca. 5 10 cm/s), it is typically possible to distinguish the activ!ty 
of several identifiable motor  neurons. For  example, the extensor 
muscle is innervated by only two excitatory elements, the tonic 
and phasic extensors, which typically can be differentiated on the 
basis of impulse amplitude. Similarly, the accessory flexor muscle 
receives only one excitatory axon. Recordings from the flexor mus-  
cle often presented ambiguity. The flexor receives three tonic excita- 
tory axons which can only be differentiated in the most  fortuitous 
recordings. Our description in this case will treat these units as 
a pool. The activity of  the phasic flexor was typically unambiguous  
for its activity was commonly  observed as cross talk on the acces- 
sory flexor recording whereas the activity of  tonic units was not. 
No  at tempt was made to interpret the activity of the peripheral 
inhibitors. 

Materials  and Methods 

Rock lobsters, Palinurus vulgaris, were used in all experiments. Ani- 
mals were obtained from a local distributor (Sommepron,  S.A., 
Marseille), maintained in a closed filtered sea water system and 
fed live mussels on a sporadic schedule. All experiments were 
performed on the fourth right walking leg as the normal  axis 
of  movement  of  this leg is nearly perpendicular to the longitudinal 
body axis and its movements  consist of  a simple rowing action 
during forward and backward walking. The basalar axis of the 
more anterior walking legs of this species are oriented more r o s -  

Experimental Strategy 

In the present study, an at tempt was made to characterize the 
normal  locomotor output  underlying walking in the four directions. 
In contrast  to the treadmill situation (Ayers and Davis, 1977a), 
where both the speed and direction of locomotion are under direct 
experimental control, considerable difficulty was experienced in 
eliciting long sequences of walking in a given direction. Animals  
could often be induced to walk by a generalized mechanical stimu- 
lation or by application of weak electrical fields on the side of 
the body opposite to the intended direction of locomotion. Such 
st imulation w/ts produced by bipolar silver wires which were 
attached to a light wand and connected to a small battery. 
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Fig. 1A and B. Experimental system utilized for recording in vivo. A Overall view of the recording system. B Detail showing movement  
transducer system and a typical electromyographic implantation. Recording ieads (c) were mechanically attached to the carapace with 
dental cement (d) and lead off to a mini-connector (b) which was supported by a small float (a). Electromyographic recording leads 
were sealed to the overlying cuticle with wax (g). Inputs to the movement  transducer consisted of a signal wand attached to the 
carpopodite 09 which moved between two antennae mounted on a wire frame (e) affixed to the meropodite 

The electromyographic and positional activity was recorded 
on FM tape simultaneously with a vocal log. The general experi- 
mental  strategy was for one investigator to initiate locomotion 
while recording a step by step vocal log of the direction of evoked 
locomotion. The vocal log was then utilized to define sequences 
of  walking in a given direction during subsequent filming. 

Quantitative Analysis 

Quantitative analysis of  the activity of  identified units was 
performed on steps selected from the middle of  longer sequences 
of walking in a given direction. A step is defined as the time 
interval f rom the mid-point of  a burst  in the anterior basipodite 
elevator (see Ayers and Davis, 1977a), to the mid-point of  the 
subsequent elevator burst. The data were digitized directly from 
film records using a magnetic tablet which punched the x-y coordi- 
nates of each spike on paper tape. The raw data were then 
converted from magnetic tablet coordinates to time for subsequent 
analysis on a PDP 11-45 digital computer.  

Three types of graphical displays are used in our analysis: 

Phase Histograms. In phase histograms, phase is defined as the 
time interval f rom the origin of the step to the time of occurrence 
of a muscle spike divided by the period of the step cycle. The 

histogram thus expresses where muscle impulses of  a unit occur 
in the step cycle, independent of  the cycle period, and allows the 
comparison of the relative timing of events in steps of  different 
periods. 

Since the bursts of  muscle activity which occur during walking 
are periodic it is necessary to utilize circular statistics to describe the 
distributions (Batschelet, 1965). Two statistics were computed in the 
present experiments. Mean angle of  a circular distribution is the aver- 
age phase position of motor  neuron spikes and is analogous to 
the arithmetic mean of a continuous distribution (Zar, 1974). Angu-  
lar deviation of a circular distribution is analogous to the s tandard 
deviation of a continuous distribution, and thus expresses the 
amount  of  variation in the circular sample. 

Interval Histograms. In interval histograms, the abscissa is the 
interval between successive impulses in the step cycle. This quantity 
is thus the inverse of  the instantaneous discharge frequency within 
the step. 

Frequency-Burst Period Plots. In frequency-burst  period plots, the 
average instantaneous discharge frequency is calculated for each 
step and plotted versus the burst  period (referenced to elevator 
burst midpoints) of that  step. These diagrams thus indicate whether 
the intensity of  discharge is a function of step frequency. 
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A Question of Semantics. Many crustacean motor neurons have 
been classified as either tonic or phasic based upon their neuron- 
muscular properties and thresholds to inputs (e.g. Atwood, 1973). 
Furthermore, the terms tonic and phasic have also been utilized 
to describe firing patterns in many systems (e.g. Kennedy and 
Davis, 1977). In view of such semantical ambiguities, we have 
restricted our usage of the terms phasic and tonic to naming differ- 
ent identified motor neurons (e.g. tonic extensor, phasic flexor 
etc.). This terminology is not intended to indicate the neuromus- 
cular properties of these elements or their firing patterns. But 
merely to adhere to the conventional nomenclature for these ele- 
ments (Atwood and Walcott, 1965; Clarae, 1977; Vedel et al., 
1975). 

Results  

Table 1. Mean joint angles (deg.) of maximum extension, maximum 
flexion and angular excursion of merocarpopodite joint power 
stroke movements during walking in the four directions. The joint 
angles were determined using a capacitative movement transducer 
(Fig. 1, Sandeman, 1968). Measurements were taken only from 
steps selected from the middle of longer sequences of walking 
in a given direction. The data were pooled from several experiments 
with a single animal, n is the number of steps used in the computa- 
tion of averages. See Figure 2 for reference coordinates 

Maximum Maximum AnguIar 
extension f l e x i o n  excursion 

Forward t 21.1 94.8 26.3 56 
Backward 125.8 96.2 29.6 45 
Leading 133.4 66.1 67.3 65 
Trailing 136.2 74.3 62.0 63 

Rock lobsters only occasionally exhibit spontaneous 
locomotion when confined in an aquarium as in the 
present experiments. They are typically rather seden- 
tary, but readily orient to movements in their visual 
field. By cautious stimulation with either a mechanical 
probe or with weak electrical fields it was often possi- 
ble to evoke short sequences (i.e. 6-10 steps) of walk- 
ing in a given direction, for the length of the aquarium 
(ca. 150 cm). In favorable animals, it was often possi- 
ble to also control the velocity of walking within 
such a bout. Most animals, however, change walking 
direction within a bout, i.e. walking backwards then 
turning and walking laterally etc. Some animals pre- 
ferentially walk in a particular direction (i.e. forwards 
or backwards etc.) and can only be induced to walk 
in other directions with difficulty. 

Several types of behavioral variability can be 
observed during walking in a given direction. For  
example, animals will often walk at different heights 
above the substrate or vary their height systematically 
within a walking bout. Some animals will exhibit de- 
fensive maneuvers with their antennae, other superim- 
posed postural contortions or occasional tail flips. 
Our analysis is confined to walking bouts where such 
extraneous activities or obvious height variations did 
not occur. 

treadmill induced walking (Ayers and Davis, 1977 a), 
have indicated that movements of the M-C joint are 
larger in amplitude during lateral walking than during 
forward and backward walking. These angular con- 
straints of joint movement have not previously been 
examined in freely behaving animals. 

To ascertain the angular constraints of movement 
of the M-C joint in unrestrained animals, we have 
determined the angles of maximum extension and 
flexion of  this joint during cyclic walking in the four 
directions (Table 1). During forward and backward 
walking, the movements of the M-C joint occur over 
a similar restricted angular range (Table 1). In con- 
trast, the total amplitude of joint movement observed 
during lateral walking is more than twice that of for- 
ward and backward walking (Table 1). This increase 
in the amplitude of the power stroke movement is 
realized largely by an increase in the degree of maxi- 
mum flexion of the joint when compared to the situa- 
tion during forward and backward walking (Table 1): 
Notice that the angle of termination of the power 
stroke during lateral trailing is nearly identical with 
the angle of termination of the return stroke move- 
ment during lateral leading. 

1. Joint Movements During Walking 

Several previous investigations have indicated that 
positional proprioceptors may play a role in the pat- 
terning of the motor output in arthropod systems 
(Wendler, 1966; Pearson etal. ,  1976; Evoy and 
Fourtner, 1973), by initiating or terminating motor  
neuron bursts at a fixed joint position. In the present 
system, the power stroke or return stroke can be ter- 
minated during either extension or flexion and inputs 
from positional proprioceptors may be therefore func- 
tionally ambiguous. Furthermore experiments on 

2. General Organization of Muscle Activity 

The walking movements in all four directions can 
be divided into two phases: the swing phase or return 
stroke and the stance phase or power stroke when 
the limb actually provides propulsive force. When 
compared to the motor output of the THC and CB 
joint muscles (Ayers and Davis, 1977a), the output 
of the M-C joint muscles is much more variable. 
Examples of electromyograms from the elevator of 
the CB joint and the three M-C joint muscles are 
presented in Figure 2. Walking in all directions is 
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Fig. 2. E l ec t romyograph ic  record ings  du r ing  wa lk ing  in the four  direct ions.  The four  records consis t  of s imu l t aneous  recordings  f rom 
the an te r ior  bas ipodi te  e leva tor  of the CB jo in t  (EL), the extensor  of the M-C j o i n t  (E), the m a i n  f lexor  of  the M-C jo in t  (F) and  
the accessory f lexor (AF) du r ing  fo rward  (F), b a c k w a r d  (B), la tera l  leading  (LL) and la tera l  t ra i l ing  (LT) walking.  M-C M V T  is a 

D C  vol tage  which  indica tes  the angle  of the M-C joint .  Reference coord ina tes  for the jo in t  angle are shown in the d i ag ram at the 
bo t tom.  N o t e  in the in t e rp re ta t ion  of  this  f igure tha t  some of  the act ivi ty  in a g iven trace may  represent  cross t a lk  f rom other  muscles  
which  is unreso lvab le  at  such s low record ing  speeds (see Mate r ia l s  and  Methods)  

characterized by rhythmic bursting in the elevator 
which is accompanied by either bursting or less pat- 
terned discharge in the M-C joint muscles. Four  charac- 
teristic modes of M-C muscle discharge are apparent. 
During forward walking, both the extensor and flexor 
muscles discharge synergistically and tend to alternate 
with the elevator. During backward walking, the 
flexor discharges randomly, and the extensor bursts 
in alternation with the elevator. During both forward 
and backward walking, the accessory flexor exhibits 
unpatterned discharge. 

The motor output which underlies lateral trailing 
walking in the extensor and flexor muscles is generally 
similar to that which underlies backward walking. 
The major difference is that the accessory flexor now 
exhibits a strong burst during the end of the return 
stroke. In contrast, during lateral leading walking, 

rhythmic bursts in the extensor and flexor muscles 
alternate, with the extensor discharging synergistically 
with the basipodite elevators. 

3. Motor Programs in Identified Motor Neurons 

In order to extend the above qualitative description 
to the level of a quantitative description of the activity 
of individual identified motor neurons, we have 
performed a statistical analysis of the activity of each 
identifiable unit which can be recognized from elec- 
tromyograms. In the following analysis, we determine 
the circular statistical distribution (Batschelet, 1965), 
within the step cycle of muscle potentials in identified 
units from data pooled from several steps. In Hom- 
arus, the limb elevators of the coxo-basal joint have 
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Fig. 3. Timing (phase) of the tonic extensor motor unit activity 
during walking in the four directions. Each histogram expresses 
the phase position of occurrences of tonic extensor impulses during 
several (5-11) cycles of ongoing walking in a given direction. All 
histograms are referenced (i.e. phase 0.0 and 1.0) to the mid-point 
of the burst of spikes in the anterior basipodite elevator muscle 
(Fig. 2). n is the number of muscle potentials 

0.0 0.5 1.0 0.0 0.5 1.0 
Fig. 4. Timing (phase) of the tonic flexor motor neuron pool activ- 
ity during walking in the four directions. These histograms repre- 
sent the summed activity of the 3 tonic flexor (t-MCF) motor 
neurons. All conventions as in Figure 3 

Table 2. Mean phase angles and angular deviations of muscle spikes 
in different identified motor  neurons.  All values referenced to the 
mid-point  of the anterior basipodite elevator burst. Data  averaged 
from 5-11 steps 

Forward Backward Leading Trailing 

t-EXT 86.8 103.7 289.9 108.6 
(122.3) (97.3) (83.0) (86.3) 

p-EXT 97.6 105.6 323.6 111.1 
(112.6) (92.7) (37.4) (64.6) 

t-FLX 102.7 94.0 110.9 83.7 
(71,4) (106.1) (79.5) (105.1) 

p-FLX 237.5 99.8 103.6 119.7 
(65,3) (106.7) (69.6) (59.3) 

AF 93.3 90.0 246.8 79.5 
(111.9) (105.1) (77.5) (93.7) 

been considered the pacemaker s  of  the walking system 
(Ayers and Davis,  1977a). We have therefore  refer- 
enced the discharge of the M-C jo in t  muscles to the 
mid-po in t  of  the anter ior  bas ipodi te  elevator  burs t  
in the present  investigation.  

Tonic Extensor. The statistical analysis of  the activity 
of  the tonic extensor  m o t o r  neuron  (t-E) is shown 
in Figure  3 and Table  2. This neuron  exhibits three 
characteris t ic  types of  activity relative to the basa la r  
leg muscles.  Dur ing  fo rward  walking, its activity is 
unpat te rned ,  with the mean  phase  posi t ion of spikes 
near  the t e rmina t ion  of  the elevator  burs t  (Table 2). 
Dur ing  lateral  leading walking,  the tonic extensor  
burs t  occurs synergistically with the elevator  burs t  

(Table  2) and  is m u c h  less diffuse (Fig. 3c, Ta- 
ble 2). The discharge of the t o n i c  extensor  is ver 5 
similar during bo th  backward  and lateral trailin~ 
walking. In  bo th  cases, the unit  exhibits fairly discrete 
bursts  (Figs. 3 b, d ; Table  2) with similar mean  angles. 

Tonic Flexors. The main  flexor muscle  is innervated 
bY three tonic'  exci ta tory m o t o r  neurons.  E lec t romyo-  
g rams  f rom this muscle, therefore,  present  considerable 
ambigui ty  in the identif icat ion of  individual  tonic  mo-  
tor  units. Due  to this potent ia l  mis interpreta t ion,  we 
have therefore t reated these tonic units as a pool.  
The statistical analysis of  the activity of  this poo l  
is Presented in Figure 4 and Table  2. The tonic  flexors 
exhibit,  in general,  two characterist ic  pat terns  of  activ- 
ity. Dur ing  bo th  fo rward  (Fig. 4A) and  lateral  lead- 
ing (Fig. 4C)  walking,  the tonic flexors exhibit  dis- 
crete bursts  which al ternate with the elevator activity. 
Dur ing  bo th  backward  and lateral  trailing walking, 
the discharge of  the tonic  flexors is much  m o r e  dif- 
fuse. Here,  these units exhibit  ra ther  unpa t t e rned  ac- 
tivity. Dur ing  lateral  trailing, however ,  there is a ten- 
dency for  the flexors to burs t  synergistically with the 
elevators.  

Accessory Flexor. The statistical analysis of  the loco- 
m o t o r y  activity of  the exci ta tory accessory flexor unit 
is shown in Figure  5 and Table  2, Like the tonic exten- 
sor, the accessory flexor exhibits three characteristic 
pat terns  of  activity. Dur ing  bo th  fo rward  and back-  
ward  walking, the accessory flexor discharges rather 
tonically with the mean  spike phase  posi t ion corre- 
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a c c e s s o r y  f l exo r  

F O R W A R D  W A L K I N G  
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L A T E R A L  L E A D I N G  W A L K I N G  

L A T E R A L  T R A I L I N G  W A L K I N G  

D 

phase  

Fig. 5. Timing (phase) of the excitatory accessory flexor motor 
neuron activity during walking in the four directions. All conven- 
tions as in Figure3 

sponding to the end of the elevator burst. In contrast, 
during lateral leading (Fig. 5C) and lateral trailing 
(Fig. 5 D), the accessory flexor bursts antagonistically 
or synergistically respectively with the coxo-basal ele- 
vator. Notice, however, that the AF burst during 
lateral trailing is superimposed upon a background 
discharge which is absent during lateral leading. 

Phasic Extensor. The discharge of the phasic motor 
units is highly variable. The phasic extensor dis- 
charges during walking in all four directions and the 
statistical analysis of its activity is presented in Fig- 
ure 6 and Table 2. The discharge of this unit occurs 
largely synergistically with that of the tonic extensor. 
For  example, compare the mean angle and angular 
deviations (Table 2) of activity in the tonic and phasic 
extensors during backward and lateral trailing walk- 
ing. During forward and lateral leading walking the 
activity of the phasic unit is slightly phase delayed 
relative to that of the tonic unit. 

Phasic Flexor. In contrast to the phasic extensor, the 
phasic flexor normally discharges only during back- 
ward and lateral leading walking (Fig. 6, Table 2). 
In both cases, the phasic units exhibit nearly identical 
mean angles and angular diviations to those of the 
tonic flexors. Phasic flexor activity is rarely observed 
during forward or lateral trailing walking and never 
exceeds 1 or 2 spikes per cycle. 

4. Sources of Variation in the Timing of Discharge 
of Identified Motor Neurons Within Motor Programs 

Transitions Between Coordination Modes. Lobsters 
only rarely walk for long sequences in a given direc- 

PHASIC E X T E N S O R  
F O R W A R D  W A L K I N G  L A T E R A L  TRAIL ING W A L K I N G  

0:0 " 0 . 5  ' 1 :0  020  ' 0 : 5  ' 1 :0 

B A C K W A R D  W A L K I N G  L A T E R A L  LEADING W A L K I N G  

0:0 ' 0 2 5 '  120 0 ; 0  " 0 : 5  " 120 

o~ P H A S I C  F L E X O R  

10"0i I ii ii " n 42 ' 10"0"[ n=64 

B A C K W A R D  W A L K I N G  L A T E R A L  LEADING W A L K I N G  

Fig. 6A-F. Timing (phase) of phasic motor neuron activity during 
walking in the four directions A-D Locomotory discharge of the 
phasic extensor (p-E) motor neuron. E-F Locomotory discharge of 
the phasic flexor (p-F) motor neuron. All conventions as in Figure 3 

tion in the experimental situation we have employed. 
In the previous analysis we have attempted to restrict 
our description to ongoing locomotion in a given 
direction, but it must be recognised that step by step 
transitions between modes or even hybrid modes (i.e. 
walking diagonally) are common in most walking se- 
quences. Examples of electromyograms from the M-C 
joint muscles during such transitions between coordi- 
nation modes are shown in Figure 7. The most com- 
mon transitions are from lateral walking to either 
forward or backward or the converse from forward 
or backward to lateral walking. Reversals of walking 
direction (i.e. from forward to backward etc.) are 
less common, but nonetheless occur. Such transitions 
in walking direction are typically brought about by 
one or both antagonists changing from bursting to 
unpatterned discharge or the converse (Fig. 7). 

Hybrid Coordination Modes. Lobsters are not 
restricted to walking in the four perpendicular direc- 
tions, but may often employ both the thoraco-coxal 
and merocarpopodite joints to walk diagonally. The 
electrophysiological correlates of such behavior are 
unfortunately rather complicated and are not suffi- 
ciently stereotyped for quantitative characterization 
and have therefore been omitted in our analysis. 

Variability in Timing With& a Coordination Mode. 
In the previous analysis (Table 2, Figs. 3-6), we 
presented timing data averaged from several (5-11) 
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Fig. 7. Electromyographic recordings during transitions between coordination modes. Each of the three panels is a continuous recording 
from the three M-C joint muscles: extensor (E), flexor (F) and accessory flexor (AF). (1) Transition from lateral leading (LL) to 
backward (B) walking. (2) Transition from lateral trailing (LT) to backward (B) walking. (3) Transition from forward (F) to lateral 
leading (LL) walking. All other conventions as in Figure 2 

steps in order to establish the general organization 
of the motor  programs in these identified motor  neu- 
rons. Such analysis, unfortunately, obscures the fact 
that in some coordination modes the timing of dis- 
charge of several of the motor  neurons is extremely 
variable. To further illustrate this variability, we have 
compiled a table of the mean phase angle and angular 
deviation of the discharge of two identified motor  
neurons (tonic extensor, accessory flexor) in several 
individual steps (Table 3). 

Several important  conclusions obtain f rom such 
analysis. First, depending upon the walking direction, 
the motor  output  can be extremely variable in timing 
and this variability is not directly related to step 

period. For  example, during forward walking the to- 
nic extensor can discharge at mean phase angles rang- 
ing f rom 39 to 108 degrees (Table 3). Similarly, the 
angular deviation can range f rom discrete bursts 
(dev. = 38 deg) to unpatterned discharge (note in this 
context, that the apparent tonic discharge which ob- 
tains in averaged timing data may actually represent 
bursting which occurs at random phase positions). 
In contrast, during backward and leading walking, 
the timing becomes more consistent, although diver- 
gent bursts occasionally occur. Secondly, the step by 
step variations in timing in corresponding bursts in 
the two motor  neurons are not related but appear 
to be independent. Thirdly, in many cases, the motor  
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Table 3. Mean phase angle and angular deviations (dev.) of muscle 
potentials in simultaneous single steps of the tonic extensor and 
accessory flexor motor  neurons. All computat ions are referenced 
to the mid-point of the anterior basipodite elevator burst 

Burst Tonic extensor Acc. flexor 
period (s) 

Mean angle Dev. Mean angle Dev. 

Forward 

1.50 100.8 99.2 94.0 125.9 
1.64 39.4 38.5 261.8 78.5 
1.71 46.4 48.1 245.7 71.3 
1.89 107.6 87.2 97.0 92.0 
2.05 71.7 82.6 99.2 78.1 
2.35 102.4 45.6 87.6 91.5 
2.49 65.1 75.1 253.3 90.4 

Backward 

1.15 257.7 97.2 85.1 124.1 
1.19 237.5 63.9 89.6 81.2 
2.06 262.4 113.4 89.6 109.0 
2.36 88.9 132.1 96.1 110.3 
3.52 269.6 144.1 89.1 92.2 

Lateral leading 

1.54 301.3 65.5 112.1 80.1 
1.63 288.3 82.2 231.2 40.4 
1.76 275.0 90.2 104.2 92.1 
1.91 308.1 56.2 233.3 57.2 
2.27 76.4 96.5 243.1 63.2 
Lateral trailing 

1.42 295.1 74.9 263.3 96.8 
1.52 248.7 81.4 107.0 82.8 
1.73 118.5 70.3 77.4 84.0 
2.I3 112.5 77.1 71.9 79.7 
2.22 242.8 71.7 59.4 52.9 
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Fig. 8. Histograms of the inter-impulse interval between impulses 
in the tonic extensor and accessory flexor motor  neurons during 
several (5-11) steps of  walking in the four directions. ~ is the 
mean inter-impulse interval, n is the number  of  intervals. The x 
axis is in ms 

neurons appear to have two stable phase positions 
at which they may discharge. For example, during 
forward walking the accessory flexor discharges ei- 
ther around 95 deg. or around 250 deg. This finding 
also obtains for the discharge of the tonic extensor 
during lateral trailing. 

5. Gradation of the Intensity of Motor Output 
in Identified Neurons 

Tonic Motor Neurons. In the present system, different 
motor  neurons can subserve different functional roles 
depending upon the direction of walking. For exam- 
ple, the discharge of the tonic extensor underlies the 
return stroke during lateral leading, the power stroke 
during lateral trailing and functions more in a pos- 
tural role during forward and backward walking. In 
order to determine whether these changes in func- 
tional role are accompanied by a corresponding alter- 
ation in the discharge frequency, we have examined 
the average inter-impulse interval during walking in 
the four directions in the tonic extensor and accessory 

flexor motor neurons. The data are presented as inter- 
val histograms in Figure 8. 

The tonic extensor exhibits clear differences in 
discharge intensity in the three behavioral roles. Dur- 
ing lateral leading walking when the extensor muscle 
underlies the return stroke, the discharge frequency 
in the tonic extensor is the lowest of all four walking 
modes (ca. 17.6/s). The highest discharge frequency 
is reached during lateral trailing walking (ca. 34.2/s) 
when the extensor functions as a powe r stroke muscle. 
During forward and backward walking, the discharge 
frequencies are intermediate (21.8-25.8/s). 

In contrast, in the accessory flexor motor neuron, 
the highest discharge frequencies (40.4/s) are reached 
during lateral leading walking, when the accessory 
flexor functions in part in the production of the power 
stroke (Fig. 8). In this motor neuron, the lowest dis- 
charge frequencies occur during forward (ca. 26.6/s) 
and lateral trailing walking (ca. 27.8/s). During back- 
ward walking, the discharge frequencies are interme- 
diate (ca. 32.4/s). 

A further question of the gradation of motor out- 
put which is not addressed by the above analysis, 
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is whether  the d ischarge  frequencies  in these m o t o r  
neurons  vary  when the o rgan i sm walks  at different  
s tepping  frequencies.  To address  this issue we have 
examined  the re la t ionsh ip  of  i n s t an taneous  d ischarge  
f requency  to step pe r iod  (a p a r a m e t e r  which is d i rect ly  
re la ted  to wa lk ing  velocity,  Ayers  and  Davis ,  1977a). 
The d a t a  are presented  in F igure  9 for  the tonic  exten- 
sor  and  F igure  10 for  the accessory flexor.  There  is 
a weak  tendency  for  the d ischarge  of  the tonic  exten- 
sor  m o t o r  neu ron  to increase  with s tepping  f requency 

dur ing  b a c k w a r d  (Fig.  9B) and la te ra l  leading  
(Fig.  9 C) walking,  but  in all o ther  cases (Figs.  9 and 
10), the cor re la t ion  coefficient  between these two vari-  
ables and  the regress ion s lope is no t  s ignif icant ly dif- 
ferent  f rom zero. 

Phasic Motor  Neurons. The intensi ty  of  d ischarge  in 
bo th  the phas ic  extensor  and phas ic  f lexor m o t o r  neu- 
rons  is ex t remely  var iable  dur ing  walk ing  in all direc- 
t ions.  The s tat is t ical  analysis  of  the act ivi ty  of  these 
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Table 4. Mean inter-impulse interval between muscle potentials 
in simultaneous single steps of the phasic extensor and phasic 
flexor motor neurons, n is the number of intervals in the step 

Burst Phasic extensor Phasic flexor 
period 

Mean interval n Mean interval n 

Forward 
1.50 67.1 12 
1.71 97.5 17 
1.88 152.0 7 
2.43 69.3 22 
3.40 250.3 8 

Average (106.8) 
Backward 
1.15 47.6 8 
1.19 50.3 6 
2.06 192.5 6 
2.40 334.2 4 
3.50 178.7 15 

Average (150.1) 
Lateral leading 
1.54 238.8 6 
1.62 194.3 8 
1.76 337.4 5 
1.91 60.0 2 
2.27 308.0 7 

Average (248.2) 
Lateral trailing 
1.11 40.9 13 
1.41 177.6 7 
1.47 78.1 8 
2.13 178.7 7 
2.22 48.4 18 

Average (85.3) 

93.3 3 
53.3 15 
93.3 3 

250.6 5 

(100.4) 

62.2 
16.0 
59.3 

I44.8 
141.7 

(72.0) 

17 
7 

23 
5 
7 

neurons is presented in Table 4. Considerable differ- 
ences are observed in the average discharge frequency 
between coordination modes (Table 4), and these dif- 
ferences parallel those observed in the tonic motor  
units (compare Table 4 with Fig. 8). For  example, 
the discharge frequency in the phasic extensor is maxi- 
mal (11.2/s) during lateral trailing when the extensor 
subserves a power stroke function, lowest (4.0/s) when 
the extensor subserves a return stroke function and 
intermediate (6.6-9.3/s) during forward and backward 
walking when the extensor subserves a postural func- 
tion. In contrast to the situation in the tonic extensor, 
there is considerable step by step variation in phasic 
extensor discharge frequency between steps, which 
is not related to step frequency (Table 4). 

Discussion 

1. Perspective 

A complete understanding of the segmental organiza- 
tion of a locomotory pattern generator requires anal- 
ysis at at least four levels. First, an in vivo character- 

ization must be performed in intact behaving animals 
in order to determine the degrees of freedom with 
regard to the behavioral output, the timing and inten- 
sity of  discharge in identifiable motor  units and the 
role of proprioceptive perturbations. Secondly, an in 
vitro analysis must be performed on the isolated ner- 
vous system to determine the central components of 
the motor  program. Ideally, such an analysis should 
specify the timing and intensity of the centrally gener- 
ated output, relevant cellular properties of the partici- 
pating neurons and the underlying synaptic connectiv- 
ity between identified motor  neurons and inter- 
neurons. Thirdly, an analysis must be performed of  
the peripheral sensory components,  preferably speci- 
fying monosynaptic  connectivity between discrete sen- 
sory and central elements and the response dynamics 
of the peripheral sensory structures. Lastly, an anal- 
ysis must be made of the properties and segmental 
connectivity of intersegmental command (Bowerman 
and Latimer, 1974) and coordinating (Stein, 1971, 
1977) systems. 

The decapod walking system has received consid- 
erable attention on several of these levels. Investiga- 
tions on the in vivo organization have focused on 
forward walking in macrurans (MacMillan, 1975; 
Barnes, 1977) or lateral walking in crabs (Clarac and 
Coulmance, 1971; Evoy and Fourtner, 1973; Atwood 
and Walcott, 1965; Burrows and Hoyle, 1973; 
Barnes, 1974). Furthermore,  the ability of macrurans 
to walk in all directions has received increasing atten- 
tion (Ayers, 1976; Ayers and Davis, 1977a, b, 1978; 
Clarac and Ayers, 1977). Such investigations have 
demonstrated that the coordination in the macruran 
walking system is metastable; i.e., lobsters can change 
their walking direction and underlying unit coordina- 
tion on a cycle by cycle basis. Thus the macruran 
walking system exhibits a level of complexity beyond 
that described for most other invertebrate (see Ken- 
nedy and Davis, 1977; Bowerman, 1977; Stein, 1977), 
and vertebrate (Grillner, 1975; Orlovsky and Shik, 
1976; Wetzel and Stuart, 1976) locomotory systems. 
Moreover,  the peripheral sensory components (Ayers 
and Davis, 1977b, 1978; Vedel et al., 1975; Clarac, 
1977) of  the walking legs and their central connections 
with limb motor  neurons (Lindsley and Gerstein, 
1977; Wiens, 1976; Evoy, 1977) are beginning to be 
understood, as well as the effects of proprioceptive 
perturbations in vivo (Clarac and Coulmance, 1971; 
Fourtner and Evoy, 1973; Evoy and Fourtner, 1973; 
Barnes et al., 1972; MacMillan, 1975; Clarac, 1977; 
Ayers and Davis, 1977a; Barnes, 1977). Lastly, both 
forward and backward walking in macrurans can be 
elicited by single command neurons which descend 
from the brain (Bowerman and Larimer, 1974). 

In the present investigation, we have described 
the strategies employed during metastable coordina- 
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t ion at a single joint  at the level of  identifiable neu- 
rons. Our  analysis characterizes the in vivo timing 
and intensity organizat ion of  the walking oscillator 
for  future compar i son  with the probable  central  m o t o r  
programs which may  be generated by isolated central 
nervous systems. Fur thermore ,  the analysis demon-  
strates tha t  l ocomoto ry  systems m a y  operate in sev- 
eral functionally different coord ina t ion  modes  on 
a step by step basis. 

2. Limitations of  Electromyographic Recording 
Although electromyographic recording provides a convenient tech- 
nique for the examination of motor neuron activity in intact behav- 
ing animals, it provides an incomplete description, for it is incapa- 
ble of specifying the activity of peripheral inhibitors. In the M-C 
joint system, two such peripheral inhibitors are present. One inhib- 
itor innervates only the main flexor muscle, whereas the common 
inhibitor is shared by both the main extensor, the accessory flexor 
and several more peripheral muscles (Wiersma, 1961 ; Clarac, 1977). 

What are the potential roles of peripheral inhibition in the 
walking system? Most evidence indicates that postsynaptic inhibi- 
tion in Crustacea may decrease the tension produced by tonic excita- 
tory motor units but has little effect on the tension produced 
by phasic units (see Florey, 1977, for review). Thus we are incapable 
of determining whether the peripheral inhibitors are utilized to 
modulate the tension evoked by the tonic motor units. Further- 
more, it is possible that the inhibitors can be utilized to differentiate 
between coordination modes. For example, the excitatory motor 
output during backward walking is superficially similar to that 
observed during laterai trailing walking. Perhaps the difference 
in the two behaviors results from selective peripheral inhibition 
of extensor activity during lateral trailing, thus permitting the 
greater degree of M-C flexion which is characteristic of this behav- 
ior (Table 1). These speculations can only be resolved by neuronal 
recordings which are capable of monitoring the activity of the 
peripheral inhibitors. 

A further ambiguity which is not resolvable by electro- 
myographic recording is organization of activity in the tonic flexor 
motor units. The unpatterned discharge which is observed during 
some behaviors may potentially represent alternating discharge or 
random bursts in different tonic flexor units. 

3. Behavioral Modes of  the M-C Joint 

The present findings demonst ra te  that  there are three 
behavioral  models  o f  M-C  joint  act ivat ion:  (1) pos- 
rural mode  (forward and backward) ,  (2) flexion power  
stroke (lateral leading) and (3) extension power  stroke 
(lateral trailing). The major  difference between the 
propulsive modes and the postural  modes is the 
degree of  flexion of  the M-C joint. Dur ing  lateral 
walking the M-C joint  is flexed at least 30 degrees 
more  than  during the postural  modes of  forward  and 
backward  walking. This regulation is based more  
upon  ana tomy  than on function,  however,  for  the 
power stroke can be terminated during either exten- 
sion or flexion during lateral walking. Thus if posi- 
t ional propr ioceptors  are involved in terminat ing mo-  
tor neuron  bursts, they must  be able to terminate 
flexor bursts at the end of  either the power stroke 

or return stroke of  lateral walking. It is tempting 
to speculate, however,  that  posit ional propr ioceptors  
are utilized during forward  and backward  walking 
to regulate the degree of  flexion of  the M-C joint  
perhaps by inhibition of  flexor units or excitation 
of  extensor units (see Clarac, 1977). 

4. Neuromuscular Strategies 
in the Timing of Motor Output 

Three characteristic patterns of  mo to r  discharge tim- 
ing are observed in the M-C joint  moto r  neurons.  
Some neurons discharge in large par t  randomly.  Such 
r a n d o m  discharge may  be either tonic or consist of  
short  bursts which occur at r a n d o m  phase positions, 
as occurs in the tonic extensor during forward walking 
(Fig. 3, Table 3). Secondly, the muscles which are 
control led by all neurons may  exhibit discrete bursts 
which are either synergistic or antagonistic with that  
of  the elevator of  the CB joint  (Figs. 2; 3 C, D ;  4A,  
B ; 5 C). The third type of  discharge pat tern is unpat-  
terned background  discharge with a superimposed 
burst. This type of  pat terning is exemplified by the 
discharge of  the accessory flexor unit during lateral 
trailing walking (Fig. 5 D). 

Perhaps the most  striking feature of  the M-C joint  
mo to r  output  is the high degree of  variability in the 
timing of  m o t o r  neuron discharge. For  example, dur- 
ing forward  walking the tonic extensor typically dis- 
charges in short  bursts which occur at highly variable 
phase positions (Table 3). This finding suggests that  
in some walking modes  the timing of  discharge is 
more  dependent  on propriocept ive contingencies than 
specific timing cues provided by a central generator.  
By this interpretation, specific mo to r  neurons of  some 
joints might  be activated preferentially by a central 
generator  during walking in some directions but  by 
proprioceptive inputs during walking in other direc- 
tions. This possibility can only be directly tested by 
recordings of  potential  central mo to r  programs f rom 
isolated nervous systems during c o m m a n d  fiber stim- 
ulation. In  any event, assuming a c o m m o n  central 
pat tern generator,  it is rather  clear that  the mo to r  
units of  the M-C joint  are not  intimately involved 
in the generat ion of  rhythmic  power stroke/return 
stroke discharge but  funct ion more  as followers of  
a more  fundamenta l  pat tern generator.  

5. Neuromuscular Strategies 
in the Gradation of Motor Output 

The present investigation demonstrates  that  one of  
the strategies utilized in differentiating among  the al- 
ternate behaviors produced  by the M-C joint  is the 
employment  of  different characteristic discharge fre- 
quencies in the different coordina t ion  modes.  For  
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example, the tonic extensor discharges at 34.2/s dur- 
ing lateral trailing when it functions as a power stroke 
muscle, but at only 17.6/s during lateral leading when 
the extensor functions as a return stroke muscle. At- 
wood (1973, 1977) has identified two mechanisms by 
which variation in tonic motor  neuron discharge fre- 
quency may control muscle tension. The first is due 
to the excitation-contraction properties of the muscle 
fibers. In most long sarcomere (slow) fibers, the resul- 
tant tension is a function of the summated level of 
depolarization or EPSP input. The second mechanism 
is a property of the neuromuscular synapse. Some 
synapses release substantial transmitter at low dis- 
charge frequencies whereas other synapses only re- 
lease substantial amounts of transmitter after facilita- 
tion by a high frequency train of input EPSP's. Hence, 
high frequency input can, in principle, recruit addi- 
tional muscle fibers which are innervated only by 
such facilitating synaptic input. By such non-linear 
mechanisms, one might expect that a two fold differ- 
ence in motor neuron discharge frequency as detailed 
above for the tonic extensor unit during lateral walk- 
ing in the two directions would produce a consider- 
able difference in the evoked tension in the two oppos- 
ing coordination modes and hence in the resulting 
behaviors. 

The second mechanism of gradation of motor out- 
put between coordination modes is the recruitment 
of phasic axons. For  example, the phasic flexor motor 
neuron is recruited in synergism with the tonic flexors 
only during backward and lateral trailing walking. 
Similarly, during lateral leading walking, the phasic 
extensor unit (which normally discharges only during 
the power stroke), is recruited with the elevators 
and tonic extensors to produce the return stroke. 
When they are utilized, the phasic motor units exhibit 
the same general tendency to discharge at different 
characteristic discharge frequencies which are related 
to their functional role (Table 4). 

Although there are substantial differences in the 
intensity of motor output between coordination 
modes (Fig. 8), our findings do not indicate that gra- 
dation in the discharge frequency of identified motor 
neurons is utilized within a coordination mode 
(Figs. 9, 10). These findings suggest that the overall 
strategy for the gradation of motor output in the 
M-C joint system during walking in a given direction 
is substantially similar to that utilized by vertebrates 
during locomotion in that motor neurons discharge 
at relatively constant frequency and variations in in- 
tensity are produced by recruitment of additional 
units (see Grillner, 1975; Wetzel and Stuart, 1976; 
Orlovsky and Shik, 1976). The model proposed for 
the gradation of motor  output in the lobster system 
during alternate coordination modes may be sum- 

marized as follows. First, when animals walk in differ- 
ent directions, identified neurons discharge at differ- 
ent frequencies which are characteristic of their func- 
tions. For  example, the discharge in the tonic extensor 
is highest (34/s) when it subserves a power stroke 
function, intermediate (22-26/s) when this unit sub- 
serves a postural function and lowest (18/s) when 
it subserves a return stroke function. Furthermore, 
the recruitment of phasic motor units is utilized in 
part as a mechanism of differentiation between 
coordination modes. Moreover, the discharge fre- 
quency is invariant within a coordination mode and 
gradations in muscular force are apparently produced 
by temporal facilitation of muscular tension (see Spir- 
ito et al., 1973, for a review). 

We thank R. Calabrese and W.B. Kristan for criticism of the 
manuscript and G. Wendler for making possible use of his magnetic 
tablet-digitizing system. 
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