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Abstracts

How do animals initiate voluntary behavior?  A key phenomenon in neuroscience is the 

readiness or preparatory neural activity in the specific regions in the brains of animals.  

Neurons and synaptic mechanisms mediating this activity is unknown.  We show that the 

readiness discharge is formed by sequential synaptic excitation and inhibition in the brain 

of crayfish (Procambarus clarkii) that voluntarily initiates walking.  The readiness dis-

charge neuron extended axon collaterals that appeared to activate local interneurons re-

curring to it within the brain.  Therefore, we propose that the readiness discharge is formed 

by sequential synaptic events within the brain without feedback signals from downstream 

ganglia.  The circuit is suited to signal  processing for self-generated voluntary initiation of 

behavior. 
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Prior to the initiation of voluntary behavior, the neuronal activity shows a remarkable and char-

acteristic change in specific regions of the brain (1-8).  The spike activity called readiness dis-

charge that transiently precedes the voluntary initiation of behavior has been reported extensively 

in primates (2-4) and rodents (5-7).  However, the membrane potential dynamics underling the 

readiness discharge are yet to be seen on the dendritic processes of relevant neurons in the brain.  

A parallel evidence regarding the readiness discharge in the brain of crayfish Procambarus 

clarkii (8) can offer a clue to understand the cellular mechanisms subserving the readiness dis-

charge in relation to voluntary initiation of behavior.  In crayfish, the readiness discharge can be 

recorded in the circumesophageal commissure (8), that contains axons of brain neurons descend-

ing to thoracic ganglia where the central pattern generator for walking resides (9).  They increase 

spike discharge rate a few seconds before the behavioral onset and decrease it once the walking 

behavior is initiated (8).  The transiently activated spike activity prior to the voluntary behavioral 

initiation is a common key feature of the readiness discharge.  However, it is unknown what the 

synaptic mechanisms of the readiness discharge is and what types of neurons are involved in 

producing the spike activity.

To clarify the neurophysiological mechanisms underlying the voluntary initiation of walking be-

havior, we performed intracellular recordings from single cells in the brain of behaving crayfish 

on a spherical treadmill (8).  No external stimulus was applied so that they initiated, continued 

and terminated walking behavior at their own disposal.  We obtained physiological data from 69 

neurons, which were successfully stained with fluorescent dye Lucifer yellow injected ionoto-

phoretically through the recording microelectrode.  Identified neurons were categorized to 3 

groups functionally and 2 groups morphologically.  Functional categorization was based on the 

timing of their spike activity in relation to the timings of behavioral onset and offset that were 
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statistically estimated on the basis of electromyographic recording from the mero-carpopodite 

flexor muscle of the second walking leg on either side (10).  Morphologically, we categorized the 

neurons into descending neurons with their axons in the commissure and local interneurons 

whose neuritic projection was confined to within the brain.  Since the initiation and motor control 

of locomotion have been related to the central complex in insects (11,12), we scrutinized the ho-

mologous neuropils (13) in the crayfish brain and characterized the distribution of dendritic 

processes of behaviorally relevant interneurons to identify the main region of synaptic activation 

involved in the voluntary behavior.

We successfully penetrated the dendrite of one readiness discharge neuron and recorded the 

membrane potential change associated with voluntary initiation of walking 18 times (Fig. 1A).  

The animal showed a variety of walking including forward and backward walking (Fig. 1A).  

Irrespective of walking direction, the membrane potential showed a transient depolarization be-

fore the behavioral onset (Fig. 1A).  It then showed a long-lasting hyperpolarization once the 

animal started walking (Fig.1A).  This sequential change of membrane potential controlled the 

transient discharge of action potentials prior to the behavioral onset.  Superimposed 18 traces of 

membrane potential and smoothed electromyographic recordings indicate the consistency of the 

sequential change (Fig. 1B).  The peri-onset time spike histogram (Fig. 1B) shows that the spike 

discharge transiently increased before the onset and then decreased sustainedly (Fig. 1B). This 

change in the spike discharge rate is similar to the readiness spike activity recorded in the circu-

mesophageal commissure (8).

Membrane potential change that would cause a transient spike discharges preceding the behav-

ioral onset of walking can be based on synaptic input from other upstream cells or endogenous 
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conductance change as in pacemaker cells.  When a slight positive (+0.1, +0.2, +0.3 nA) current 

was injected to the neuron, the number of action potentials increased before the behavioral onset, 

whereas after the onset (Fig. 1C) the hyperpolarization was remarkably enhanced with no spike 

discharge superimposed.  When a negative current (-1 nA) was injected to the neuron, the num-

ber of spikes decreased and a slight depolarization was observed prior to the behavioral onset 

(Fig. 1C).  When a stronger negative current (-2 nA) was injected, the transient spike discharge 

prior to the behavioral onset completely disappeared and the membrane potential showed a no-

ticeable depolarization after the onset (Fig. 1C).  These findings suggest that the transient spike 

discharge prior to the behavioral onset of walking is caused by excitatory chemical synaptic in-

put followed by inhibitory chemical synaptic input.  In order to investigate the membrane con-

ductance change during these synaptic input, we injected constant current pulses to the neuron 

(-1 nA, 2 Hz) with the bridge balance circuit kept optimized (Fig. 1C).  The voltage response was 

transiently decreased before the onset corresponding to the period of readiness discharge, subse-

quently recovered the magnitude observed at rest, and then began to decrease gradually about 5 

sec after the behavioral onset (Fig. 1C, D).  The first transient decrease in the membrane resis-

tance suggests that the readiness discharge prior to the behavioral onset of walking could be 

caused by an excitatory synaptic input whereas the late sustained decrease in the membrane re-

sistance suggests that the later phase of post-onset hyperpolarization is caused by an inhibitory 

synaptic input.  The early phase of hyperpolarization that immediately follows the behavioral 

onset is thought to be caused by another inhibitory synaptic input that is located on the dendrite 

electrotonically more distant than the late inhibitory input since no membrane conductance 

change was detected for the early hyperpolarization.  Prior to the behavioral onset (from -5 sec to 

0 sec) compared to at rest (from -25 sec to -20 sec), we observed a significant rise (paired t test, 
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P < 0.01) in the variance of membrane potential fluctuation from which action potentials were 

removed (Fig. 1E, gray filled circles).  Furthermore, a remarkable rise in the variance of mem-

brane potential fluctuation was observed when the cell was hyperpolarized (Fig. 1E, black filled 

circles), where most voltage-gated ion channels are considered to be closed.  These observations 

suggest that the increased membrane conductance prior to the behavioral onset is due not to en-

dogenous but to synaptic mechanisms.

The morphology of the readiness discharge neurons shown in Fig. 1 was investigated by ionoto-

phoretically injecting Lucifer yellow into the cell.  The neuron extended its axon through the 

medial and ventral region of the esophageal neuropil where it branched many collaterals (see be-

low), down to the circumesophageal commissure in its ventro-medial quarter (Supplementary 

Fig. 1).  The soma was located in the ventral anterior paired cluster of the protocerebrum 

(VPAC). The neuron projected their dendrite contralaterally in the anterior and posterior medial 

protocerebral neuropil (AMPN and PMPN) as well as in the medial antennal neuropil of the deu-

tocerebrum (MAN) (Fig. 2A-D).  These characteristics were mostly shared with a candidate 

readiness discharge unit which was obtained by backfill staining from the cut end of a small bun-

dle including the unit (8) (Fig. 2E, F).  It should be noted here that the branches in the esophageal 

neuropil (OEN) and the antennal neuropil (AnN) showed varicose ramifications (Fig. 2A, B, H), 

suggesting their output function as presynaptic arborization.  Thus, they are not dendritic 

branches but axonal collaterals for sending the corollary signal of readiness discharge within the 

brain.

In a previous study based on extracellular recording experiment, we proposed a descending par-

allel scheme for voluntary initiation, continuation and termination of walking behavior (8).  In 
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this study, we could also identify descending interneurons that would represent the continuation 

and termination pathways respectively (Fig. 3).  The continuation neuron increased spike dis-

charge rate before the behavioral onset and the rate was maintained high during walking (Fig. 

3A).  The termination neurons was activated before the voluntary behavioral offset and became 

silent after the offset (Fig. 3C).  Thus, the continuation and termination neurons were sequen-

tially activated to complete voluntary walking.

In either type of descending neuron, the intracellular recording of membrane potential revealed 

that synaptic activity changed preceding to the initiation of walking although in the termination 

neuron, the subthreshold change did not produce consistent action potentials before onset (Fig. 

3C).  The continuation neuron mainly projected their dendrite to the neuropils (AMPN, PMPN, 

CB) and additionally to the MAN, OEN (Fig. 3). The termination neuron mainly projected to 

PMPN and AMPN.

We identified 45 additional descending neurons including those which showed changes in the 

synaptic activity without spike activity changes preceding, following, and delayed to the behav-

ioral onset.  The preceding and following types of neurons tended to project their dendrites to the 

medial protocerebral neuropil rather than the neuropils in the deutocerebrum or the tritocerebrum 

whereas delayed-type neurons tended to project to the deutocerebrum and tritocerebrum (Sup-

plementary Fig. 6A).  Therefore, the confined arborization in the medial protocerebral neuropils 

and those synaptic activities suggest that the main synaptic activation for voluntarily initiated 

walking of crayfish could take place in the medial protocerebrum.

We demonstrated that the readiness discharge was regulated by synaptic excitation, followed by 

subsequent synaptic inhibition.  A possibility here to be considered here in relation to the inhibi-
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tion is that it caused by continuation neurons.  The varicose arborization of the readiness dis-

charge neuron (Fig. 2) and continuation neuron within the brain (Fig. 3, Supplementary Fig. 2) 

could send signals on their own activity to other neurons within the brain.  Since the dendritic 

region of the readiness discharge neuron did not overlap with the output region of the continua-

tion neuron, its synaptic and spike activities are transmitted to the readiness discharge neuron not 

directly but polysynaptically mediated by other neurons.  In the behavioral sequence of voluntary 

locomotion, the parallel and sequential recruitment of descending neurons thus have to be organ-

ized locally within the brain.  In this study, we encountered local neurons that showed activity 

changes associated with spontaneous initiation of walking (Supplementary Fig. 3, 4, 5).  Al-

though it remains unknown whether the descending neurons are organized by direct synaptic 

contacts of the local neurons, those spiking and nonspiking activities showed remarkable 

changes in association with the self-generated voluntary walking (Supplementary Fig. 3, 4).  Fur-

ther experiment is necessary to define their connections and causal relationships.  However, our 

data clarified the physiological and morphological characteristics of the brain neurons relevant 

for self-initiated voluntary walking in crayfish and showed that they are organized and activated 

by presynaptic brain neurons, not by endogenous mechanisms.

8



References and Notes

[1] A. L. Roskies, How does neuroscience affect our conception of volition? Annu Rev Neurosci 
33, 109 (2010).

[2] K. Okano, J. Tanji, Neuronal activities in the primate motor fields of the agranular frontal 
cortex preceding visually triggered and self-paced movement. Exp Brain Res 66, 155 (1987).

[3] W. Schultz, R. Romo, Role of primate basal ganglia and frontal cortex in the internal genera-
tion of movements. i. preparatory activity in the anterior striatum. Exp Brain Res 91, 363 (1992).

[4] G. Maimon, J. A. Assad, Parietal area 5 and the initiation of self-timed movements versus 
simple reactions. J Neurosci 26, 2487 (2006).

[5] B. Hyland, Neural activity related to reaching and grasping in rostral and caudal regions of 
rat motor cortex. Behav Brain Res 94, 255 (1998). 

[6] J. K. Chapin, K. A. Moxon, R. S. Markowitz, M. A. Nicolelis, Real-time control of a robot 
arm using simultaneously recorded neurons in the motor cortex. Nat Neurosci 2, 664 (1999). 

[7] Y. Isomura, R. Harukuni, T. Takekawa, H. Aizawa, T. Fukai, Microcircuitry coordination of 
cortical motor information in self-initiation of voluntary movements. Nat Neurosci 12, 1586 
(2009).

[8] K. Kagaya, M. Takahata, Readiness discharge for spontaneous initiation of walking in cray-
fish. J Neurosci 30, 1348 (2010).

[9] A. Chrachri, F. Clarac, Fictive locomotion in the fourth thoracic ganglion of the crayfish, 
Procambarus clarkii. J Neurosci 10, 707 (1990).

[10] K. Chikamoto, K. Kagaya, M. Takahata, Electromyographic characterization of walking be-
havior initiated spontaneously in crayfish. Zool Sci 25, 783 (2008).

[11] J. R. Martin, T. Raabe, M. Heisenberg, Central complex substructures are required for the 
maintenance of locomotor activity in Drosophila melanogaster. J Comp Physiol A 185, 277 
(1999).

[12] J. A. Bender, A. J. Pollack, R. E. Ritzmann, Neural activity in the central complex of the 
insect brain is linked to locomotor changes. Curr Biol 20, 921 (2010).

[13] D. Sandeman, et al., Morphology of the brain of crayfish, crabs, and spiny lobsters: A com-
mon nomenclature for homologous structures. Biological Bulletin 183, 304 (1992).

[14] This work was supported by Grants-in-Aid for Scientific Research (Nos. 20370028, 
18657025).

9



Figure legends

Figure 1. Membrane potential dynamics of a readiness discharge neuron

(A) Membrane potential (Vm) changes of a readiness discharge neuron aligned to the behavioral 

onset with walking trajectories shown on the right. (B) Top, shown is an overlay of the mem-

brane potential traces and of the smoothed muscle activity traces. Bottom, raster display and 

peri-onset time histogram illustrating the spike activity. (C) Top, effects of current injection into 

the cell on the synaptic input. Bottom, voltage responses of the cell to constant-current pulse in-

jection. (D, E), Expanded voltage changes shown with the bars in C. (F) Comparison of s.d. of 

Vm between at rest and before behavioral onset.

Figure 2. Morphology of readiness discharge neuron

(A) Horizontal (left) and sagittal (right) projection images of the neuron. (B) Dendritic structure 

of the neuron on the horizontal (left) and sagittal plane (right). (C) Horizontal (left) and sagittal 

(right) projection image of the neurons obtained by backfill staining. (D) A schematic drawing of 

the crayfish brain. PB, protocerebral bridge; AMPN, anterior medial protocerebral neuropil; CB, 

central body; PMPN, posterior medial protocerebral neuropil; ON, olfactory neuropil; DCN, deu-

tocerebral commissure neuropil; AcN, accessory lobe; MAN, medial antenna I neuropil; TN, 

tegumentary neuropil; AnN, Antenna II neuropil; OEN, oesophageal neuropil. (E) Varicose ar-

borization of the neuron. The region shown by a dashed square in a was enlarged.
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Figure 3. Physiology and morphology of continuation and termination neurons

(A) Top, an overlay of two membrane potential traces of a continuation neuron. Middle, an over-

lay of smoothed traces of muscle activity. Bottom, a peri-onset time histogram illustrating the 

spike activity during walking. (B) Top, an overlay of four membrane potential traces of a termi-

nation neuron. Middle, an overlay of smoothed traces of muscle activity. Bottom, peri-offset time 

histogram illustrating spike activity at the time of behavioral offset. (C) Dendritic projection of a 

continuation neuron on the horizontal (left) and the sagittal plane (right). (D) Dendritic projec-

tion of a termination neuron on the horizontal (left) and sagittal plane (right).
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Materials and Methods

Animals and preparation

Experiments were performed on adult crayfish Procambarus clarkii of both sexes ranging from 8 

to 12 cm in body length.  They were kept in laboratory tanks maintained under 12 h light/dark 

cycle.  To keep the motivational state of animals as constant as possible, they were given nothing 

to eat 2-3 days before the physiological experiments.  Both chelipeds were occasionally cut off 

before experiments, but we used only animals whose performance of walking did not differ be-

tween intact and operated animals.  A steel nut was glued on the dorsal surface of carapace so 

that an animal could be held on a treadmill apparatus8.  For electromyographic recording, a pair 

of wire electrodes (Teflon-coated silver wires of diameter 125 µm) was implanted to the mero-

carpopodite flexor muscle10 in the second walking leg on either side.  A small portion of the dor-

sal carapace was removed to expose the supraesohageal ganglion (brain).  The surgery was kept 

to the minimal to maximize the longevity of the preparation: some animals behaved just like an 

intact animal for more than 180 min during the experiment.

Intracellular recording and current injection

For intracellular recording and current injection, the glass microelectrodes were filled with 3 % 

solution of Lucifer yellow in 1 M lithium chloride.  The Lucifer yellow-filled electrodes had DC 

resistance of 30-50 MΩ in saline.  The resistance value became greater (> 90 MΩ) during prob-

ing of the ganglionic tissue.  The electrode was coupled to a high input impedance amplifier 

(Nihon-Koden CEZ-3100, Tokyo, Japan, or Axoclamp 900A, Molecular Devices, Sunnyvale, 

CA).  To examine whether the membrane potential change was caused by synaptic excitation or 

inhibition, a constant depolarizing or hyperpolarizing current were injected into the neuron.  Fur-
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thermore, hyperpolarizing current pulses (2 Hz, 250 ms in duration) were injected into the neu-

ron and the change of membrane conductance were analyzed by recording the voltage responses.  

A bridge balance circuit was optimally adjusted to cancel out the voltage drop due to the elec-

trode resistance.  Physiological data were digitized at 10 kHz for intracellular recording and 1 

kHz for electromyographic recording.  They were recorded using Chart v. 5.5.6 for PowerLab 

(ADInstruments, Charlotte, NC) running on a MacOS 10.4.

After the recording was completed, Lucifer yellow was injected electrophoretically into the im-

paled cell by injecting 8-10 nA hyperpolarizing current pulses of 500 ms duration at 1 Hz for 

about 10 min.  The brain was immediately dissected and fixed in 10 % formalin for 30 min, fol-

lowed by dehydration in an alcohol series (20 min, respectively in 80, 90 and 100 %) and cleared 

in methylsalicylate.  The cleared ganglion was sectioned optically using a confocal laser scan-

ning microscope system (BioRad Radiance 2100, Hercules, CA).  The preparation was always 

set horizontally, with the dorsal side up on the microscope stage.  The morphology of neurons 

was obtained by projecting all sections to the horizontal plane using the maximal intensity 

method provided by the ImageJ v. 1.43u software (http://rsbweb.nih.gov/ij/).  The color, contrast, 

and brightness of the resulting images were adjusted with Photoshop CS5 (Adobe Systems, San 

Jose, CA).  Nomenclature of neuropils and cell body clusters is based on Sandeman et al. 

(1992)13.

Treadmill system

The experimental setup is illustrated in our previous paper (8).  The animal was placed on a sty-

rofoam ball in such a way that it could freely perform locomotor behavior.  The lever, to which 

the animal body was fixed by its cephalothorax and the electrode holder was attached together 
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with a micromanipulator, could move around a pivot as the animal stood up and down in walk-

ing.  The weight of the lever was canceled by a counterweight placed on the other end of the 

lever over the pivot.  The whole system including the animal was placed in the air. To record the 

direction and velocity of the sphere attributable to leg movements of the behaving crayfish, two 

optical mice were placed on the basal and side planes for tracking the forward/backward transla-

tion and clockwise/counterclockwise turning, respectively.  The information from these devices 

was sampled at the frequency of 60 Hz and fed in two computers in parallel to record the animal 

movement/position on electronic devices and to visualize it on the screen of a computer display 

in real time.  The walking behavior of crayfish on the treadmill was quantified by digitizing the 

three rotation vectors that represented the forward, backward, and turning behavior.  The digit-

ized data were associated with a train of pulse signals that were also fed to one channel of the 

neurophysiological recording system to synchronize behavioral data with neural unit activities.  

From those vectors, we reconstructed the walking behavior of crayfish assuming that the longitu-

dinal rotation of the sphere indicated the forward and backward movement, whereas the horizon-

tal rotation indicated the turning movement around the vertical axis.

Data analysis

Recorded behavioral and physiological data were analyzed offline using homemade programs 

using R v. 2.11.1 (R Development Core Team, http://www.r-project.org/) and commercial soft-

ware, Spike2 v. 6.0 (CED, England).

For determining the time of behavioral onset and offset of walking, we applied a technique of the 

statistical inference (8, 10).  Although the EMG activity was not stationary because of dynamic 

changes over a long time span, it could be considered as stationary for a sufficiently short period.  

4

http://www.r-project.org/
http://www.r-project.org/


Briefly, we chose one or more 1 s block (time series of 1000 points under the sampling rate of 1 

kHz) to apply the procedure.  The block containing the time of behavioral onset could be divided 

into two blocks.  To determine the dividing point, the block was provisionally divided into two 

blocks.  Each block was fitted by an autoregressive model (highest autoregressive orders of 20) 

and the goodness of each model was measured by the corresponding AIC.  The dividing point 

was moved step by step (moved forward point by point), and if the sum of each AIC got the 

minimum value, the dividing point was judged to provide the best model.  The time of the divid-

ing point gave the time of behavioral onset.  It should be noted here that the real onset time of 

walking behavior as the visually recognizable leg movements is preceded by an increase in the 

EMG activity of walking legs by approximately one-half of a second in the spontaneously initi-

ated walking.  We analyzed this phenomenon quantitatively in our preceding paper10.  There-

fore, the onset time of EMG activity increase is not precisely the same as the behavioral onset 

time.  We used the term "behavioral onset", however, for the time of EMG activity increase 

throughout this study to avoid unnecessary complication of our description.

Based on the statistically estimated onset and offset time, we analyzed the membrane potential 

changes of the brain neurons.  Spike rasters and the peri-onset or offset time histogram were 

made from intracellular recording data after filtering out slow changes of the membrane poten-

tial.  To analyze subthreshold membrane potential fluctuations, spikes were removed over a win-

dow of 10 ms preceding and 10 ms after each peak.  We compared the fluctuations between prior 

to behavioral onset (-5 sec to onset) and at rest (from -25 sec to -20 sec) when no current or a 

hyperpolarizing current was injected into the cell to suppress the spike discharge.  Standard de-

viation for each 5 sec domain of membrane potential was calculated and compared by paired t-

test.
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 Supplementary Figure 1.

Axon of a readiness discharge neuron in the circumesophageal commissure

(A) Wiersma's cross sectional map (1958). (B) Cross sectional projection obtained from optically 

sectioned image series. (C) Axon location of a readiness discharge neuron in the circumesophag-

eal commissure. LG: Lateral giant interneuron. MG: Medial giant interneuron. This readiness 

discharge neuron is the same with the neuron shown in Fig.1. The axon was found to be located 

in the area 70 of the Wiersma's map. The multi-unit extracellular recording from the area 70 of-

ten contained readiness discharge units and the backfill staining from the cut-end of this area 

(Kagaya and Takahata, 2010 and Fig.2c in this study) revealed the almost identical dendritic 

structure with that of the neuron obtained in this study (Fig.2A, B).
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Supplementary Figure 2.

Input and corollary output regions in the brain connected by a descending interneuron

(A)  Horizontal projection obtained from the image stack of optical sections. This descending in-

terneuron increased spike discharge rate prior to the behavioral onset and the increase was main-

tained during walking (Fig.3a). (B) Varicose arborization in OEN. Since neuritic varicosities are 

considered to be output sites, this neuron could output corollary signal of "continuation of walk-

ing" to OEN.
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Supplementary Figure 3.

Intracellular recording from a local nonspiking interneuron

(A) Upper trace, superimposed membrane potential changes of a local nonspiking interneuron 

whose activities was associated with voluntary initiation of walking. Lower trace, superimposed 

smoothed EMG. Ten events of walking were recorded in this animal. In either case of walking, 

membrane potential was hyperpolarized preceding to the voluntary initiation of walking. (B) 

Upper trace, membrane potential activity of a nonspiking interneuron associated with the exoge-

nously initiated walking. Lower trace, superimposed smoothed EMG. Mechanical stimulation 

was applied to the telson with a soft paint brash. Two events of walking were recorded in this 

animal. There is no noticeable change in the membrane potential before the behavioral onset, but 

the it showed clear hyperpolarizing input during walking. (C) Horizontal projection of the 

nonspiking interneuron. (D)  Horizontal projection pattern of this interneuron. (E) Sagittal projec-

tion pattern. This neuron has neurites in AMPN, PMPN and OEN. Abbreviation is the same with 

the Fig.2d.
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Supplementary Figure 4.

Intracellular recording from a local spiking interneuron

(A) Upper trace, membrane potential changes of a local spiking interneuron where activity was 

associated with voluntary initiation of walking. Lower trace, EMG. Membrane potential was hy-

perpolarized preceding to the voluntary initiation of walking. (B) Top, raster display of spike dis-

charge. Middle, superimposed smoothed EMG. Bottom, peri-onset time histogram illustrating 

spike activity preparing for the behavioral onset. In four bouts of walking, spike discharge rate 

was consistently decreased preceding to the behavioral onset. (C) Upper trace, membrane poten-

tial changes of the local spiking interneuron when animal exogenously initiated walking by me-

chanical stimulation of the telson with a soft paint brash. Lower trace, EMG. (D) Top, raster dis-

play of the spike discharge. Middle, superimposed smoothed EMG. Bottom, peri-onset time 

spike histogram. Spike discharge rate was decreased after the behavioral onset.
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Supplementary Figure 5.

Input and output regions in the brain connected by a local spiking interneuron

(A)  Horizontal projection obtained from the image stack of optical sections for a spiking inter-

neuron that decreased spike discharge rate prior to the behavioral onset (Supplementary Figure 

3). (B) Projection pattern of the interneuron. (C) Sagittal projection pattern of the interneuron. 

(D)  Location of the interneuron in the brain. This neuron projected its dendrite to OEN in the tri-

tocerebrum, LAN and MAN in the deutocerebrum and AMPN and PMPN in the protocerebrum. 

(E) Varicose arborization of the interneuron in AMPN and PMPN. AMPN and PMPN are con-

sidered to output regions while other neuropils are considered to be input regions in the brain. 

Both regions are connected by this local interneuron where spike activity was suppressed preced-

ing to the behavioral onset.
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Supplementary Figure 6.

Distribution of input and output regions in the brain connected by local and descending 

interneuron

(A)  Distribution of smooth dendrite and varicose of descending interneurons in the brain. Each 

neuron was connected by line if it has neurites in more than two regions. Smooth dendrite pro-

jections were shown as open circles whereas varicose arborizations as closed circles. These neu-

rons were categorized into three types depending on the timing of their synaptic activity changes. 

If the activity changed preceding to the behavioral onset, the neuron was categorized into "Pre-

ceding". If the activity changed concurrently to the behavioral onset, into "Following". Finally, if 

the activity showed no change associated with the behavioral onset, or changed more than 1 sec-

ond after the behavioral onset, then into "Delayed". Preceding type descending interneurons 

tended to project to the protocerebral neuropils, CB, AMPN, PMPN. Only in preceding type in-

terneurons, corollary output to OEN was observed. (B) Distribution of dendrite and varicosity in 

the brain of local interneurons. The protocerebrum has both of dendrite and varicosity, thereby 

the protocerebrum considered to be a major region for synaptic integration associated with vol-
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untary initiation of walking in crayfish. (C)  A schematic drawing of the crayfish brain. (D) A 

supposed schematic drawing of the network working for the voluntarily initiated, continued and 

terminated walking in crayfish. In the parallel descending pathways for initiation, continuation 

and termination, all of ‘initiation’, ‘continuation’ and ‘Termination’ signals to the thoracic gan-

glia are associated with corollary signals sent to the tritocerebrum. These signals might be proc-

essed by the local neurons. The protocerebrum can thus be a region for both input and output, 

suggesting that a local reverberant neural activity takes place in the protocerebrum within the 

brain.
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