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Previous work has shown that the neural circuits underlying 
the leg movements of walking and hatching coexist in post- 
hatching chicks (Bekoff and Kauer, 1984). In the present 
study, quantitative analysis of leg EMGs shows that there 
are some similarities, but also significant differences, in the 
motor output patterns of walking and hatching. This study 
examines the effect of removing sensory feedback from the 
legs on the production of the distinctive leg motor patterns. 
The temporal characteristics and interlimb coordination of 
hatching and walking are little affected. However, major 
changes in intralimb motor output patterns are seen when 
compared to records from normal chicks. These changes 
fall into one of 2 categories. Some parameters show similar 
changes in both behaviors after deafferentation (e.g., in- 
creases in flexor burst durations and cycle period). This 
suggests that certain features of sensory input from the legs 
normally modulate the hatching and walking pattern-gen- 
erating circuitry in similar ways. Other parameters show con- 
vergence. That is, these aspects of the 2 intralimb motor 
patterns become more similar to each other after removal 
of sensory input. This is consistent with the hypothesis that 
some feature of sensory input from the legs normally mod- 
ulates one set of multiuse intralimb circuitry to produce dif- 
ferent output patterns. In general, the walking pattern be- 
comes more like hatching after deafferentation, rather than 
the reverse, which suggests that the hatching pattern is a 
more basic one. The maintenance of some residual differ- 
ences in intralimb motor patterns after leg deafferentation 
suggests that other sources of modulation must also be 
involved, or that there are some additional elements of cir- 
cuitry that are called into play during the normal production 
of walking and hatching. 

Many different behaviors in any limbed animal’s repertoire in- 
volve coordinated limb movements. In a bird, for example, the 
legs participate in behaviors as diverse as embryonic motility, 
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hatching, walking, and courtship displays. It is clear that pro- 
duction of the distinctive leg movements used in these different 
behaviors involves activation of the same set of muscles and 
motor neurons. However, it is not known to what extent the 
neural pattern-generating circuitry for the different behaviors 
share the same interneurons. One possibility is that separate 
pattern-generating circuits could be used to produce the leg 
movements of each behavior. Alternatively, the same pattem- 
generating circuitry could be involved in all of the behaviors 
(Bekoff, 1976, 1978). Finally, it is possible that the production 
of the limb movements of different behaviors could involve the 
use of some separate, as well as some common, circuitry. 

On the basis of similarities in the motor output patterns, the 
suggestion has been made that one pattern-generating circuit 
may be used to produce several different behaviors in inverte- 
brates (Huber, 1962; Kammer, 1968, 1970; Wilson, 1968; Els- 
ner, 1974; Ayers and Davis, 1977; Ayers and Clarac, 1978; 
Pfluger and Burrows, 1978; Simmers and Bush, 1983). However, 
the underlying cellular mechanisms have not been examined in 
these systems. Evidence for several mechanisms for modulating 
the output of a basic, multiuse pattern-generating circuit has 
been presented. These include modulation by sensory input 
(Reingold and Camhi, 1977; Sherman et al., 1977) descending 
input (Mesce and Truman, 1985, 1986), neurotransmitters 
(Marder and Hooper, 1985) and other synaptic interactions 
(Getting, 1987). 

It has also been proposed that multiuse pattern-generating 
circuits are present in vertebrates (see Grillner, 198 1, for a re- 
view). For example, Berkinblit and colleagues (1978a, b) suggest 
that scratching and walking are produced by the same intralimb 
circuitry in cats. In addition, analyses of walking, airstepping 
and paw-shake responses in spinal cats, 3 different forms of the 
scratch reflex in spinal turtles, and undulatory behaviors in lam- 
prey also provide suggestive data on the use of the same in- 
tralimb neural pattern-generating circuitry (Ayers et al., 1983; 
Giuliani and Smith, 1985; Robertson et al., 1985; Smith et al., 
1986). Although this is a reasonable hypothesis for vertebrates, 
there is as yet no conclusive evidence for the use of the same 
neural pattern-generating circuitry to produce different behav- 
iors, either in adults or at different stages during ontogeny. 

The production of the leg movements of walking and hatching 
in chicks provides an ideal system for an analysis of this issue. 
A great deal of work has already been done on the neural cir- 
cuitry underlying walking in a variety of other vertebrates, in- 
cluding chicks (Landmesser, 1978; Grillner, 198 1; Jacobson and 
Hollyday, 1982a, b). This work shows that there is a spinal 
central pattern-generating circuit for each limb. This intralimb 
circuit generates the basic locomotor pattern for a single limb. 



The Journal of Neuroscience, August 1987, i’(8) 2321 

To produce the various inter-limb coordination patterns asso- 
ciated with different gaits, the individual intralimb circuits are 
coordinated with one another in different patterns (Forssberg et 
al., 1980; Halbertsma, 1983; Smith et al., 1986). 

The leg motor output patterns involved in hatching in chicks 
have also been characterized (Bekoff, 1976; Bekoff and Kauer, 
1982, 1984). Furthermore, the pattern-generating circuitry for 
the leg movements of hatching is still present and can be turned 
on in hatchling and young adult chickens if they are folded into 
the hatching position and placed in artificial glass eggs (Bekoff 
and Kauer, 1984). The specific stimulus is the tight bending 
of the neck to the right or left (Bekoff and Kauer, 1982). These 
studies show that the pattern-generating circuitry for the leg 
movements of both hatching and walking coexist in the post- 
hatching chick. 

The present study addresses the issue of whether the produc- 
tion of the distinctive leg movements of hatching and walking 
involves the use of the same, or separate, intralimb pattem- 
generating circuitry. To examine this issue, we first quantify the 
differences between hatching and walking leg motor output pat- 
terns. If  the same circuitry is used, then one source of the dif- 
ferences in motor output patterns could be modulation due to 
sensory input from the legs. A chick receives different sensory 
feedback depending on whether it is hatching or walking. During 
hatching, the legs are tightly flexed and can extend only slightly 
before they are stopped by the shell. On the other hand, during 
walking, the legs are in a more extended position and the chick 
must support its weight against gravity. Therefore, in the second 
part of this study, we analyze the effects of removing sensory 
feedback from the legs on walking and hatching motor output 
patterns. A preliminary account of some of the results has ap- 
peared (Bekoff, 1982). 

: c: 
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Figure 1. Parameters used in analyzing EMG records. a, Muscle I 
burst duration; 6, muscle 2 burst duration; c, latency of onset of muscle 
2 with respect to muscle 1; d, cycle period. Phase of muscle 2 with 
respect to muscle 1 was calculated as c/d. Right GL was always used as 
the reference trace, muscle 1. 

described previously (Bekoff and Kauer, 1984). The wires were attached 
to long, flexible leads so that the chicks could move freely. At the 
completion of an experiment, the precise location of each electrode was 
determined by dissection and visual inspection. 

In these experiments, 6 different muscles were studied extensively. 
These included 3 pairs of muscles whose major actions are antagonistic 
at hip, knee, or ankle. These muscles (abbreviation and alternative 
names given in parentheses) and their actions are: caudilioflexorius (CF, 
semitendinosus), a hip extensor and weak knee flexor; sartorius @A), a 
hip flexor and knee extensor; femorotibialis (FT; quadriceps femoris), 
a knee extensor; iliofibularis (IF; biceps femoris), a knee flexor and hip 
extensor; gastrocnemius lateralis (GL), an ankle extensor; and tibialis 
anterior (TA), an ankle flexor. See Bekoffand Kauer (1984) and Jacobson 
and Hollyday (1982a) for further descriptions of these muscles. 

In each experiment, the right and left GL and 2 other muscles of the 
right leg were implanted. The right and left GL were used to monitor 
interlimb motor output patterns. The right GL and the 2 other right leg 
muscles were used to monitor intralimb motor output patterns. 

Materials and Methods 
Animals 

Exuerimental conditions 

Fertile eggs from Grey Leghorn and Shaver strain chickens were ob- 
tained from Great Western Poultrv (Greelev. CO) and were incubated 
under standard conditions. The day ‘of hatching is called posthatching 
day 0. After hatching, chicks were maintained in groups in heated cham- 
bers with food and water ad libitum. Because no differences were found 
in the results obtained from the 2 strains of chickens, they have been 
combined. 

Hatching. Normal or deafferented chicks were gently folded into the 
hatching position with the head bent to the right (Hamburger and Op- 
penheim, 1967). Each chick was then placed in an artificial glass egg 
(Bekoff and Kauer, 1984). The egg was placed horizontally on a plastic 
egg holder and temperature was maintained at about 34°C with a lamp. 
Hatching typically began within 2 min under these conditions. Previous 
work has shown that afferent input resulting from bending the neck into 
the hatching position is a selective trigger for turning on the hatching 
motor output (Bekoff and Kauer, 1982). The leg motor output pattern 
seen during this “glass egg hatching” does not differ from that of normal 
hatching in any of the parameters being examined in this study (Bekoff 
and Kauer, 1984). 

Deaferentation 
Zero- to 2-day-old posthatching chicks were anesthetized with halo- 
thane. The lumbosacral dorsal roots were exposed by laminectomy. The 
8 roots that contribute to hindlimb innervation, Ll to S3, were cut 
bilaterally with sharpened forceps. Prior to being used in an experiment, 
each chick was tested for success of the hindlimb deafferentation pro- 
cedure by pinching the limb with forceps in a variety of locations. If  
responses to sensory stimulation were obtained, the chick was not used 
in this study. In addition, after completion of an experiment, the success 
of the deafferentation procedure was confirmed by visual inspection of 
the cut dorsal roots. I f  any of the roots were partially or completely 
intact, the data from that chick were discarded. 

Note that this deafferentation procedure eliminates sensory input from 
the legs. However, the non-limb innervating sacral roots, those posterior 
to S3, were left intact, as were all roots anterior to the lumbosacral 
region. This allowed afferent input from the tail and wings to be used 
to turn on walking, and afferent input from the neck to be used to turn 
on hatching (see Experimental conditions). 

EA4G implantation 
Normal or deafferented 0-2-d-old posthatching chicks were anesthetized 
with halothane. Bipolar hook electrodes made from Teflon-coated stain- 
less steel wire (100 nrn diameter) were implanted in 4 leg muscles as 

Walking. Walking was elicited from normal chicks in 2 ways. In the 
first, the chicks walked freely on a straight, stationary runway toward a 
light. In the second, the chicks were suspended in a sling with their feet 
on a treadmill moving at 0.15-0.25 m/set. The movement of the tread- 
mill was sufficient to elicit walking in these chicks. 

Because chicks with deafferented legs are unable to balance them- 
selves, free walking was not obtained. The deafferented chicks were 
suspended in a sling with their feet on the moving treadmill, and walking 
was elicited by gently pinching the wings and/or tail. 

Data collection and analysis 
EMG recordings were made from normal and deafferented chicks during 
both hatching and walking. The records were taped on a TEAC 3340s 
tape recorder for later filming and analysis. 

Filmed EMG records were digitized as shown in Figure 1. Muscle 
burst duration, latency, cycle period, and phase were calculated. To 
analyze interlimb coordination, phase relationships of left GL with re- 
spect to right GL were calculated. To analyze intralimb coordination, 
phase relationships of various right leg muscles with respect to right GL 
were calculated. If  a muscle showed 2 bursts of activity per cycle period, 
the 2 bursts were designated “A” and “B” and were analyzed separately. 
For the purposes of this study, EMG bursts will be classified as extensor 
or flexor bursts, depending on whether they are active during GL (ankle 
extensor) bursts, and thus are part of an extensor synergy, or are active 
during TA (ankle flexor) bursts and are therefore part of a flexor synergy. 
Note that this classification is not based on information about whether 
the muscle activity results in flexion or extension. Nevertheless, in most 
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a) WALKING. NORMAL CHICKS 

b) WALKING. DEAFFERENTED CHICKS 
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Figure 2. EMG records from walking and hatching in normal and deafferented chicks. An A and B mark the 2 bursts of double-bursting muscles. 
FT shows 2 bursts during normal and deafferented walking and SA shows 2 bursts during normal hatching. 

cases the classification accurately reflects the function of the burst as 
determined for walking bv Jacobson and Hollvdav (1982a). The one 
exception is the FTb burst of k, which, according td t&s scheme, would 
be classified as both a “flexor” and an “extensor” burst, although this 
muscle is a pure knee extensor (Jacobson and Hollyday, 1982a). 

One-way analysis of variance was used to determine whether there 
were statistically significant @ < 0.05) differences among mean values. 
The Scheffe a posteriori test was used to determine where the significant 
differences occurred. Regression analyses were used to compare rela- 
tionships between parameters (e.g., burst duration and cycle period; 
burst diration and latency). Pearson’s product-moment correlation coef- 
ficients (r’s) were calculated for the regressions. The significance of dif- 
ferences between regressions was determined using the method pre- 
sented in Zar (1974). 

Results 
Characterization of normal hatching and walking motor 
output patterns 
The first step in this study was to compare the leg motor output 
patterns characterizing hatching and walking, in order to identify 
and quantify the parameters that distinguish them. No signifi- 
cant differences were found in any of the parameters analyzed 
when the motor output patterns seen during walking on a run- 
way and walking on a moving treadmill were compared (see 
also Jacobson and Hollyday, 1982a). The data presented below 
for normal walking are from chicks walking on a runway. 

EMG recordings from leg muscles reveal striking differences 

between the leg motor output patterns typical of hatching and 
walking (Fig. 2, a, d). First, they differ in temporal organization. 
Walking is a cyclically repetitive behavior in which sequences 
of highly variable length can occur (Fig. 2a). In contrast, hatch- 
ing is an episodic behavior; each episode lasts l-3 sec. Within 
an episode, the leg motor output consists of l-3 extension- 
flexion sequences (Fig. 2d; see also Bekoff, 1976; Bekoff and 
Kauer, 1984). Hatching episodes alternate with periods of in- 
activity lasting about 20 set on average (Hamburger and Op- 
penheim, 1967; Kovach, 1970; Bakhuis, 1974; Bekoff and Kauer, 
1984). 

Interlimb coordination patterns are also distinctive. Walking 
involves alternating stepping movements, while hatching in- 
volves synchronous extensions and flexions of the legs (Fig. 2, 
a, d). Results of quantitative analysis of interlimb coordination 
patterns are shown in Table 1. For walking, the mean phase of 
left GL with respect to right GL is near 0.50, indicating a pattern 
of alternation. For hatching, a mean value of 0.00 is found for 
phase of left GL with respect to right GL, indicating a pattern 
of synchrony. 

Quantitative analysis of intralimb motor output shows that 
there are both similarities and differences in intralimb coordi- 
nation patterns. For example, muscle pairs tend to show the 
same general pattern in both behaviors. That is, muscles show- 
ing a pattern of alternation during hatching (e.g., GL and TA) 
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Table 1. Interlimb coordination patterns a. NORMAL WALKING 

Normal Deafferented Deafferented Normal 
walking walking hatching hatching 

0.45 * o.ooQ 0.48 t 0.01 0.03 + 0.01 0.00 f  0.01 

(388) (191) (178) (75) 

Phase values were calculated for the left GL with respect to the right GL. Values 
near 0.50 indicate a pattern of alternation. Values near 0.00 indicate a pattern of 
synchrony. 
= Data are means 2 SEM. Values in parentheses are sample sizes. 
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also alternate during walking, while muscles coactive during 
hatching (e.g., GL and CF) also tend to be coactive during walk- 
ing (Fig. 3, a, d). 

On the other hand, there are many differences between the 
intralimb coordination patterns of hatching and walking. For 
example, mean burst durations for all muscles examined are 
longer for hatching than for walking (p < 0.05). Mean cycle 
period length is much longer for hatching (Table 2). The only 
overlap in cycle period length is seen in the shortest hatching 
and the longest walking periods: those in the range of 400-600 
msec. While the absolute values for burst duration and cycle 
period are quite different for the 2 behaviors, the variability, as 
measured by the coefficients of variation calculated for these 
parameters, are similar. 

Another difference is seen when burst duration as a percentage 
of the cycle period is calculated. During walking, the extensors 
are active about 60-70% of the cycle period, while flexors are 
active only 15-35% (Fig. 3~). In contrast, during hatching, the 
bursts are longer, but the percentage of the cycle period during 
which the extensors and flexors are active (45-60% and 30- 
45%, respectively) is more similar (Fig. 34. 

Also, while the ankle flexor, TA, and the hip flexor, SA, al- 
ternate with GL in both behaviors, the mean phase values are 
signficantly different when walking and hatching are compared 
(Fig. 3, a, d). That is, phase of TA and SA onset is near 0.70 
in walking and close to 0.50 in hatching.This remains true even 
when phase values calculated only from cycle periods in the 
overlapping part of the range are used. In fact, with the exception 
of period length, all other differences found between walking 
and hatching are still seen when only those values taken from 
cycle periods in the overlapping part of the range are considered. 

Two double-bursting muscles show differences in activation 
pattern when walking and hatching are compared. For example, 
SA has a distinctive double-bursting pattern during hatching, 
which is not seen during walking (Figs. 2, a, d, 3, a, d), while 
FT has a double-bursting pattern during walking (Figs. 2~; 3, 
a, a!) that is not seen during hatching. 

Another distinctive characteristic ofwalking that is not shared 
with hatching is illustrated in Figure 4. In walking, the burst 
duration of the ankle extensor, GL, shows a marked increase 
with increasing period length, resulting in a relatively steep slope 
for the regression (Fig. 4~). However, the burst duration of the 
ankle flexor, TA, increases only slightly, resulting in a signifi- 
cantly shallower slope. Thus, burst durations of extensor and 
flexor are differentially controlled, with the extensor burst du- 
ration being more sensitive to increases in cycle period. In con- 
trast to this, during hatching, both extensor and flexor burst 
durations increase to a moderate extent as cycle period increases, 
resulting in slopes of moderate steepness that are not signifi- 
cantly different from one another (Fig. 44. Similar differences 
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Figure 3. Bar graphs summarizing the results of quantitative analysis 
of EMG records. Results have been normalized to show one cycle period 
for each behavior. Abscissa indicates phase of the cycle period. In most 
cases, bars are based on sample sizes of 50 or more cycles. Fewer (20- 
49) step cycles were used for both bursts of IF and SA in normal hatching 
and for IF,, in deafferented hatching. SEM for burst durations are in- 
dicated by the narrow lines at the right of bars. If  no error bar is present, 
the SEM was less than 2% of the cycle period. SEM for phase of onset 
was 2% or less in all cases and is not shown. Contralateral (left) GL is 
indicated as c. GL. 
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a) WALKING. NORMAL CHICKS 
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Figure 4. Duration-versus-period 
graphs. For each of the 4 behaviors, the 
relationship of the duration of the ankle 
extensor, GL, and of the ankle flexor, 
TA, are plotted with respect to period. 
Each graph in a, b, and c includes data 
from ten O-l-d-old chicks. Each graph 
in d includes data from nine 0- 1 -d-old 
chicks. m = Slope ofthe regression. The 
slope is indicated by the solid lines on 
graphs. r = Pearson product-moment 
correlation coefficient. 
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between walking and hatching are seen for the hip extensor, CF, 
and flexor, SA. 

Duration-versus-latency relationships of GL and TA also dif- 
fer for normal walking and hatching (Fig. 5, a, u’). In both be- 
haviors, the latency of TA with respect to GL is strongly and 
positively correlated with the duration of GL, with a slope near 
1 .OO (Fig. 5, a, d). That is, TA bursts are initiated near the time 

that GL bursts terminate. During hatching, the latency of GL 
with respect to TA is also strongly and positively correlated with 
the duration of TA, with a slope near 1.00, indicating that GL 
bursts are initiated near the time that TA bursts terminate. Thus 
in hatching, the reciprocal relationships are symmetrical. In 
contrast, during walking, the latency of GL with respect to TA 
is much less strongly correlated with the duration of TA and 
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Figure 5. Duration-versus-latency 
graphs. For the 4 behaviors, the graphs 
on the left show the relationship of the 
duration of GL to the latency of TA 
with respect to CL. A 45” diagonal line 
has been drawn on each graph. This line 
has a slope of 1.00. Points that fall on 
the line indicate cases in which the du- 
ration of GL and the latency of TA are 
equal. That is, in these cases TA bursts 
turn on just as GL bursts terminate. 
The same kind of graphs are shown on 
the right for the duration of TA and the 
latency of CL with respect to TA. Each 
graph in a, b, and c includes data from 
ten O-l-d-old chicks. Each graph in d 
includes data from nine O-l-d-old 
chicks. m = Slope of the regression. r = 
Pearson product-moment correlation 
coefficient. 

the slope is not near 1.00; therefore, GL bursts are not consis- 
tently initiated right at the termination of TA and the reciprocal 
relationships are asymmetrical. 

Comparison of normal and deafferented walking 
Some aspects of walking are unchanged after lumbosacral deaf- 
ferentation. For example, walking is still cyclically repetitive 
rather than episodic (Fig. 2b). Furthermore, the pattern of in- 

Table 2. Cycle period 

Normal Deafferented Deafferented Normal 
walking walking hatching hatching 

470 k 9 592 -t 18 1309 k 33 1270 ? 35 

(495) (150) (188) (100) 

o Data are means + SEM. Values in parentheses are sample sizes. 
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Table 3. Percentages of animals showing extensor burst durations 
that varied with period more than (E > F), the same as (E = F), or less 
than (E < F) flexor burst durations 

E>F E=F E<F 
co4 co4 (%) 

Normal Walking (N = 2 1) 90 5 5 
Deafferented Walking (N = 24) 38 38 24 
Deafferented Hatching (N = 14) 14 29 51 
Normal Hatching (N = 15) 60 33 I 

Burst duration of the ankle extensor, GL, was considered to vary with period 
more than the burst duration of the flexor, TA, if the slope of the regression of 
duration GL versus period GL was 0.2 units larger than that of duration TA versus 
period GL. Durations were considered to vary to the same extent if the slopes 
were within 0.2 units. The burst duration of GL was considered to vary less with 
period than the burst duration of TA if the slope of the regression of duration GL 
versus period GL was 0.2 or more units smaller than that of duration TA versus 
period GL. 

terlimb coordination remains one of alternation, as indicated 
by a mean value near 0.50 for the phase of left GL with respect 
to right GL (Table 1). 

However, a number of features of intralimb coordination 
change dramatically after deafferentation. For example, flexor 
burst durations, which are shorter than extensor burst durations 
during normal walking, become equal to, or even exceed (e.g., 
for SA), extensor burst durations after deafferentation (Figs. 2, 
a, b; 3, a, b). The only significant change in burst duration among 
extensors is an increase in FT,. Period length also increases 
significantly after deafferentation (Table 2). In addition, the vari- 
ability of burst durations and cycle period, as indicated by the 
coefficients of variation, increase after deafferentation. 

A change is also seen in the percentage of the cycle period 
during which extensors and flexors are active. A substantial 
decrease for extensors and an increase for flexors is seen, so that 
they are all (except IF,,) active during about 40-50% of the cycle 
period (Fig. 3b). 

Many phase values are also altered after deafferentation (Fig. 
3, a, b). For example, the mean phase of the extensor burst of 
IF, IF,, also shows a significant decrease, from 0.11 to near 0.0 1. 
The phase of FT, decreases from 0.22 to -0.03. Only the phase 
of CF remains about the same before (0.02) and after (0.01) 
deafferentation. Mean phase values of the flexors TA, SA, and 
the flexor burst of IF, IF,, decrease significantly, dropping from 
near 0.70 to 0.50. The mean phase value of the second burst of 
FT, FT,, also decreases significantly, from 0.84 to 0.68, but does 
not approach 0.50. With the exception of FT,, all the mean 
values converge toward either 0.50 or 0.00. Note that while 
phase values for FT, and FT, change after deafferentation, the 
double-bursting pattern, which is a distinguishing characteristic 
of normal walking, is retained (Fig. 2, a, b). 

A change is also seen when duration-versus-period relation- 
ships are examined. After deafferentation, the slopes of the burst 
duration-versus-period relationships for extensors (GL or CF) 
and flexors (TA or SA) have changed (Fig. 4b). The slope for 
the extensors has decreased, while the slope for the flexors has 
increased. For the ankle muscles, GL and TA, the slopes are 
now not significantly different from each other. For the hip 
muscles, CF and SA, the normal relationship is reversed and 
the flexor slope (m = 0.50, r = 0.73, N = 69) is now significantly 
steeper than the extensor slope (m = 0.22, r = 0.58, N = 88). 

To examine this change in another way, the data from indi- 
vidual chicks were classified into 1 of 3 categories based on the 

relative steepness of the slopes for the ankle extensor and flexor 
(Table 3). In over 90% of the chicks in which duration-versus- 
period relationships were examined during normal walking, the 
slope for the ankle extensor, GL, was greater than the slope 
calculated for the ankle flexor, TA. In 5% (one chick), the 2 
slopes were similar, and in 5% the relationship was reversed so 
that the slope of TA was greater than that of GL. In contrast, 
when deafferented walking was examined, only 38% showed 
extensor slopes greater than flexor slopes, while an equal per- 
centage showed similar extensor and flexor slopes and 24% 
showed flexor slopes greater than extensor slopes. Thus, there 
was much greater variability in this parameter during walking 
in the deafferented chicks. 

After deafferentation, the relationship between the duration 
of TA and the latency of GL with respect to TA also changes 
(Fig. 5, a, b). That is, after removal of sensory input from the 
legs, the onset of GL bursts is more strongly correlated with the 
termination of TA bursts than is the case during normal walking, 
and the slope increases to near 1.00. Thus the reciprocal du- 
ration-versus-latency relationships become symmetrical. 

Comparison of normal and deaferented hatching 
As in normal chicks, hatching-like behavior typically begins 
within 2 min after placing deafferented chicks in glass eggs. As 
compared to hatching in normal chicks, little change is seen in 
the temporal organization of the bouts of hatching activity; that 
is, hatching remains episodic (Fig. 2, c, 6). Furthermore, the 
pattern of interlimb coordination is not altered from the normal 
pattern of synchrony. The mean phase of left GL to right GL 
after deafferentation is still near 0.00 (Table 1). 

However, some changes are seen in intralimb motor output. 
In general, extensor burst durations decrease slightly, although 
only the change in GL reaches significance. Burst durations of 
the flexors TA and SA increase after deafferentation; only that 
of the knee flexor, IF,, fails to increase significantly. Period 
length does not change significantly (Table 2). As indicated by 
the coefficients of variation, the variability of burst durations 
and cycle period increases after deafferentation whether or not 
the mean values show significant changes. 

In addition to changes in absolute burst duration, extensor 
bursts decrease slightly to about 40-50% of the cycle period 
(Fig. 3, c, a!). Flexor bursts (except IF,) increase to 50-60%. 

The mean phase values for extensor bursts do not change 
significantly. However, the mean phase values for flexor bursts 
decrease somewhat after deafferentation and SA activity is no 
longer divided into discrete A and B bursts (Figs. 2, c, d; 3, c, 
d). As during normal hatching, only the FT, burst of FT is seen 
and both bursts of IF are retained. 

The duration-versus-period relationships change somewhat 
after deafferentation (Fig. 4, c, 6). The slopes for ankle extensor 
and flexor burst durations versus period are both of moderate 
steepness before and after deafferentation. However, there is a 
slight decrease in the steepness of the extensor slope and a sig- 
nificant increase in the flexor slope. Similar results are seen for 
the hip antagonists CF and SA. 

Table 3 presents the data for individual chicks, classified into 
1 of 3 categories based on relative steepness of the slopes for 
extensors and flexors. These data show that, during normal 
hatching, 60% of the chicks show steeper slopes for extensors. 
In contrast, after deafferentation, nearly the same percentage 
(57%) show steeper slopes for flexors. Thus, while the slopes 
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remain moderate in steepness, there is a shift in the distribution 
across the 3 categories. 

After deafferentation, the duration-versus-latency relation- 
ships for GL and TA do not change significantly. That is, the 
reciprocal relationships remain symmetrical (Fig. 5, c, d). 

Discussion 

The analysis of leg motor output patterns of normal hatching 
and walking reveals that there are substantial differences be- 
tween the two. They differ in temporal organization in that 
hatching is episodic, whereas walking is cyclically repetitive. 
The interlimb coordination pattern of hatching is one of syn- 
chrony, while interlimb alternation is seen during walking. Fur- 
thermore, while there are some similarities in the intralimb 
patterns of coordination, clear differences are seen in mean burst 
durations, cycle periods, phase values, and duration-versus-pe- 
riod and duration-versus-latency relationships. Thus, if the same 
intralimb pattern-generating circuitry is used to produce both 
leg motor output patterns, the output of that circuitry must be 
subject to modulation. In addition, the intralimb circuits must 
be coordinated with one another to produce the appropriate 
interlimb patterns and must be activated in the appropriate 
temporal patterns. 

To determine the contribution to these differences made by 
afferent input from the legs, sensory feedback was removed by 
bilateral lumbosacral dorsal rhizotomy. While there is evidence 
that some afferent input travels through ventral roots in cats, 
this input appears to consist of visceral, and some somatic, 
nociceptive afferents (Coggeshall, 1980). With one exception, 
no evidence has yet been produced showing that any known 
type of natural stimulation results in sensation after dorsal rhi- 
zotomy. The exception is that the mechanoreceptive edge cells 
located in the lateral margins of the spinal cord of lampreys can 
provide sensory feedback about movement after dorsal rhizot- 
omy (Grillner et al., 1981, 1984). However, the lumbosacral 
vertebral column of the chick is fused to the synsacrum and is 
immobile. Therefore, even if they were present, intraspinal me- 
chanoreceptors could not contribute information about leg 
movement. Moreover, in the present study, responses could be 
elicited to sensory stimuli applied to the legs only in chicks with 
incomplete lumbosacral deafferentations. Therefore, we feel 
confident that our deafferentation procedure eliminated all sen- 
sory feedback from the legs. 

After lumbosacral deafferentation, behaviors with character- 
istics typical of hatching or walking could still be elicited. The 
aspects of the hatching leg motor output pattern that identified 
it as hatching were the episodic nature of the temporal orga- 
nization and the synchronous interlimb coordination pattern. 
In contrast, when walking was elicited in a deafferented chick, 
the temporal organization of the leg motor output was cyclically 
repetitive and the interlimb coordination pattern was one of 
alternation. Thus, these characteristics of walking and hatching 
are not the result of modulation by sensory input from the legs. 

The maintenance of differences in the temporal organization 
of the leg motor output patterns after deafferentation does not 
rule out the use of the same intralimb pattern-generating cir- 
cuitry in both behaviors. The differences could result from the 
activation of one set of pattern-generating circuitry via different 
inputs. For example, it has been shown that the switch between 
2 motor programs in the crayfish swimmeret system is, in part, 
due to input from intemeurons that are active in different pat- 
terns, one episodic and one sinusoidal (Heitler, 1985). In this 

system, experimentally induced changes in the activity of a sin- 
gle interneuron can induce a switch from one motor program 
to the other. While this model is attractive, our data in the chick 
do not, at present, allow us to eliminate an alternative possi- 
bility. That is, the same input could activate different sets (or 
subsets) of pattern-generating circuitry, one that responds with 
an episodic temporal pattern and the other with a cyclically 
repetitive pattern. 

The differences in interlimb coordination patterns that remain 
after deafferentation are most likely due to differences in the 
coupling between the pattern-generating circuits for each leg, 
rather than to differences in the intralimb pattern-generating 
circuits themselves. It has been shown in a variety ofvertebrates, 
including chicks, that each leg has a separate pattern-generating 
circuit for locomotion (Jacobson and Hollyday, 1982a; see Grill- 
ner, 198 1, for a review). In cats, for example, the circuits for 
the 2 hindlimbs can be coupled to produce an alternating in- 
terlimb pattern, as in a trot, or in a synchronous pattern, as in 
a gallop. Unfortunately, little is known about the precise mech- 
anisms involved in switching gaits (Grillner, 1981). In chicks, 
descending input from sensory receptors in the neck appears to 
play an important role in the switch from an alternating pattern 
of interlimb coordination to the synchronous pattern seen dur- 
ing hatching (Bekoff and Kauer, 1982; Bekoff and Sabichi, 1987). 

The remaining differences between the leg motor output pat- 
terns of hatching and walking involve intralimb coordination. 
After deafferentation, 2 general categories of changes are seen. 
In one group are those features of intralimb coordination that 
change in the same direction for both behaviors. For example, 
mean flexor burst durations increase significantly in both be- 
haviors, while mean extensor burst durations typically change 
relatively little. Furthermore, when flexor burst durations are 
calculated as a percentage of the cycle period, similar changes 
are seen. Thus, the increases in flexor burst durations are not 
simply proportional to increases in cycle period. These results 
suggest that, under normal conditions, sensory input from the 
legs acts to limit flexor burst durations in both behaviors. 

The second and more common type of change is convergence. 
For example, during walking before deafferentation, FT, begins 
its activity well after the initiation of GL (phase FT,, GL = 
0.22). After removal of leg sensory input, it begins its activity 
at the onset of GL. This is a convergence with the hatching 
pattern, where FT, begins its activity just at the onset of GL. A 
similar convergence is seen in IF,. 

Several other distinctive features of the intralimb motor out- 
put patterns of hatching and walking also become more similar 
after deafferentation. For example, one continuous burst of SA 
is seen during deafferented hatching, instead of the 2 bursts that 
are normally seen. Thus, this aspect of the hatching motor out- 
put pattern converges with the walking pattern. 

The duration-versus-period relationships of flexors and ex- 
tensors also converge after deafferentation. Specifically, the dif- 
ferential control of extensors and flexors seen during normal 
walking is lost; the extensor and flexor burst durations become 
equally sensitive to increases in cycle period. This feature of the 
walking motor output pattern becomes more similar to hatching. 

In agreement with this finding, convergence of the slopes of 
the burst duration-versus-period relationships for extensors and 
flexors was also seen in a study of L-DOPA-induced fictive 
locomotion in chronic and acute spinal cats (Baker et al., 1984). 
As in lumbosacral deafferented animals, phasic sensory input 
from the legs is eliminated in fictive locomotion because of the 
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absence of movement. Evidently the tonic sensory input that is 
still available during fictive locomotion did not compensate for 
the absence of phasic input in this study. However, in another 
study of fictive locomotion in acute spinal cats, 12 of 14 re- 
cording sessions produced results in which the slope of the 
extensor burst duration-versus-period relationship remained 
steeper than the flexor slope (Grillner and Zangger, 1979). 
Nevertheless, in this study the relationships were reversed in 
one cat. That is, the flexor slope became steeper. In yet another 
study, in which locomotion was elicited in lumbosacral deaf- 
ferented cats by stimulation of the mesencephalic locomotor 
region, the extensor slope remained steeper than the flexor slope, 
as is typically seen during normal walking (Grillner and Zangger, 
1984). 

While these results initially appear to be contradictory, they 
do show that, under some conditions, locomotion with the nor- 
mal duration-versus-period relationships can be produced in 
both lumbosacral deafferented or fictive preparations. Never- 
theless, under other conditions, the duration-versus-period re- 
lationships of extensors and flexors can converge in these prep- 
arations. In this context, it is interesting to note that while the 
extensor burst duration varies more than the flexor burst du- 
ration during tortoise walking (Williams, 198 l), both extensor 
and flexor burst durations vary to a moderate extent during 
turtle swimming (Lennard and Stein, 1977). 

Thus, our data on chicks, as well as the results from cats and 
turtles, suggest that whether or not extensor and flexor burst 
durations are differentially controlled relative to cycle period 
depends on the specific conditions under which the pattem- 
generating circuitry is activated. If this is the case, then main- 
taining the relative constancy of flexor burst durations is not an 
essential characteristic of the central pattern-generating circuitry 
for locomotion. Instead, these data suggest that the central pat- 
tern-generating circuitry for walking produces a basic motor 
output pattern in which both flexor and extensor burst durations 
increase to a moderate extent with increasing period. However, 
this aspect of the motor output pattern can be altered by mod- 
ulatory mechanisms, one of which appears to be sensory input 
from the legs: under normal conditions, either tonic or phasic 
sensory input from the legs tends to bias the output of the central 
pattern-generating circuitry so that short and relatively constant 
flexor burst durations are produced during walking. 

The nature of the specific sensory signal involved in limiting 
flexor burst duration is not known, although a recent study of 
swimming in chicks suggests that sensory information related 
to weight-bearing may be important (Bekoff, 1986). A role for 
load information in regulating extensor burst duration during 
walking has previously been suggested in cats (Duysens and 
Pearson, 1980; Giuliani and Smith, 1985). Because normal du- 
ration-versus-period relationships can be seen during locomo- 
tion in both fictive (Grillner and Zangger, 1979) and deafferented 
(Grillner and Zangger, 1984) cat preparations and were seen in 
38% of the deafferented chicks in the present study, factors other 
than sensory input from the legs must also be able to bias this 
aspect of the output of the pattern-generating circuitry. 

Convergence is also seen in the reciprocal duration-versus- 
latency relationships of GL and TA. That is, the asymmetrical 
coupling of onset and termination of GL and TA bursts seen 
during normal walking becomes symmetrical after deafferen- 
tation. This is a convergence to the hatching pattern, in which 
the relationship is symmetrical both before and after deaffer- 
entation. 

The convergence seen in many features of the intralimb motor 
output patterns after deafferentation supports the hypothesis 
that the leg motor output patterns of hatching and walking are 
produced by the same intralimb pattern-generating circuitry. 
Specifically, our results suggest that sensory input from the legs 
normally modulates the output of this multiuse circuitry in order 
to produce many of the distinctive features of the 2 different 
intralimb motor output patterns of hatching and walking. 

Moreover, the intralimb motor output pattern of hatching 
appears to be more basic. For example, the hatching leg motor 
output pattern is more symmetrical than the walking pattern. 
Overall, extensors and flexors behave more similarly during 
hatching: Burst durations are more similar; they vary to a sim- 
ilar, moderate extent with period, and there is a similar high 
correlation between the time at which the extensors turn off and 
the flexors turn on, and vice versa. In addition, when conver- 
gence is seen after deafferentation, it is usually the walking pat- 
tern that becomes more similar to hatching rather than the 
reverse. This suggests that the hatching motor pattern is closer 
to the basic, unmodulated output of the multiuse pattem-gen- 
erating circuitry. Given that the hatching chick does not need 
to respond to, or compensate for, environmental variables to 
the same extent that a walking chick does, this appears to be a 
reasonable conclusion. 

The changes seen after deafferentation may also provide in- 
sight into the role that sensory input normally plays in modu- 
lating pattern generator output. In general, following deaffer- 
entation, there are fewer and less dramatic changes in the motor 
output of extensor muscles than in flexors. For example, burst 
durations and phase relationships of flexors tend to show larger 
changes. The large increases in flexor burst durations (e.g., TA 
and SA) after deafferentation are correlated with a shift in their 
phase relationships, so they are activated earlier in the cycle, 
nearer the midpoint. In addition, the burst durations of these 
2 flexors become more tightly correlated with period than they 
were prior to deafferentation. While these changes are larger for 
walking than for hatching, a substantial increase in the flexor 
slope and correlation coefficient are seen in both behaviors after 
deafferentation. These results suggest that sensory input from 
the legs normally modulates the motor output of flexors more 
strongly than that of extensors. 

After deafferentation, there is also an increase in the vari- 
ability of burst durations and cycle period, as measured by 
increases in the coefficients of variation. This suggests that 
another role of the sensory input may be to stabilize the output 
of the central pattern-generating circuitry. 

While there is considerable convergence in intralimb motor 
output patterns, there are some distinctive aspects of the pat- 
terns that do not change after deafferentation. These correspond 
to the immutable elements in cat hindlimb motor patterns dis- 
cussed by Smith and her colleagues (1986). For example, FT 
continues to be activated in a double-bursting pattern during 
walking, while a single burst is typical of hatching. Furthermore, 
the FT, burst does not converge either with the flexor or extensor 
pattern after deafferentation. Thus, these data support a mul- 
tipartite model of central pattern generation of intralimb co- 
ordination, rather than a bipartite model in which all flexors 
are activated together and in alternation with all extensors (e.g., 
Grillner, 198 1; Jacobson and Hollyday, 1982a, b; Stein, 1986). 

These results also suggest that while sensory input from the 
legs may be involved in modulating the output of a neural circuit 
for intralimb coordination so that it produces 2 different motor 
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output patterns, sensory input from the legs is not responsible 
for all of the differences. One of the remaining possible sources 
of modulatory input-descending input from the brain-can be 
eliminated on the basis of the results of spinal transection ex- 
periments (Bekoff, 1984; A. Bekoff, J. A. Kauer, A. Fulstone, 
and T. Anderson, unpublished observations). 

Another possible source of modulatory input is sensory input 
from the cervical region. It is clear that input resulting from 
bending the neck plays a role in turning on the episodic motor 
activity and synchronous interlimb coordination that are char- 
acteristic of hatching (Bekoff and Kauer, 1982; Bekoff and Sa- 
bichi, 1987). It seems reasonable to propose that cervical input 
may also be responsible for modulation resulting in the unique 
aspects of intralimb motor output seen during hatching after 
sensory input from the legs and descending input from the brain 
have been removed. 

According to this view, hatching leg motor output is produced 
when sensory input from the bent neck activates the basic in- 
tralimb pattern-generating circuitry of each leg in an episodic 
pattern. This input also couples the circuits of the 2 legs to 
produce synchronous interlimb coordination, and modulates 
them slightly. Sensory input from the legs further modulates the 
output of the basic intralimb circuits. Walking motor output is 
produced when the same basic intralimb circuitry is activated 
in the absence of the sensory signal from the bent neck. This 
results in a cyclically repetitive pattern of activation and in 
interlimb alternation. Sensory input from the legs modulates 
the basic intralimb circuitry. Modulation by some other, as yet 
unexplored, source of sensory input may be responsible for some 
of the characteristic aspects of the intralimb motor output pat- 
tern of walking that are not lost after limb deafferentation. 

References 
Ayers, J. L., and F. Clarac (1978) Neuromuscular strategies underlying 

different behavioral acts in a multifunctional crustacean leg joint. J. 
Comp. Physiol. 128: 8 l-94. 

Ayers, J. L., and W. J. Davis (1977) Neuronal control of locomotion 
in the lobster, Homarus americanus. I. Motor programs for forward 
and backward walking. J. Comp. Physiol. 115: l-27. 

Ayers, J. L., G. A. Carpenter, S. Currie, and J. Kinch (1983) Which 
behavior does the lamprey central motor program mediate? Science 
221: 1312-1314. 

Baker, L. L., S. H. Chandler, and L. J. Goldberg (1984) L-Dopa- 
induced locomotor-like activity in ankle flexor and extensor nerves 
of chronic and acute spinal cats. Exp. Neurol. 86: 5 15-526. 

Bakhuis, W. L. (1974) Observations on hatching movements in the 
chick (Gallus domesticus). J. Comp. Physiol. Psychol. 87: 997-1003. 

Bekoff, A. (1976) Ontogeny of leg motor output in the chick embryo: 
A neural analysis. Brain Res. 106: 27 l-29 1. 

Bekoff, A. (1978) A neuroethological approach to the study of the 
ontogeny of coordinated behavior. In The Development of Behavior: 
Comparative and Evolutionary Aspects, G. M. Burghardt and M. Be- 
koff, eds., pp. 19-41, Garland, New York. 

Bekoff, A. (1982) Comparison of hatching and walking motor output 
patterns in normal and deafferented chicks. Sot. Neurosci. Abstr. 8: 
738. 

Bekoff, A. (1984) Analysis of the role of descending input in the pro- 
duction of hatching and walking in chicks: Spinal transection studies. 
Sot. Neurosci. Abstr. 10: 755. 

Bekoff, A. (1986) Is the output of the locomotor CPG to flexor and 
extensor muscles symmetrical? Evidence from walking, swimming 
and embryonic motility in chicks. Sot. Neurosci. Abstr. 12: 880. 

Bekoff, A., and J. A. Kauer (1982) Neural control of hatching: Role 
of neck position in turning on hatching leg movements in post-hatch- 
ing chicks. J. Comp. Physiol. 145: 497-504. 

Bekoff, A., and J. A. Kauer (1984) Neural control of hatching: Fate 
of the pattern generator for the leg movements of hatching in post- 
hatching chicks. J. Neurosci. 4: 2659-2666. 

Bekoff, A., and A. L. Sabichi (1987) Sensory control of the initiation 
of hatching in chicks: Effects of a local anesthetic injected into the 
neck. Dev. Psychobiol. (in press). 

Berkinblit, M. B., T. G. Deliagina, A. G. Feldman, I. M. Gelfand, and 
G. N. Orlovsky (1978a) Generation of scratching. I. Activity of 
spinal intemeurons during scratching. J. Neurophysiol. 41: 1040- 
1057. 

Berkinblit, M. B., T. G. Deliagina, A. G. Feldman, I. M. Gelfand, and 
G. N. Orlovsky (1978b) Generation of scratching. II. Nonregular 
regimes of generation. J. Neurophysiol. 41: 1058-1069. 

Coggeshall, R. E. (1980) Law of separation of function of the spinal 
roots. Physiol. Rev. 60: 7 16-755. 

Duysens, J., and K. G. Pearson (1980) Inhibition of flexor burst gen- 
eration by loading ankle extensor muscles in walking cats. Brain Res. 
187: 321-332. 

Elsner, N. (1974) Neural economy: Bifunctional muscles and common 
central pattern elements in leg and wing stridulation ofthe grasshopper 
Stenobothrus ribicundus germ. (Orthoptera: Acrididae). J. Comp. 
Physiol. 89: 227-236. 

Forssberg, H., S. Grillner, J. Halbertsma, and S. Rossignol (1980) The 
locomotion of the low spinal cat. II. Interlimb coordination. Acta 
Physiol. Stand. 108: 283-295. 

Getting, P. A. (1987) Comparative analysis of invertebrate central 
pattern generators. In Neural Control of Rhythmic Movements, A. H. 
Cohen, S. Rossignol, and S. Grillner, eds., Wiley, New York. (in press). 

Giuliani. C. A.. and J. L. Smith (1985) Development and character- 
istics of airstepping in chronic spinal cats. J. Neurosci. 5: 1276-1282. 

Grillner, S. (1981) -Control of locomotion in bipeds, tetrapods, and 
tish. In The Handbook of Phvsioloav. Sect. I. The Nervous &stem, 
Vol. II, pt. 2, pp. 1179-I 238, V. Be Brooks, ed., American Physio- 
logical Society, Bethesda, MD. 

Grillner, S., and P. Zangger (1979) On the central generation of lo- 
comotion in the low sninal cat. EXD. Brain Res. 34: 24 l-26 1. 

Grillner, S., and P. Zangger (1984) The effect of dorsal root transection 
on the efferent motor pattern in the cat’s hindlimb during locomotion. 
Acta Physiol. Stand. 120: 393-405. 

Grillner, S., A. McClellan, and C. Perret (198 1) Entrainment of the 
spinalpattem generators for swimming bymechanosensitive elements 
in the lamprey spinal cord in vitro. Brain Res. 217: 380-386. 

Grillner, S., T. Williams, and P. Lagerback (1984) The edge cell, a 
nossible intrasoinal mechanoreceptor. Science 223: 500-503. 

Halbertsma, J. (1983) The stride-cycle of the cat: The modeling of 
locomotion by computerized analysis of automatic recordings. Acta 
Physiol. Stand. (Suppl.) 521: l-75. 

Hamburger, V., and R. Oppenheim (1967) Prehatching motility and 
hatching behavior in the chick. J. Exp. Zool. 166: 171-204. 

Heitler, W. J. (1985) Motor programme switching in the crayfish swim- 
meret system. J. Exp. Biol. 114: 521-549. 

Huber, F. (1962) Central nervous control of sound production in 
crickets and some speculations on its evolution. Evolution 16: 429- 
442. 

Jacobson, R., and M. A. Hollyday (1982a) A behavioral and electro- 
myographic study of walking in the chick. J. Neurophysiol. 48: 238- 
255. 

Jacobson, R., and M. A. Hollyday (1982b) Electrically evoked walking 
and fictive locomotion in the chick. J. Neurophysiol. 48: 257-270. 

Kammer, A. E. (1968) Motor patterns during flight and warm-up in 
Lepidoptera. J. Exp. Biol. 48: 89-109. 

Kammer, A. E. (1970) A comparative study of motor patterns during 
pre-flight warm-up in hawkmoths. Z. Vergl. Physiol. 70: 45-56. 

Kovach, J. K. (1970) Development and mechanisms of behavior in 
the chick embryo during the last five days of incubation. J. Comp. 
Physiol. Psychol. 73: 392-406. 

Landmesser, L. T. (1978) The distribution of motoneurons supplying 
chick hind limb muscles. J. Physiol. (Lond.) 284: 37 l-389. 

Lennard, P. R., and P. S. G. Stein (1977) Swimming movements 
elicited by electrical stimulation of turtle spinal cord. I. Low-spinal 
and intact preparations. J. Neurophysiol. 40: 768-778. 

Marder, E., and S. L. Hooper (1985) Neurotransmitter modulation of 
the stomatogastric ganglion of decapod crustaceans. In Model Neural 
Networks and Behavior, A. I. Selverston, ed., pp. 3 19-337, Plenum, 
New York. 

Mesce, K. A., and J. W. Truman (1985) Metamorphosis of a CPG: 
Reuse and subsequent modulation of the larval ecdysis motor pro- 



2330 Bekoff et al. * Evidence for Use of Common Circuitry in Walking and Hatching 

gram for the generation of adult-specific eclosion behavior. Sot. Neu- 
rosci. Abstr. II: 919. 

Mesce, K. A., and J. W. Truman (1986) Development of the ecdysis 
motor program in A4unducu sexta: How adult-specific behavior arises 
from the conservation and modulation of a larval motor program. 
Sot. Neurosci. Abstr. 12: 1166. 

Pfluger, H. J., and M. Burrows (1978) Locusts use the same basic 
motor patterns in swimming as in jumping and kicking. J. Exp. Biol. 
75: 8 l-93. 

Reingold, S. C., and J. M. Camhi (1977) A quantitative analysis of 
rhythmic leg movements during three different behaviors in the cock- 
roach, Perijlaneta americana. J. Insect Physiol. 23: 1407-1420. 

Robertson, G. A., L. I. Mortin, J. Keifer, and P. S. G. Stein (1985) 
Three forms ofthe scratch reflex in the spinal turtle: Central generation 
of motor patterns. J. Neurophysiol. 53: 15 17-l 534. 

Sherman. E., M. Novotnv. and J. M. Camhi (1977) A modified rhvthm 
employed’during righting behavior in the cockroach Gromphadophina 
portentosa. J. Comp. Physiol. 113: 303-3 16. 

Simmers, J., and B. M. H. Bush (1983) Motor program switching in 

the ventilatory system of Carcinus maenas: The neuronal basis of 
bimodal scaphognathite beating. J. Exp. Biol. 104: 163-181. 

Smith, J. L., N. S.-Bradley, M. 6. Carter, C. A. Giuliani, M. G. Hoy, 
G. F. Koshland. and R. F. Zemicke (1986) Rhvthmical movements 
of the hindlimbs in spinal cat: Considerations for a controlling net- 
work. In Development and Plasticity of the Mammalian Spinal Cord, 
M. E. Goldberger, A. Gorio, and M. Murray, eds., pp. 347-361, 
Liviana, Padua, Italy. 

Stein, P. S. G. (1986) Neural control of the vertebrate limb. Multi- 
partite pattern generators in the spinal cord. In Comparative Neu- 
robiology: Modes of Communication in the Nervous System, M. J. 
Cohen and F. Stmmwasser, eds., pp. 245-253, Wiley, New York. 

Williams, T. L. (198 1) Experimental analysis of the gait and frequency 
of locomotion in the tortoise, with a simple mathematical description. 
J. Physiol. (Lond.) 310: 307-320. 

Wilson, D. M. (1968) The nervous control of flight and related be- 
havior. Adv. Insect Physiol. 5: 289-338. 

Zar, J. H. (1974) Biostatistical Analysis. Prentice-Hall, Englewood 
Cliffs, NJ. 


