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Summary
The synaptic activities underlying the uropod steering
interneurones also showed little or no synaptic response to
the tilt stimulus while the animal was resting, but greatly
behaviour of crayfish evoked by tilting the substratum
enhanced responses, in either a depolarizing or a
beneath the legs have been studied intracellularly in
hyperpolarizing direction, while the animal was walking or
unanaesthetized animals standing or walking on a
in the active-standing state. The results indicate that the
treadmill. The uropod motoneurones showed little or no
proprioceptor inputs converging onto the uropod
synaptic response when the treadmill was tilted while the
animal was in a quiescent state and the membrane potential
motoneurones, either directly or through premotor
was at its resting value. When the same stimulus was given
nonspiking interneurones, are gated not only in the uropod
motor system in the terminal abdominal ganglion but also
while the animal was walking or in an active stance on the
at as yet unidentified sites upstream in anterior ganglia,
treadmill, the motoneurones showed transient muchthus suggesting multiple gate control of the descending
enhanced excitatory or inhibitory responses to tilt,
proprioceptor pathway.
depending on the tilt direction. These responses were
superimposed on a sustained level of background excitation
so that the spike activity of the motoneurones either
Key words: crayfish, Procambarus clarkii, posture control, uropod,
steering, walking, multiple gate control.
increased
or
decreased.
Premotor
nonspiking

Introduction
Behavioural acts are elicited as a result of synaptic
interactions between the specific trigger input, including
sensory stimuli and motor commands, and the background
excitation level of the motor system, which is affected both by
stimulus conditions and by the behavioural context (Pearson
and Rowell, 1977; Reichert and Rowell, 1989; Mori et al.
1991). Thus, the uropod steering reflex, a postural reflex of
crustaceans elicited by a change in body orientation (Davis,
1968; Schöne et al. 1976; Yoshino et al. 1980), is significantly
facilitated during walking (Takahata et al. 1984) when it is
functionally most important (Grillner, 1985; Orlovsky, 1991).
In the preceding paper (Murayama and Takahata, 1998), we
analyzed intracellularly how the background excitation level of
the uropod motor system is altered during walking. We found
that the background excitation of motoneurones was
maintained at an intermediate level by antagonistic synaptic
inputs from the walking motor system mediated, at least partly,
by premotor nonspiking interneurones.
The intermediate level of background excitation of
motoneurones suggests that they can be both further
depolarized to increase their spike activity and suppressed to

decrease it, thus increasing the degree of freedom in
movements. However, the synaptic events associated with this
modulation of the background excitation of motoneurones by
sensory stimuli remains to be investigated. Moreover, the
finding that the membrane potential of motoneurones is
continuously kept at a depolarized level poses the problem that,
although they can effectively accept suppressive inputs to
decrease their excitability, they face difficulties in further
depolarizing the membrane in response to excitatory inputs
because of the decreased driving force for excitatory ionic
movements (Hille, 1992), the decreased excitability due to
prolonged depolarization (Cannone and Bush, 1980) and the
desensitizing effect due to continuous release of
neurotransmitters from presynaptic cells (Katz and Thesleff,
1957). Excitatory synaptic summation is also affected
significantly by the shunting effect resulting from the adjacent
arrangement of relevant synapses on the dendrite (Koch et al.
1983; Shepherd and Brayton, 1987).
In the present paper, we report the results of intracellular
analyses of synaptic mechanisms underlying the steering
response of the uropod motor system in crayfish to substratum
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tilt during walking and standing on a treadmill, using a wholeanimal preparation. The motor pattern for steering by the
uropods was found to be generated both by excitatory synaptic
inputs that further depolarized motoneurones and by
suppressive inputs that hyperpolarized them from the
background excitation level. Synaptic inputs from the leg
proprioceptive system were more enhanced when the animal
was engaged in walking or in the active-standing state than
when it was at rest. The results suggest that the descending
input pathway from the leg proprioceptors to the uropod motor
system is controlled by multiple gates, as in the case of the
descending statocyst pathway (Takahata and Murayama,
1992).
Materials and methods
Experimental animals, design and procedures were all
similar to those reported in the preceding paper (Murayama
and Takahata, 1998). The treadmill could be tilted in the roll
plane, while the animal was walking on it with the body kept
upright, by means of a stepping motor (Nippon Pulse Motor,
PJ55-B1) controlled by a personal computer (NEC, PC-8801).
This enabled us to tilt the treadmill at the same time as it was
moving longitudinally to make the animal walk. The rotation
axis of the treadmill was coupled rigidly to a variable
potentiometer through which the tilt angle was monitored
during experiments. In this study, the substratum was always
tilted by 15 ° in either the side-up or side-down direction with
reference to the side of the cell from which intracellular
recordings were being made. ‘Substratum’ traces in the figures
represent the side-up tilt by upward deflection and the sidedown tilt by downward deflection. All substratum traces start
from the horizontal plane except in Fig. 2B.
Electrical stimulation of a sensory nerve bundle was carried
out using a single pulse (0.1 ms in duration) generated by an
electronic stimulator (Nihon-Kohden, SEN-3301) equipped
with a constant-current isolator (Nihon-Kohden, SS201J). The
synaptic response evoked by nerve stimulation was averaged
over eight trials using home-made software running on a
personal computer (Apple, Macintosh IIcx), which was also
used to analyze the amplitude distribution in the membrane
potential fluctuation.
Results
Synaptic responses of motoneurones to substratum tilt
Uropod motoneurones showed little or no synaptic response
to substratum (treadmill) tilt when the animal was in the
quiescent state. Typical responses of a uropod closer
motoneurone are illustrated in Fig. 1A–C, with its morphology
(Fig. 1D). The substratum was first tilted from the horizontal
position by 15 ° in a direction such that the side of the impaled
cell was lowered, kept there for approximately 5 s and then
returned to its initial position. When the animal was at rest, the
first tilt elicited a small depolarizing response, whereas the
return tilt evoked no visible response (Fig. 1A). Membrane

depolarization in general can be caused by either synaptic
excitation or disinhibition. To clarify this point, the extents of
the changes in membrane potential were compared, revealing
that the membrane potential of the motoneurone fluctuated to
a greater degree during the first tilt than before stimulation
(Fig. 1Ci). This finding indicates the presence of excitatory
synaptic inputs from leg proprioceptors to uropod
motoneurones during the tilt stimulus. A similar membrane
potential fluctuation was observed, however, before and during
the return tilt in the same motoneurone (Fig. 1Cii).
When the animal was engaged in walking, or was in the
active-standing state during which the activity was increased
tonically but no rhythmic activity was observed in walking leg
muscles, the same motoneurone showed a large excitatory
response to the first tilt, leading to spike discharges, and a
suppressive response to the return tilt (Fig. 1B). It should be
noted here that, during walking, the membrane potential is kept
at a depolarized level (broken line), and the extracellular
recording from the axon bundle of motoneurones shows
elevated spike activities before the stimulation. The excitatory
response superimposed on this background activity was much
larger than that observed at rest, and the suppressive input that
was apparently absent in the quiescent state hyperpolarized the
motoneurone in the active state from the sustained
depolarization level towards its original resting potential level.
The enhancement of excitatory synaptic inputs from the leg
proprioceptor system is in contrast to the reduction in the
influence of local segmental sensory input during walking and
in the active-standing state (Fig. 1E). When the animal was at
rest, an opener motoneurone showed a large compound
excitatory synaptic potential with spikes superimposed in
response to electrical stimulation of the second root sensory
nerve bundle, which consists of mechanosensory afferents
from cuticle hairs on the telson and uropod on the same side
as the motoneurone. Only a small response to the same
stimulus, however, was superimposed on the sustained
depolarization seen when the animal was engaged in walking
(upper trace in Fig. 1E). This result indicates that an excitatory
synaptic input cannot always make effective summation with
the prolonged depolarization in the motoneurone.
The synaptic response of motoneurones to substratum tilt
was similar between walking and the active-standing state,
except that it was enhanced during walking (Fig. 2). An
opener motoneurone (shown in Fig. 2C) that transiently
showed an excitatory response in the standing state to
substratum tilting (Fig. 2A) responded more strongly and in a
more prolonged way during walking: it showed a transient
excitatory response to the return tilt from the side-down to the
horizontal position and a more enhanced response to a sideup tilt from the horizontal position (Fig. 2B). The return tilt
of the leg substratum in the standing state caused no noticeable
response except for a few discrete hyperpolarizing synaptic
potentials (Fig. 2A). In both cases, the response was
superimposed on the sustained level of depolarization to cause
a further increase in spike activity. Extracellular recordings
from the opener and closer motoneurones on the same side
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Fig. 1. Synaptic responses of a uropod motoneurone to tilting of the substratum. (A) The stimulus was applied when the animal was at rest.
(B) The stimulus was applied to the same animal while it was in the active-standing state. The top trace (G6R2) monitors the spike activity of
uropod closer motoneurones, the middle trace (R2MN) the intracellularly recorded synaptic activity of a closer motoneurone and the bottom
trace (Substratum) the position of the substratum. In this and subsequent figures, downward and upward deflections of the ‘substratum’ trace
indicate downward and upward tilts, respectively, of the side of the impaled neurone. The dotted line indicates the resting potential level at rest
in A and B; the broken line in B indicates the level of the membrane potential during walking on the horizontal treadmill. Since the tilt stimulus
itself often caused the general activity of the animal to rise slowly, the membrane potential did not return precisely to the resting level after
stimulation in A and B. Such a general effect was, however, completely absent in the early phase of stimulation. (Ci) Amplitude distribution of
the fluctuation in membrane potential before (a) and during (b) the first tilt stimulus at rest. (Cii) Amplitude distribution before (a) and during
(b) the return tilt back to the horizontal position. The ordinates in Ci and Cii are normalized to the maximal values. Zero on the abscissa
indicates the mean of the membrane potential fluctuation in the quiescent state. (D) The projected image of the motoneurone. The images in
this and in the following figures were obtained by confocal laser scanning microscopy. (E) The synaptic response of an opener motoneurone
evoked by stimulation of the second root sensory bundle of the terminal ganglion at rest (lower trace) and during walking (upper trace). The
timing of stimulation in each case is indicated by an artefact. The vertical distance between the two traces corresponds to the sustained
depolarization of the motoneurone during walking.

showed that they are activated in a reciprocal way: the spike
activity of synergistic motoneurones increased while that of
their antagonists decreased from the background level, both in
the standing state (Fig. 2A) and during walking (Fig. 2B). It
is suggested that the excitatory and suppressive inputs for
generating the steering motor pattern are transmitted to the

uropod motor system in a similar way both during walking
and in the standing state.
Suppressive synaptic activities underlying a decrease in the
spike activity of motoneurones were more difficult to
demonstrate clearly than those underlying the increase in spike
activity. The intracellular recordings obtained from one closer
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Fig. 2. Synaptic responses of a third root motoneurone to substratum tilt in the side-up direction. (A) The motoneurone (R3MN) transiently
showed an excitatory response to side-up tilt from the horizontal plane, but no significant response to the return stimulus when the animal was
in the active-standing state. Note the transient reciprocal activation of closer (G6R2) and opener (G6R3) motoneurones during the tilt stimulus
(Substratum). Such activation is absent during the return stimulus. (B) During walking, the same motoneurone showed a similar but more
prolonged response to the return stimulus from a downward-tilted position to the horizontal position and then to a further tilt stimulus from the
horizontal position in the side-up direction. The dotted lines in A and B indicate the resting potential level. (C) The projected image of the
motoneurone.

motoneurone (Fig. 3C) well illustrate the suppressive synaptic
response to leg stimulation. When the substratum was tilted in
the side-down direction from the horizontal position in the
active-standing state, the motoneurone showed an excitatory
synaptic response with spikes superimposed on it (Fig. 3A).
This excitatory response was unusually prolonged (cf. Figs 1,
2), but the spike activity of closer motoneurones as a whole
was as transient as usual. This motoneurone unambiguously
received inhibitory synaptic inputs when the substratum was
returned to the original horizontal position. It also showed an
inhibitory synaptic response when the substratum was tilted in
the side-up direction, followed by an excitatory response to the
return tilt (Fig. 3B). A slight increase in spike activity was
observed following the inhibition (Fig. 3A,B), which is
indicative of a rebound response. These results clearly
demonstrate that the decrease in the spike activity of uropod
motoneurones during steering is based on inhibitory synaptic

inputs from the leg proprioceptor system rather than on a mere
decrease in the excitatory input. The finding that the inhibitory
input was absent during substratum tilting in the quiescent
state, although the excitatory input was clearly seen (Fig. 1A),
suggests that the inhibition is mediated indirectly via one or
more synapses interposed in the descending pathway from the
leg proprioceptors to the uropod motor system (see
Discussion).
A motoneurone with an axon leaving the ganglion through
its third root (Fig. 4C) exhibited synaptic responses that were
in the opposite direction to those of other motoneurones
leaving through the same root: it received inhibitory synaptic
inputs during side-up tilting of the leg substratum and
excitatory inputs during the return tilt, although the
extracellular recording from the third root indicated that the
overall spike activity increased more during the side-up than
during the return tilt (Fig. 4A,B). When the animal was
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Fig. 3. Synaptic responses of a second root motoneurone to substratum tilting in the side-up and side-down directions in the active-standing
state. (A) The motoneurone (R2MN) showed an excitatory response to the tilt in the side-down direction (Substratum). The closer (G6R2) and
opener (G6R3) motoneurones are activated reciprocally. R2MN showed an inhibitory response to the return tilt to the horizontal position. The
motoneurones are activated reciprocally in the reverse direction to their previous response. (B) The same motoneurone showed an inhibitory
response to the side-up tilt stimulus and an excitatory response to the return stimulus. The dotted lines in A and B indicate the resting potential
level. (C) The projected image of the motoneurone.

standing, the inhibitory inputs were more pronounced than
during walking, whereas the excitatory inputs were less
pronounced (Fig. 4A,B). It seems possible that this
motoneurone is either one of the peripheral inhibitors that are
known to innervate the opener muscles of the uropod (Larimer
and Kennedy, 1969) or one of the closer motoneurones that
exit through the third root (Higuchi, 1991). Although the
response directionality is reversed, the transient response
characteristics of this motoneurone clearly demonstrate the
phasic nature of the effective leg proprioceptor inputs to the
uropod motor system in both synaptic excitation and inhibition.
Synaptic responses of premotor nonspiking interneurones to
substratum tilt
Premotor nonspiking interneurones showed synaptic activities
that were similar to, but more variable than, those of
motoneurones in response to substratum tilting. In the quiescent
state, they typically showed little or no synaptic response to the
stimulation (Fig. 5A), but they received greatly enhanced
synaptic inputs from the leg proprioceptor system during
walking (Fig. 5B) or in the active-standing state. Although
nonspiking interneurones unambiguously responded to
substratum tilting during walking in most cases, they

occasionally showed no discernible response to the same
stimulation. The variability in the synaptic response of
nonspiking interneurones suggests that the transmission of leg
proprioceptive information is critically affected by some
unknown processes occurring in the upstream synaptic pathway.
The synaptic interaction in nonspiking interneurones
between inputs from the leg proprioceptors and those from the
walking system was additive: when the animal began to walk,
the interneurone shown in Fig. 6E received sustained
hyperpolarizing input (Fig. 6A). In the course of walking, the
sustained level was gradually changed, and tilt-evoked inputs
in either the depolarizing or hyperpolarizing direction could be
superimposed on this level. It was noted that the
hyperpolarizing synaptic input to the interneurone associated
with substratum tilting was as transient as that observed in
motoneurones, but that the synaptic response during the return
tilt was more prolonged than in motoneurones (Fig. 6D). When
the animal was in the active-standing state, the synaptic
response to substratum tilting in either direction became more
prolonged than during walking (Fig. 6C). This finding is
apparently inconsistent with the fact that motoneurones
responded only transiently to substratum tilting during walking
(Figs 2, 4). However, this nonspiking interneurone is not the
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Fig. 4. Anomalous synaptic responses of a motoneurone exiting from the third root. (A) The side-up stimulus was applied while the animal was
standing. The motoneurone (R3MN) showed an inhibitory response to the stimulus (Substratum), although extracellular spike activity in
motoneurones of the whole third root (G6R3) showed an overall increase in activity while activity in the second root was decreased
reciprocally (G6R2). In response to the return stimulus, the motoneurone showed an excitatory response while spike activity in the whole third
root was reduced. (B) The same stimulus was applied during walking. The inhibitory response to the tilt stimulus was greater in the standing
state (A) than during walking, whereas the excitatory response to the return stimulus was enhanced during walking (B). The dotted lines in A
and B indicate the resting potential level. (C) The projected image of the motoneurone.

Fig. 5. State-dependent synaptic responses of a premotor nonspiking interneurone to substratum tilting. (A) The interneurone (NSI) showed no
discernible response to the stimulus in either direction when the animal was at rest. Upward deflection of the substratum position monitor
(Substratum) indicates the side-up direction. (B) During walking, the interneurone showed a hyperpolarizing response to side-up tilt
superimposed on the continuously depolarized membrane potential and associated with a decrease in the spike activity of closer motoneurones
(G6R2). The dotted lines indicate the mean resting potential level in the quiescent state.

only one that controls the activity of motoneurones. It seems
that the synaptic response pattern of motoneurones is generated
as the consensus of the activities of many premotor nonspiking

interneurones which show a certain degree of variability in
their individual responses.
When constant depolarizing current pulses (6 nA) were
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Fig. 6. Synaptic responses to the substratum tilting stimulus of a premotor nonspiking interneurone involved in disinhibition of motoneurones.
(A) The interneurone (NSI) showed a sustained hyperpolarization during walking. Rotation of the treadmill is monitored by the bottom trace
(TM). G6R2, spike activity of the second root; G6R3, spike activity of the third root. (B) When depolarizing current pulses (6 nA) were injected
into the interneurone at rest (Current), no output effect was observed in motoneurone activities. When pulses of the same intensity were
injected into the cell during walking, the increased spike activity was suppressed. (C) The interneurone showed a hyperpolarizing response to
the side-up stimulus and a depolarizing response to the return stimulus (Substratum) when the animal was in the active-standing state.
(D) When the animal was walking, the interneurone showed stronger transient responses to the same stimuli. In both cases, closer (G6R2) and
opener (G6R3) motoneurones were activated in a reciprocal way by the stimuli. The dotted lines in A–D indicate the resting potential level.
(E) The projected image of the interneurone.

injected into the interneurone, no effect was observed on the
spike activity of motoneurones in the quiescent state, but an
obvious decrease was observed during walking (Fig. 6B) and
in the active-standing state. This result indicates that the
inhibitory output of this interneurone to motoneurones
becomes effective only when their background activity is
elevated to a certain level. This recording does not show
whether the synaptic output is transmitted to motoneurones,
but remains ineffective because of the absence of background
spike activities, or whether it is not transmitted to
motoneurones at all as long as the animal remains in the
quiescent state. However, the finding that motoneurones show
no visible inhibitory synaptic response in the quiescent state
(Fig. 1A) favours the latter possibility.
The nonspiking interneurone illustrated in Fig. 7D also
showed different synaptic responses to substratum tilting
depending on whether the animal was in the active-standing
state (Fig. 7A) or engaged in walking (Fig. 7B). It received
depolarizing synaptic inputs in response to substratum tilting

in the side-up direction and transient hyperpolarizing inputs to
the return tilt in the active-standing state (Fig. 7A). The
depolarizing synaptic response was associated with a decrease
in motoneurone activity in the closer and an increase in activity
in the opener, whereas the hyperpolarizing response was
associated with an increase in motoneurone activity in the
closer and a decrease in activity in the opener. These synaptic
inputs were superimposed on the prevailing membrane
potential level of the interneurone. When the animal was
engaged in walking, this interneurone showed a depolarizing
synaptic response to substratum tilting that was more
prolonged than that occurring in the active-standing state, but
there was no hyperpolarizing response to the return tilt
(Fig. 7B). This observation further supports the possibility that
the transmission of leg proprioceptive information to premotor
nonspiking interneurones is critically affected by some
unknown upstream mechanisms (Fig. 6). Injection of
depolarizing current pulses into the cell caused a decrease in
the spike activity of closer motoneurones but had no effect on
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Fig. 7. Synaptic responses to the substratum tilting stimulus of a premotor nonspiking interneurone involved in the inhibition of motoneurones.
(A) The interneurone (NSI) showed a depolarizing response to the side-up tilt and a hyperpolarizing response to the return stimulus
(Substratum) when the animal was in the active-standing state. The closer (G6R2) and opener (G6R3) motoneurones were activated in a
reciprocal way by the stimulus. (B) The same stimulus elicited less distinct responses in the same interneurone when the animal was engaged in
walking. The dotted lines in A and B indicate the resting potential level. (C) When depolarizing current pulses (8 nA) were injected into the
interneurone (Current), the spike activity of closer motoneurones (G6R2) was suppressed whereas that of the opener motoneurones (G6R3) was
little, if at all, affected. (D) The projected image of the interneurone.

opener motoneurone activity (Fig. 7C). It is thus suggested that
this interneurone is involved in the selective inhibition of
closer motoneurone activities in uropod steering during
locomotion.
Discussion
The present study has demonstrated for the first time the
synaptic activity of the uropod motor system that underlies the
steering behaviour elicited by tilting of the substratum beneath
the legs during walking in crayfish. It not only supports the
previous results on the transient nature of the leg
proprioceptive input (Schöne et al. 1976; Murayama and
Takahata, 1996) and its gated control (Newland, 1989), but
also reveals that the bilateral motor pattern of steering is
generated by synaptic modulation of the background activity
of motoneurones. A comparison of the synaptic responses in
the quiescent state with those during walking or in the active-

standing state has also revealed a similarity in the organization
of descending signal pathways for the statocysts and the leg
proprioceptors, confirming the previous hypothesis that these
pathways are controlled by multiple gates (Takahata and
Murayama, 1992). The functional significance of the present
findings is discussed in the following sections in relation to the
neuronal mechanisms underlying facilitatory interactions
between different types of behaviour.
Synaptic modulation of the background excitation of
motoneurones during steering behaviour
Steering by the uropods in response to tilting consists of an
opening of the uropod on one side and a closing of the opposite
one from an initial position (Yoshino et al. 1980) and is
actively maintained by continuous contraction of both the
opener and closer muscles during walking and the abdominal
posture movement (Takahata et al. 1984). It has been
demonstrated by intracellular recordings from a whole-animal
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preparation that both the opener and closer motoneurones
receive sustained excitatory inputs during the abdominal
posture movement (Takahata and Hisada, 1986), during
walking and in the active-standing state (Murayama and
Takahata, 1998). In the present study, we have shown that the
steering behaviour of the uropods in response to tilting of the
leg substratum is controlled by further increases or decreases
in the background excitation of motoneurones, depending on
the tilt direction. The closer motoneurones thus received
depolarizing
and
hyperpolarizing
synaptic
inputs
superimposed on the background depolarization when the
substratum beneath the leg was tilted from the horizontal
position in the side-down direction and hyperpolarizing inputs
when the direction of tilt was reversed (Figs 1, 3). They
received inputs in the opposite direction when the substratum
was returned to the horizontal position.
The observation that the range of membrane potential
fluctuation increased in the depolarizing response of
motoneurones to substratum tilting suggests that the
depolarization is caused by synaptic excitation rather than by
disinhibition (Fig. 1A, Ci). The increased activity of
motoneurones during steering is, therefore, thought to be due
to a summatory interaction between the excitatory
proprioceptor input and the background excitation. The
proprioceptor input is subthreshold by itself (Fig. 1A), but can
make synaptic summation with the background excitation to
exceed the firing threshold (Fig. 1B). Comparison of the
synaptic responses to the same stimulus shows that the
enhancement is greater during walking than in the quiescent
state. In general, the sustained depolarization will decrease the
ionic driving force in synaptic activation so that the membrane
potential change induced by the same excitatory synaptic
activity becomes smaller at more depolarizing levels (Hille,
1992). The sustained depolarization that is maintained by
continuous release of neurotransmitters will also cause
adaptation in excitability (Nakajima and Onodera, 1969; Blight
and Llinas, 1980; Cannone and Bush, 1980) and
desensitization of receptors to suppress further synaptic
activity (Katz and Thesleff, 1957; Feltz and Trautmann, 1982).
The segmental synaptic input from cuticular sensory hairs was
found to decrease in amplitude during the sustained
depolarization (Fig. 1E). The present finding, however, that the
proprioceptor input can make effective summation with the
sustained depolarization (Fig. 1B), in spite of these potentially
unfavourable conditions, suggests that there is some synaptic
mechanism for boosting the proprioceptor input during
walking. The fact that the axons of leg proprioceptors
terminate in the thoracic ganglion (El Manira et al. 1991)
suggests that the neuronal pathway from leg proprioceptors to
the uropod motor system is polysynaptic. It is possible,
therefore, that the proprioceptor input is further gated upstream
of the motoneurones, in which it is aslo gated (Fig. 1B). An
alternative, but not exclusive, possibility is that the
proprioceptor input is enhanced in motoneurones by the
excitatory input from the walking system, just as in the case of
heterosynaptic facilitation in the molluscan central nervous

system (Kandel and Tauc, 1965; Castellucci and Kandel, 1976;
Braha et al. 1990). Further study is needed to examine these
possibilities by tracing the proprioceptive signals on their way
down from the thoracic ganglia to the uropod motor system in
the terminal abdominal ganglion.
Both the excitatory and inhibitory responses of
motoneurones to substratum tilting were limited to its moving
phase (Figs 1, 3, 4), although they were more prolonged during
walking than in the active-standing state (Fig. 2). It is well
known that the leg proprioceptors generally consist of both
position- and movement-sensitive receptors (Burke, 1954;
Wiersma and Boettiger, 1959; Bush, 1965a,b; Mill, 1976).
Electromyographic recordings from uropod muscles have
revealed their dynamic, but not static, activation by substratum
tilting, suggesting that the descending proprioceptor pathway
exclusively carries movement information on the displacement
of the leg position (Murayama and Takahata, 1996). The
possibility remains, however, that the proprioceptor pathway
carries both position and movement information but that only
the movement information is extracted and transmitted to the
motoneurones by some local processing mechanism in the
terminal abdominal ganglion. The present finding that not only
the uropod motoneurones but also the premotor nonspiking
interneurones selectively receive transient inputs from leg
proprioceptors (Figs 6, 7) makes this possibility unlikely. We
conclude, therefore, that the steering motor pattern during
walking is primarily generated by transient proprioceptor
inputs that further excite or inhibit the motoneurones from their
background level of excitation. Some of the observed synaptic
responses to the tilt stimulus contained initial phasic and
subsequent tonic components (Figs 2B, 3A, 6C, 7A).
However, the tonic component remained subthreshold in
motoneurones. The positional proprioceptor signals, if any, are
thus not functional in generating spike activities in
motoneurones during the steering response.
Multiple gate control of the descending proprioceptor
pathway
The finding that motoneurones show excitatory synaptic
responses to leg substratum tilting in the quiescent state
(Fig. 1A) indicates that there is a neuronal pathway that can
reliably transmit spike signals from leg proprioceptors to the
uropod motor system without any additional excitatory inputs.
Neuronal pathways involving multiple synapses would be
reliable only if the synaptic efficacy were sufficiently high.
Hence, we hypothesize that the descending proprioceptor
pathway drives the motoneurones directly. Further study is
needed to demonstrate the monosynaptic connection between
the descending interneurones carrying proprioceptor signals
and uropod motoneurones, but the present results clearly
indicate that a certain amount of proprioceptive signalling is
transmitted to the motoneurones irrespective of whether the
animal is engaged in walking or is at rest. These signals are
subthreshold, however, so that no spike activity can be elicited
in the motoneurones by the tilt stimulus in the quiescent state
(Fig. 1A). During walking, the excitatory input from leg
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proprioceptors makes synaptic summation with the sustained
depolarization in motoneurones to elicit spikes (Fig. 1B). The
proprioceptive signals are thus gated in motoneurones by the
sustained depolarizing signals associated with walking. It
should be noted that the proprioceptive input superimposed on
the sustained depolarization during walking is more enhanced
than that observed in the quiescent state (Fig. 1A). Possible
mechanisms, including the upstream gating of proprioceptor
signals, are discussed above.
In contrast to the excitatory input, the inhibitory synaptic
input is completely absent in the quiescent state (Fig. 1A),
although it can be unambiguously observed during walking
(Figs 1B, 3, 4). One possible reason for this difference is that
the inhibitory input is present but can cause no membrane
potential change because its equilibrium potential is
approximately equal to the resting potential. However, the
finding that the membrane potential fluctuation was unaffected
during stimulation (Fig. 1Cii) strongly suggests the absence of
any inhibitory synaptic input in the quiescent state. It is thus
proposed that the neuronal pathway carrying the inhibitory
synaptic input and probably also the excitatory pathway from
the leg proprioceptor system are gated upstream of the
motoneurones (Fig. 8) by a mechanism similar to that observed
in the motoneurones themselves and based on synaptic
summation. The exact site of this upstream gating is at present
unknown. Since the premotor nonspiking interneurones do not
generate spikes and have no threshold, they are unlikely to be
the site of gating unless they are endowed with special abilities
such as heterosynaptic facilitation (Kandel and Tauc, 1965;
Castellucci and Kandel, 1976; Braha et al. 1990). One possible
site of upstream gating is the proprioabdominal interneurones
that have been identified in the descending statocyst pathway
(Takahata and Murayama, 1992). These interneurones, with
somata in the anterior abdominal ganglia and projecting
directly to the terminal ganglion, can sum signals from the
statocyst and the abdominal posture system to generate spikes
only while the animal is engaged in abdominal posture
movements. Further study is needed to test the working
hypothesis proposed in Fig. 8 by examining this possibility in
the descending proprioceptor pathway.
In summary, the full motor pattern of uropod steering,
consisting of uropod opening on one side and closing on the
opposite side from the initial configuration, can be generated
by the tilt stimulus only when the background excitation of
motoneurones is tonically increased to an intermediate level
during walking, so that, depending on tilt direction, it can be
further increased or decreased by leg proprioceptor inputs. This
excitation level is attained by antagonistic inputs from
premotor nonspiking interneurones (Murayama and Takahata,
1998). In the quiescent state, the motor output is absent or, at
most, abortive, since the excitatory input remains subthreshold
and the inhibitory input is absent. During walking, however,
the leg proprioceptive input can sum with the increased
background excitation in the motoneurones to elicit spikes. It
is also enhanced by upstream gating mechanisms enabling it
to drive the motoneurones effectively. This type of

Walking/
abdominal posture system

Leg proprioceptor system

INT
NSI

NSI

NSI

MN

Fig. 8. Proposed synaptic pathways mediating descending signals
from the walking generator system and the leg proprioceptor system
to the uropod motor system. Since the walking system is functionally
coupled with the abdominal posture system (Takahata et al. 1984),
both systems are combined in this diagram. Open triangles,
excitatory connections; closed circles, inhibitory connections. The
dotted pathways and cells were demonstrated in a previous study
(Takahata and Murayama, 1992). Results obtained in this study not
only demonstrate that the signals from both systems converge onto
motoneurones (MN) and premotor nonspiking interneurones (NSI)
but also suggest that they converge onto a population of spiking
interneurones (INT), including the proprioabdominal interneurones,
located upstream from motoneurones and nonspiking interneurones,
as indicated by broken lines. The input from these interneurones to
the uropod motor system is either excitatory or inhibitory, depending
on the direction of tilting.

organization is functionally relevant, since the postural reflexes
become most important during locomotion (Grillner, 1985;
Orlovsky, 1991). Facilitatory interaction between different but
related behavioural acts has been described, particularly in
relation to postural and locomotory behaviour patterns, in both
vertebrates and invertebrates (Lind, 1959; Dawkins, 1976;
Mori et al. 1991). Although further research is needed, the
present series of experiments suggests the working hypothesis
that a common mechanism, involving modulation of the
background activity of the motor system by multiple-gatecontrolled sensorimotor pathways, underlies the facilitatory
interaction between different behaviour patterns in crayfish.
This work was supported in part by Grants-in-Aid
(07554071, 09440274) from MESSC Japan.
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