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Electromyographic Characterization of Walking Behavior
Initiated Spontaneously in Crayfish

Kyoko Chikamoto1, Katsushi Kagaya1 and Masakazu Takahata1,2*

1Division of Biological Sciences, Graduate School of Science, Hokkaido University,
Sapporo 060-0810, Japan

2Department of Life Sciences, Faculty of Science, Hokkaido
University, Sapporo 060-0810, Japan

Crayfish initiate walking behavior not only reflexively in response to external stimuli but also spon-
taneously in the absence of any specific stimulus. In order to analyze the initiation mechanism
underlying these different types of walking, we made simultaneous electromyographic (EMG)
recordings from thoracic legs when animals initiated walking, either reflexively or spontaneously,
and video recorded their movements synchronously with the EMG recording. Two different stimuli,
mechanical and chemical, were used to reflexively induce walking. A non-rhythmic, sustained acti-
vation of leg muscles was found to precede the behavioral initiation of either type of walking. The
duration of this non-rhythmic muscle activation was significantly longer in the spontaneously ini-
tiated walking than in the mechanical stimulus-evoked walking, although no difference was
observed between the spontaneous and chemical stimulus-evoked walking. EMG recordings from
all eight legs revealed that their non-rhythmic muscle activation occurred almost simultaneously
prior to initiation of rhythmical stepping movements. When an animal was suspended without a leg
substratum, the timing of muscle activation was more variable among the legs than in the free con-
dition on the substratum. When the circumesophageal commissures were both severed to eliminate
signals descending from the brain to the thoracic ganglia, the bilaterally coordinated rhythmic burst
activity was not observed in the walking legs. These findings suggest that the spontaneous initi-
ation of walking behavior requires sensory feedback signals from leg proprioceptors, subserved
by a different descending activation mechanism from that for stimulus-driven initiation of walking.
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INTRODUCTION

Animals initiate their behavior not only reflexively in
response to external stimuli but also spontaneously in the
absence of any specific stimulus (Maye et al., 2007). The
neurophysiological mechanisms underlying sensory-evoked
behavior have been intensively analyzed, especially in inver-
tebrates, at the level of identified nerve cells (e.g., Edwards
et al., 1999; Blitz and Nusbaum, 2007). In the most common
scheme (Kristan and Gillette, 2007), external stimuli are
detected by sensory receptors and transmitted to sensory
processors where relevant information is filtered and inte-
grated. The output of sensory processors is then fed to
command neurons so that a specific pattern generator con-
trolling the spatio-temporal firing of motor neurons is
selected and activated for a specific behavioral act.
Neuronal organization of these central networks, including
the sensory processors, command neurons, and pattern
generators, has been intensively studied in many inverte-
brates (Marder et al., 2005; Katz and Hooper, 2007).

The neurophysiological mechanism of spontaneous initi-
ation of behavior, in contrast, remains largely unknown in
invertebrate animals despite the extensive accumulation of
experimental data on central neurons and their networks.
Davis et al. (1974) posited that when an animal decides to do
a certain behavior, the command neurons for that behavior
are activated while those for all other behaviors are inhibited.
A number of studies have been done to demonstrate the
existence of command neurons for a variety of behavioral
acts in annelids, mollusks, and arthropods (Kristan et al.
2005; Clarac and Pearlstein, 2007) by testing whether these
neurons can elicit a specific behavior upon stimulation and
are active during the behavior. A question here is whether or
not a specific set of command neurons is activated when an
animal initiates a specific behavior spontaneously, and if so,
how they are activated in the absence of sensory information.
Is there any possibility that different sets of command neu-
rons are activated depending on whether the animal initiates
a specific behavior reflexively or spontaneously? There is little
experimental evidence for dealing with these questions.

The crayfish Procambarus clarkii was the first animal
shown to have command neurons in its central nervous
system: a single action potential in any of two pairs of giant
fibers, called “command” neurons by Wiersma (1947), could
cause the crayfish to execute a tailflip escape response. In
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the circumesophageal commissure, Bowerman and Larimer
(1974) isolated small bundles of axons and stimulated them
electrically to see whether any specific behavior would occur
upon stimulation. These experiments finally led to the func-
tional identification in the commissure of more than 121
command neurons for corresponding behaviors, including
forward and backward walking. Crayfish can initiate walking
either reflexively or spontaneously (Yamane and Takahata,
2002); however, no information is available on how the two
types of walking are represented by activities of these com-
mand neurons in the crayfish central nervous system.

In the present study, we made electromyographic
(EMG) recordings from the mero-carpopodite and coxo-
basopodite muscles of the thoracic legs and simultaneously
video recorded leg movements to quantitatively characterize
walking behavior initiated either reflexively or spontane-
ously. We also analyzed the EMG activity patterns in spon-
taneously initiated walking under various experimental
conditions to examine what kind of information was required
for the behavior. The results suggested that the spon-
taneous initiation of walking behavior requires sensory feed-
back signals from leg mechanosensory organs, subserved
by a different descending activation mechanism from that for
stimulus-driven initiation of walking.

MATERIALS AND METHODS

Animals and preparations
Adult crayfish (Procambarus clarkii Girard) of both sexes (8–

9.5 cm in body length from rostrum to telson) were used in this
study. They were obtained commercially and maintained in labora-
tory tanks, fed weekly on a diet of chopped potato and liver. Prior
to the experiments to compare spontaneous with the stimulus-
evoked walking, they were fed chopped liver once every three days
for two weeks. They were then given nothing to eat for three days
preceding to the experimental trials to keep their motivational state
as constant as possible.

In all experiments except those for examining the effects of
descending brain signals on walking behavior, no surgical operation
was made to the animal body, except in electromyographic (EMG)
recording from walking legs. Extracellular recording from one leg
muscle was made through a pair of 125-μm silver wires coated with
Teflon except at the cut tip. A pair of fine holes was drilled through
the cuticle, and the electrode tips were inserted against a relatively
immobile region of the muscle. The holes were sealed and the wires
were fixed to the cuticle with glue. All appendages, including the
chelipeds, remained intact.

A typical walking leg is depicted in Fig. 1A. Eight muscles pro-
duce the movements of the coxopodite and basipodite (Ayers and
Davis, 1977). In this study, electromyograms were recorded from
four leg muscles: the mero-carpopodite flexor (MCF), mero-
carpopodite extensor (MCE), coxo-basipodite depressor (CBD), and
coxo-basipodite elevator (CBE). Since the musculature arrange-
ment of the meropodite is complicated (Bush et al., 1978), we
always had to be careful about recording contamination from mus-
cles other than the targeted one. In some experiments, activities of
other muscles were concurrently recorded with the target muscle
activities to confirm the origin of the intended recording. All eight
walking legs, i.e., the second to fifth pairs legs, were used for EMG
recordings. The chelipeds mainly remained immobile during loco-
motion and therefore were not included in this study.

Experimental apparatus and stimulation
In the experiment to compare muscle activity during spon-

taneous and stimulus-evoked walking, a crayfish was placed indi-

vidually into an aquarium (35 cm long×16 cm wide×22 cm high).
The bottom was covered with a sheet of plastic net that prevented
the crayfish from slipping on the tank floor during walking. The tank
was filled with 7 cm of water. A video camera (GZ-MG70, Victor),
filming at a rate of 30 frames per second, was used to record the
movement of crayfish (Fig. 1B). The area covered by the camera
was 20 cm×35 cm. An LED was driven periodically by electric sig-
nals that were simultaneously fed to a computer through an A/D
converter to synchronize video frames with EMG recordings.

In other experiments to investigate leg muscle activities during
spontaneous movement under three different conditions, a round
tank (43 cm in diameter, 14 cm high) was used in addition to the
one described above. Recording was done with crayfish in the fol-
lowing conditions: (1) free to move, and (2) restrained with or (3)
without a leg substratum. The bottom of the tank was covered with
sand grains to prevent the animals from slipping during walking. In
the first condition, the crayfish could move freely in the round tank
filled with 7 cm of water. In the second and third conditions, a steel
nut was glued on the dorsal surface of the carapace so that the
animal could be held under the water of the experimental aquarium
or in the air.

Two different stimuli, mechanical and chemosensory, were
used to exogenously induce walking. For mechanical stimulus, the
tail fan was touched manually with a soft brush for a short time
(<1sec). As the chemosensory stimulus, a piece of liver was placed
manually in front of the animal. It was placed on the bottom of the
tank through an acrylic glass cylinder (38 cm long, 1.8 cm in diam-
eter) that was dipped beforehand in the water to a depth of 2 cm
from the bottom in order to minimize water disturbance. The liver
piece was placed 5 to 10 cm ahead of the animal’s body or along-
side it at a distance of about 5 cm. The timing of both stimuli was
determined by the video frame and, when applicable, stimulus arti-
facts due to capacitative noises on the EMG recordings.

Data storage and processing
Signals from the extracellular electrodes for recording leg mus-

cle activities were differentially amplified (Nihon-Kohden, MEG-
2100), displayed on an oscilloscope (Tektronix 5115), and digitized
at 1 kHz by using an A/D converter (Power Lab, AD Instruments)
and the associated software (Chart version 4.2, AD Instruments).

The crayfish leg consists of seven segments and seven joints,
but the movements during locomotion mainly involve three joints:
anterior-posterior movements involve the thoraco-coxopodite (T-C)
joint, whereas leg-raising movements are performed by the coxo-
basipodite (C-B) joint. The mero-carpopodite (M-C) joint is respon-
sible for lateral extension/flexion movements. In the video analysis,
the distal position of the leg was represented by the dactylopodite
tip and the proximal position by the T-C joint. These two positions
were plotted for each leg at the rate of 30 frames per second (Fig.
1C). The change in the distance from the dactyl to the T-C joint
indicates lateral extension/flexion movements; an increase in this
parameter shows the forward movement (return stroke), whereas a
decrease shows the backward movement (power stroke), of the
whole leg. Leg movement during walking was therefore character-
ized by successively analyzing these two positions.

Determination of the timing of muscle activity change
In some recordings, it was practically difficult to determine

exactly when the muscle activity changed when the animal initiated
walking behavior. Since the muscle activity could be regarded to
change from the resting or inactive state to the walking or active
state when the animal initiated walking behavior, we adopted in this
study the minimum AIC (Akaike information criterion) procedure to
objectively determine when the state transition occurred, i.e., the
time of leg muscle activation. Theoretical details of the procedure
are provided in a paper by Kitagawa and Akaike (1978). Briefly, in
non-stationary time-series data in which the state shows a transi-
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tion, any block of sufficiently short period can be regarded as sta-
tionary. Applying the locally stationary autoregressive model to each
block, one can test whether any two successive blocks are in differ-
ent states by calculating the AIC: the time of transition can be deter-
mined as the time that shows the minimum AIC value to separate
two blocks. In this study, a period of 2 seconds, at the center of
which was the putative time for the muscle activation, was chosen
from the continuous EMG data. These 2-sec time-series data were
analyzed by the minimum AIC procedure (Fig. 2D) to identify the
time of change from the resting to the active state.

RESULTS

Antagonistic muscle activities at the spontaneous initia-
tion of walking

To confirm the basic activity pattern of leg muscles in
spontaneously initiated walking, EMG recordings were made
from two pairs of antagonistic muscles of the third thoracic
leg (Fig. 2A, B). The mero-carpopodite flexor (MCF) is antag-
onistic to the mero-carpopodite extensor (MCE), and the coxo-
basipodite depressor (CBD) to the coxo-basipodite elevator

(CBE). Each pair of antagonistic muscles showed a rec-
iprocal activation pattern, bursting alternately during walking
behavior (black-colored parts in Fig. 2A, B). A non-rhythmic,
sustained increase was also observed simultaneously in both
of each antagonistic pair (gray-colored parts in Fig. 2A, B)
before initiation of the rhythmic bursting activities that corre-
sponded to stepping leg movements during walking.

Similar sustained activation preceding the rhythmic
bursts and stepping leg movements was also observed in
the EMG recording from the coxal protractor (data not
shown), one of the muscles producing the movements of the
coxopodite and basipodite (Ayers and Davis, 1977). The
data showed that the sustained activation preceding the
rhythmic burst activities was common to many, if not all, leg
muscles at the time of spontaneous initiation of walking.
Similar sustained co-activation of antagonistic and agonistic
muscles was also observed when the animal initiated walk-
ing in response to external stimuli, but it was quantitatively
different from that observed at the time of spontaneous ini-

Fig. 1. Experimental apparatus and procedures. (A) The thoracic walking legs of crayfish comprise five pairs of pereopods (L1–L5 and R1–
R5). The first pair (L1 and R1) is transformed into large chelae and is generally not used in walking, whereas the second and third pairs having
smaller pincers are actively used. Shown below is a posterior-lateral view of the fourth right leg and major muscle groups. Each leg is com-
posed of seven segments. The first (thoraco-coxopodite), second (coxo-basipodite), and fifth (mero-carpopodite) joints are crucial for walking,
allowing the leg to move in the forward/backward and upward/downward directions, and to extend/flex, respectively. C-B, coxo-basipodite; M-
C, mero-carpopodite; T-C, thoraco-coxopodite; CBD, coxo-basipodite depressor; CBE, coxo-basipodite elevator; MCE, mero-carpopodite
extensor; MCF, mero-carpopodite flexor. (B) Experimental aquarium and recording apparatus. A crayfish was placed in an aquarium in which
the bottom was covered with a sheet of plastic net, containing water to a depth of 7 cm. An LED was driven by electrical pulse signals that were
fed to an A/D converter and then to a personal computer, simultaneously with the EMG signals. A video camera was placed by alongside the
crayfish. (C) Lateral view of the third left leg trajectory in successive strides. The leg movements during walking were filmed at a speed of 30
frames per second. A line was drawn in each successive frame, connecting the T-C joint and the distal end of the dactylopodite to represent the
position and direction of the leg. All 550 successive frames are shown here; the movement progressed from right to left. The upper contour rep-
resents successive positions of the body joint (T-C); the bottom one, successive positions of the distal part of the leg (dactyl). The motor pro-
gram for walking consists of return strokes and power strokes of walking leg movements. The fan shapes indicate the power stroke with the
dactyl on the ground.
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tiation of walking (see below).

Sustained activation of leg muscles prior to stepping
movements

To quantitatively analyze the time difference between
leg muscle activation and actual leg movements, we made
video and EMG recordings simultaneously at the time of
initiation of spontaneous walking. Electromyograms were
recorded from CBD and MCF of the second and third
walking legs. In the video recording, the positions of the
distal end of the dactylopodite and the proximal end of the
coxa, i.e., the T-C joint, were plotted for each walking leg at
the rate of 30 frames per second. The distance between
these two points represented the length of the whole leg
projected onto the sagittal plane of the animal body, its
changes indicating lateral extension/flexion movements of
the leg. The motor program for walking consists of two
rhythmically alternating movements of the thoracic legs, i.e.,
the return (forward) stroke and the power (backward) stroke.
The rhythmic bursts of MCF (black-colored parts in Fig. 2C)
corresponded to the return stroke during stepping move-
ments.

Close examination of the EMG and video records
revealed a characteristic pattern of activation of leg muscles
preceding the stepping movements. Fig. 2C shows the initi-
ation phase of walking (the area shaded by a gray rec-
tangle) in the EMG record; this is expanded temporally in
Fig. 2D, together with the behavioral data on leg movements
obtained from video recordings. The results from the mini-
mum AIC analysis are also shown to indicate the activation
time of leg muscles, determined objectively. Comparison of
the activation time of muscles (black arrowheads in Fig. 2D)
and the initiation time of leg movements (gray arrowhead in
Fig. 2D) showed that sustained, non-rhythmic muscle acti-
vation preceded the behavioral initiation of stepping move-
ments of the thoracic legs. In the record shown in Fig. 2, the
muscle activity increase preceded the stepping movements
by 208.7 msec in CBD and 306.1 msec in MCF.

We also made video and EMG recordings from the sec-
ond and third left legs at the time of initiation of spontaneous
walking to quantify the latent period from muscle activation
to stepping movements (Fig. 3A, B). Data were obtained
from 13 freely moving crayfish in total. The sustained, non-
rhythmic muscle activation lasted for 305±49 msec (mean±

Fig. 2. Antagonistic muscle activities and leg movements. (A) Electromyograms recorded at the onset of walking from the mero-carpopodite
flexor (MCF) and the mero-carpopodite extensor (MCE), which are antagonistic to each other. (B) Electromyograms recorded from the coxo-
basipodite depressor (CBD) and coxo-basipodite elevator (CBE). Black rectangles show alternating bursts of each pair of antagonistic muscles
during walking behavior. Gray parts indicate the sustained, non-rhythmical activation of muscles preceding the initiation of rhythmic stepping
activities. EMG recordings were made from the third leg in A and B. (C) Simultaneous recordings of muscle activities and leg movements at the
initiation of spontaneous walking. EMG recordings were from MCF and CBD of the left third leg. The lateral extension and flexion movements
of the leg were measured by the distance between the dactyl tip and the T-C joint in each video frame to quantify the return and power strokes,
respectively (bottom trace). During the return stroke, MCF showed rhythmic bursts (black rectangles). (D) Temporal expansion of the record
indicated by the gray rectangle in C. In order to determine the activation time of leg muscles objectively, a minimum AIC procedure was applied
to the EMG record (lower black arrowhead for MCF and upper black arrowhead for CBD). A sustained, non-rhythmic increase in leg muscle
activity preceded the behavioral initiation of leg movements (gray arrowhead).
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standard error) in MCF (Fig. 3A-1) and 362±49 msec in CBD
(Fig. 3A-2) of the second left leg, and 273±70 msec in MCF
(Fig. 3B-1) and 365±68 msec in CBD (Fig. 3B-2) of the third
leg. These results suggest that the sustained activation of
leg muscles is a consistent feature of the central mechanism
underlying spontaneous initiation of walking.

Comparison of spontaneous and stimulus-driven walking
We made simultaneous video and EMG recordings of

walking-leg movements when animals initiated spontaneous
or stimulus-evoked walking in order to compare the activa-
tion pattern of leg muscles between them. Stimulus-driven
initiation of walking behavior was carried out by mechanical
or chemosensory stimulation. Typical EMG activities at the
onset of walking are shown in Fig. 4A, B, and C for sponta-
neous initiation, and mechanical and chemical stimulus-
driven initiation, respectively. In all conditions, a sustained
activation of MCF preceded the initiation of stepping move-
ments for walking, although its duration varied significantly
depending on how the walking was initiated.

The data for the present analyses were obtained from 33
sessions of spontaneous walking (13 animals), 23 sessions of
mechanical stimulus-driven walking, and 20 sessions of
chemosensory stimulus-driven walking. In this study, we
could not measure the exact timing of each stimulation, since
this was judged from video recording: our measurements
inevitably included an error of up to±1/30 sec. We could, how-

ever, measure exactly the time from the activation of MCF
muscle (black arrowheads and dotted lines) to the initiation of
walking-leg movements (gray arrowheads and dotted lines) in
each trial. The mean value of time differences between MCF
activation and initiation of walking was 520±325 msec and
119±38 msec for spontaneous and mechanical stimulus-
evoked walking, respectively. The difference was statistically
significant (ANOVA; p<0.0001) (Fig. 4D).

When chemical stimulation evoked walking, the latent
time was 439±194 msec, statistically not different from that
for spontaneously initiated walking. Further experiments
were carried out to examine whether or not the walking
behavior induced by chemosensory stimulation involved
body orientation toward the stimulus, by presenting the
animal with the stimulus from different directions. Thus, the
liver piece was placed 10 cm ahead of the rostrum or 5 cm
to the side of the animal’s body. There was no noticeable
difference in the time from MCF activation to leg movement
initiation or in the degree of orientation to the odor source
between the two conditions, although these observations
were qualitative. The chemical stimulus thus elicited walking
behavior without any observable orientation of the animal
body toward the stimulus source.

Effects of sensory feedback on leg-muscle activities in
walking initiated spontaneously

Sensory feedback signals from leg proprioceptors have

Fig. 3. Time differences between muscle activation and leg movements. (A-1) MCF and (A-2) CBD activities in the second leg. (B-1) MCF
and (B-2) CBD activities in the third leg. For each panel, the non-rhythmic activation of each leg muscle prior to initiation of spontaneous walk-
ing is illustrated as a histogram with 50-msec time bins. EMG recordings were made from six animals that spontaneously initiated walking
behavior for a total of 13 times. The initiation time in each panel is indicated with a vertical dashed line.
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been shown to be crucial for generating the coordinated
stepping motor pattern in crustaceans (Le Bon-Jego et al.,
2006). To investigate the effect of this feedback on leg
movements when crayfish initiated walking spontaneously,
we made EMG recordings from the MCF muscle of the sec-
ond to fifth walking legs on both sides under three different
conditions: free to move on the aquarium bottom, or
restrained in water with or without a leg substratum. Elec-
tromyograms recorded under each condition are shown in
Fig. 5A–C. Rhythmic and coordinated bursts in all eight legs
were observed only in the free condition (Fig. 5A). Thus, the
muscle was activated not only sequentially on each side but
also alternately on both sides: when the MCF muscle of the
second leg, for example, was activated on the left side, that
on the right side was inactivated, and vice versa (Fig. 5A).
In the restrained condition, neither the sequentially nor the
bilaterally patterned activation of MCF not observed, irre-
spective of whether the leg substratum was provided (Fig.
5B) or not (Fig. 5C).

Prior to the initiation of walking, muscle activities showed
a sustained increase in all eight legs almost simultaneously,

within the time range of 65.89±6.40 msec (N=45 from 10 ani-
mals). The muscle activation in free animals did not always
lead to full walking, but the simultaneous activation of eight
legs was observed irrespective of whether or not it led to
walking. In the two restrained conditions, with or without the
leg substratum, the increase in muscle activity occurred
more irregularly, within the time range of 134.12±25.89 msec
(N=50 from 10 animals) and 168.07±23.01 msec (N=42 from
8 animals) respectively (Fig. 5D). The burst cycle duration in
all eight legs, represented here as the ratio of the shortest to
the longest, differed significantly between the free condition
and the two restrained conditions (ANOVA, p<0.05; Fig. 5E).
Thus, the leg movement pattern was rhythmical and bila-
terally coordinated only in the free condition. The sponta-
neous initiation of normal walking thus could not be carried
out without sensory feedback signals from leg propriocep-
tors, although these remained unidentified in this study.

Effects of descending brain signals on the stepping
motor pattern

Surgical interruption of the descending transmission of

Fig. 4. Comparison between spontaneous and stimulus-evoked walking. (A) Spontaneously initiated walking. Electromyograms were
recorded from MCF of the left second to fifth legs (L2–L5). The trace below each EMG record represents the leg movement obtained from
video analyses, with upward deflection indicating the return stroke movement. (B) Walking initiated in response to mechanical stimulation. The
vertical line (black arrow) indicates the time of stimulation. (C) Walking initiated in response to chemical stimulation. The record starts one
minute and thirty seconds after the stimulation. In A–C, the black arrowhead indicates the time when the muscle showed a sustained, non-
rhythmical activation preceding its rhythmical burst activities. This timing varied among legs and is indicated for each by a black dashed line.
The gray arrowhead indicates the time when the leg began to show noticeable movement. This timing also varied among legs and is indicated
for each by a gray dashed line. (D) Time differences between MCF activation and initiation of leg movements. The mean value for spontaneous
walking was significantly greater than that for mechanical stimulus-evoked walking (ANOVA; ***p<0.0001). No significant difference was
observed between spontaneously and chemically initiated walking.
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brain signals to thoracic ganglia was found to affect the
stepping motor pattern significantly. In the experiment illus-
trated in Fig. 6, EMG recording was made from all eight legs
in animals that had their circumesophageal commissures
severed bilaterally. Including control experiments, EMG
recordings were made from the same animal under the fol-
lowing different conditions: (1) intact, i.e., with no surgical
operation; (2) sham operated, i.e., after the brain and the
commissures were exposed but kept intact; and (3) after the
commissures were cut away. After the operation, the ceph-
alothoracic cavity was flushed repeatedly with cooled saline
to minimize damage to the nervous system caused by
drying or digestive fluid. EMG recordings from the operated
animals were made at least 30 minutes after the operation.
For this comparison, EMGs of twenty-four walking bouts
recorded from four animals were analyzed for each condi-
tion. In some cases, the activation of walking-leg muscles
coincided in all legs in the third condition, although rhythmi-
cal bursts were not observed at all (Fig. 6A). The difference

between the shortest and longest burst cycle duration in
eight legs was not significantly different between (1) and (2),
whereas it was statistically different between (1) and (3),
and (2) and (3) (ANOVA, p<0.05; Fig. 6B). Without des-
cending signals from the brain, the burst activities in thoracic
leg muscles were thus so variable that they could not be
coordinated for any purposive behavior.

Spontaneously initiated leg movements as shown in Fig.
6A were seldom observed in this study after the circume-
sophageal commissures were severed on both sides. Their
occurrence during one experimental session was much rarer
than that in the intact condition during the same period. Our
observations, although qualitative, did not exclude the pos-
sibility that stepping leg movements can occur spontane-
ously in the absence of descending signals from the brain,
but strongly suggest that these movements normally require
the signals under natural conditions. Further study is needed
to clarify whether spontaneous leg movements in the oper-
ated condition are preceded by sustained activation of the

Fig. 5. Effects of sensory conditions on stepping movements. (A) EMG recordings from eight walking legs when the animal spontaneously ini-
tiated walking under the condition that it was free to move. (B) EMG recordings from the animal restrained in water, with a leg substratum. (C)
EMG recordings from the animal restrained in water, without the leg substratum. The downward arrowhead and broken line represent the initi-
ation time of MCF activation in each panel. (D) Statistical comparison of the time from MCF activation to initiation of leg movements among the
different sensory conditions. In the free condition, the sustained, non-rhythmic activation began almost simultaneously in all eight legs to pre-
cede the rhythmical leg movements. The MCF activation in free animals did not always switch over to walking: it either led to rhythmical step-
ping behavior (walking) or aborted to non-coordinated leg movements (non-walking). The activation of MCF occurred in eight legs within a
significantly longer range in the restrained condition without a leg substratum than in the free condition (ANOVA; *p<0.05). (E) Statistical com-
parison of the cycle duration, i.e., the time from the beginning of one burst activity to that of the next, among the different sensory conditions.
The comparison was based on the ratio of the shortest cycle to the longest for all legs in each data group. The burst activity, which was regu-
larly rhythmic in the free condition, was disrupted significantly when the animal was in the restrained condition irrespective of whether or not it
was provided with a leg substratum (ANOVA; *p<0.05) (E).
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muscles, as in the normal condition.

DISCUSSION

EMG recordings from the walking-leg muscles of freely
moving crayfish revealed that sustained and non-rhythmic
activation preceded the behavioral initiation of leg move-
ments at the onset of both spontaneous and mechanical
stimulus-evoked walking. The duration of this preceding
muscle activity was significantly different between these two
types of walking. Chemical stimulus-evoked walking was
found to differ from mechanically induced walking in the
duration of the preceding muscle activity. The stepping
movements of legs themselves were similar among the three
types of walking, but the sustained muscle activation leading
to the stepping movements was thus characteristically differ-
ent among them. Although EMG activity shows the extracel-
lular junctional potentials of muscle fibers, these potentials
reflect well the spike activity of motor neurons (Carew,
2000), and thus the central mechanisms subserving specific
actions carried out by the recorded muscles. In the following
sections, we compare the physiological processes underly-
ing the initiation of spontaneous and stimulus-evoked walk-
ing and discuss their central nervous mechanisms.

Non-rhythmic activation of leg muscles prior to walking
behavior initiated spontaneously

When crayfish initiated walking spontaneously, a sus-
tained increase in walking-leg muscle activities was
observed to precede leg movements by approximately 325
msec on average (Figs. 2D, 3A, B). The preceding muscle
activity was observed almost simultaneously in the antago-
nistic pairs of muscles that showed alternating bursts during
walking, each activated out of phase with its counterpart
(Fig. 2A, B). In the locust, an increase in neural activities in
the circumesophageal and neck connectives was reported

to precede the initiation of spontaneous walking. This
change in neural activity was regarded as the preparatory
phase for the initiation of walking (Kien, 1990). The pre-
ceding activity in the leg muscles of crayfish, therefore, may
also represent the preparatory activity for spontaneous
walking. However, the preceding muscle activities of cray-
fish observed in this study are distinct from the reported
activities in the locust, in that the latter lasted for several
seconds and involved small leg movements that appeared
to be stepping “intention” movements (Kien, 1990), whereas
the former preceded the initiation of walking by a few hun-
dred milliseconds and, more importantly, evoked no observ-
able movements in the walking legs.

The intention movement is an incomplete behavior pat-
tern that provides potential information that an animal is
about to perform a particular activity (McFarland, 1999). It is
a kind of ritualized behavior for social communication, send-
ing signals to other animals by specific patterns in the move-
ment of the sender’s body. It is therefore imperative for any
behavioral act to be clearly observable to other individuals if
the act is to function as an intention movement. In this
sense, the sustained activation of leg muscles preceding
their stepping movements does not conform to the definition
of intention movement, since this activation caused no
observable behavioral activity (Fig. 2D). Furthermore, the
preceding muscle activity lasted for 300–400 msec (Fig. 3A),
too short for communication with other animals by behav-
ioral means. These considerations lead us to conclude that
the sustained muscle activation preceding walking behavior
does not reflect any kind of intention movement, but is part
of the behavior even though it is not observable in the
animal’s appearance. As discussed below, we interpret the
preceding activation of leg muscles prior to behavioral initi-
ation of spontaneous walking as a revelation of central ner-
vous mechanisms.

Fig. 6. Effects of descending brain signals on leg movements. (A) MCF activities in the left second to fifth legs. The EMG recordings were
made when the animal was moving its legs after the operation to cut away both circumesophageal commissures, i.e., in the condition that the
descending signals from the brain to the locomotor center in the thoracic ganglia were interrupted. In the later part of the record, apparent
simultaneous activation of the muscle is evident in all eight legs, but any coordinated stepping activity was observed in the EMG and behavior.
(B) Statistical comparison of the cycle durations, i.e., the time from the beginning of one burst activity to that of the next, among the three con-
ditions. The comparison was based on the ratio of the shortest cycle to the longest for all legs in each data group. When the descending brain
signals were interrupted, the rhythmical muscle activity could not be regulated and no stepping movement was observed in the legs (ANOVA;
*p<0.05).
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Initiation of spontaneous and mechanical stimulus-
evoked walking

The non-rhythmic activation of leg muscles preceding
walking behavior was observed regardless of whether it was
initiated spontaneously or reflexively by external mechanical
stimuli. The duration of this preceding muscle activity,
however, varied significantly between spontaneous and
mechanical stimulus-evoked walking (ANOVA, p<0.05; Fig.
4D). The functional role of non-rhythmic activation of leg
muscles remains unknown, but the statistically significant
difference in its duration suggests a qualitative difference in
the neural mechanism subserving the initiation process
between spontaneous and mechanical stimulus-evoked
walking. Since the non-rhythmic activity preceding the rhy-
thmic burst activities for stepping movements is smaller in
amplitude than the inter-burst activity (Fig. 2C), it is not any
part of the burst cycle activity of the pattern generator in the
steady state, if it represents a transient form of the gener-
ated motor pattern. Our observation that some descending
interneurons in the protocerebrum increase in spike activity
prior to the initiation of spontaneous walking (Kagaya and
Takahata, 2006) suggests that the non-rhythmic muscle
activity reflects instead the central signals for activating the
pattern generator.

In vertebrates, the locomotor pattern generator in the
spinal cord is thought to be activated by descending signals
originating from the command center located in the midbrain
(Mori et al., 1991; Sirota et al., 2001; Grillner, 2006). The
descending signals determine when the pattern generator is
to be activated and at what level the activity is to be main-
tained (Orlovsky et al., 1999; Deliagina et al, 2002). In inver-
tebrates, however, the activation mechanism for locomotor
behavior remains largely unknown. Although pattern gener-
ating mechanisms have been intensively analyzed for loco-
motor behavior, including insect walking (Ramirez and
Pearson, 1988; Burrows, 1996) and flight (Robertson and
Pearson, 1985; Robertson, 1986; Pearson and Ramirez,
1997), and leech swimming (Kristan and Gillette, 2007), no
information is available on the command center that would
activate these mechanisms as in the vertebrate brain. In
crayfish, Bowerman and Larimer (1974) reported that
electrical stimulation of some units in the circumesophageal
commissure could elicit forward or backward walking. It
remains unknown, however, how these units are activated
when the animal initiates, maintains, and terminates walking
behavior. We demonstrated that descending signals from
the brain are necessary for generating coordinated burst
activities in the leg muscles (Fig. 6), but did not attempt in
this study to analyze initiation signals for the coordinated
burst activities in walking-leg muscles.

It would be safe to assume that when crayfish initiate
walking behavior in response to mechanical stimulation, the
locomotor pattern generator in the thoracic ganglia (Chrachri
and Clarac, 1990) is activated by sensory information from
the mechanical stimuli applied to the animal body. In the
experiment shown in Fig. 4B, the leg muscle began to show
non-rhythmic activation within 18 msec after stimulation,
reflecting the time for signal transmission from the mecha-
nosensory neurons in the tail fan to the muscle by way of
abdominal and thoracic ganglia. This activation lasted for
about 41 msec (Fig. 4B) prior to the start of rhythmic burst

activities. This finding indicated that the non-rhythmic acti-
vation need not be longer, as in spontaneous initiation of
walking, for the following rhythmic activities to initiate step-
ping behavior. A question here is, why is the non-rhythmic
muscle activation preceding the stepping movements much
longer for spontaneously initiated than for mechanical stim-
ulus-evoked walking? On the basis of our EMG analysis of
the process initiating stimulus-evoked walking, we hypo-
thesize that the long duration of non-rhythmic muscle acti-
vation in spontaneous walking reflects the descending
activities from the brain that are preparing for the endoge-
nous initiation of walking behavior. Spike activities preceding
volitional movements are known in the basal ganglia of the
vertebrate brain (Schultz, 1999). Further study is needed to
test the possibility mentioned above, but the present study
revealed that, prior to the spontaneous initiation of behavior,
the central nerve cells became remarkably active, although
this activity was behaviorally unobservable.

Initiation of chemical stimulus-evoked walking
It usually took more than one minute for a stimulus to

cause an EMG activity change. Since spontaneous walking
occurred far less frequently, the stimulus was regarded to be
effective in eliciting walking. Our finding that the duration of
non-rhythmical muscle activation prior to behavioral initiation
of chemical stimulus-evoked walking was longer than that in
mechanically induced walking and statistically comparable
with that in spontaneously initiated walking (Fig. 4) points to
the following possibility: the relatively long duration of pre-
behavioral muscle activity was possibly due to a low effec-
tive concentration of chemical stimuli. A corollary to this
hypothesis is the possibility that the duration of pre-behav-
ioral muscle activation decreases as the effective concentra-
tion increases. We could not test this possibility, since it was
difficult to exclude a potential mechanosensory effect when
the chemical stimulus, i.e., the liver piece, was provided
near the animal body. Unlike the case of mechanical stimu-
lation, it is difficult to evaluate the effectiveness of chemical
stimulation, since this is not linearly related to the source
distance, concentration, or time course (Weissburg and
Zimmer-Faust, 1993, 1994). Since there was no water
current in the experimental aquarium, the effective stimulus
strength was possibly not so high as to elicit forage walking
immediately or in a short time.

It should be also noted here that the chemical stimulus
eliciting walking behavior without any observable orientation
toward the stimulus source is consistent with the possibility
that the effective stimulus strength was not sufficient in our
experiment, for it has been reported that some forms of
chemically modulated orientation occur in crabs and lobsters
when chemical stimuli are presented (Moore et al., 1991;
Weissburg, 1997; Zimmer-Faust et al., 1995). Those exper-
iments were made in the presence of water flow, whereas
the present experiment was made in its absence; crabs and
lobsters may use not only simultaneous comparison of the
flow for the information contained within and between odor
pulses to determine whether to remain still or turn into the
plume, but also sequential comparisons of odor intensity to
advance toward the source (Weissburg, 1997). It is possible
that that the behavioral mechanisms underlying orientation
responses to the odor source are different between animals
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(cf. Moore et al., 1991; Weissburg and Zimmer-Faust,
1993); the orientation responses of crayfish might be distinct
from those of crabs and lobsters.

On the basis of our EMG recordings from animals
responding to chemical stimulation, we tentatively conclude
that the stimulus activated a motivational system in the cray-
fish brain that was common to spontaneous walking, and
that depends on motivational systems for diverse behavioral
acts, including foraging and feeding. Because of the low
effective concentration of the chemical stimulus, this appar-
ently acted on the motivational system instead of reflexively
activating the walking motor system. Further systematic
study is needed to clarify how chemical stimuli elicit walking
behavior.
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