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Visual and Geotactic Contributions to Oculomotor Responses 
in the Crayfish, Procambarus clarki 

By 

Takashiro Hi~uchi and Mituhiko Hisada 

Zoological Institute, Hokkaido University 

(With 6 Text-figures) 

Introduction 

Crustacean eyestalk with its compensatory movement appears to offer a 
useful system to analyse the integrative mechanism in dealing with information 
derived from more than one sensory organs. 

Studies concerning with this theme have been done by some investigators 
using various approaches. The contribution of statocyst organ alone to the 
compensatory eyestalk reflex has been known for long time, since the first appear­
ance of the report by Clark (1896). This has been followed by many detailed but 
sometimes conflicting descriptions, until a rather unified view has been given by 
Schone in his several papers (1951, 1952, 1954, 1956, 1959). His studies covered 
the dependence of the eyestalk position on gravity and also the effect of light 
direction in the crayfish, Astacus as well as in some shrimps. A rotational com­
pensatory movement of the eyestalk is newly found and described recently as 
to be controlled by both geotactic and visual information (His ada et al. 1969). 
In some crayfish, structural arrangements of eyestalk musculature were investigated 
(Robinson et al. 1966, Sugawara et al. 1971), and the arrangements appear to be 
rather complex. Neuronal response of the oculomotor fibres which activate these 
muscles have also been studied and various types of the oculomotor have been 
described (Wiersma et al. 1967, 1968, Hisada et al. 1973). In all experiments, 
however, the results appeared to be insufficient to delineate the mechanism of 
integration of sensory information brought by the statocyst organ and the visual 
organ. 

As a step toward the understanding of the integrating mechanism in the 
oculomotor systems, details in responses of two typical oculomotor fibres, head 
down (HD) and side down (SD) fibres to the static change in position and to the 
dynamic rotation were compared and the modulating action of the visual input 
to the statocyst controlled oculomotor activity was investigated. 

This report is dedicated to Dr. Haruo Kinosita for his 60th birthday. 
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Material and Methods 

The crayfish, Procambarus clarki, was suspended with a clamp which held the carapace 
while two chelipeds were solidly tied with an elastic strand, and walking legs were left 
free. A steel recording electrode sharpened then insulated to the tip was introduced in 
the soft membrane between the outer and inner eye segment, and a ground electrode was 
introduced in the anterior carapace at one side just in front of the cervical groove between 
the anterior and posterior portion. After the oculomotor fibre was found, the type of the 
fibre is determined according to the classification described in the preceding paper (Hisada 
et a!. 1973). The process is repeated till a desired fibre was located. Methods employed 
in giving the rotational and other stimuli were identical with the preceding paper. 
Rotation apparatus was also equipped with a point light source which could be placed in 
any desired position or could be rotated in various speed. Nerve impulses were led to the 
cathode.ray oscilloscope through a biological amplifier with other stimulus parameters, and 
the recorded with a long recording camera. Impulse frequency were manually counted 
and, if necessary, processed through a computor for statistical analysis. 

Results 

The response profile of the oculomotor nerve to 3600 full rotation of the animal 
has been already described (Hisada et al. 1973). The fibre increases its discharge 
rate when the animal is rotated in the direction by which the fibre type is defined, 
for example, head down direction around the transverse axis in case of the head 
down (HD) fibre. In almost all the types of fibres, the maximal and the minimal 
points of discharge rate is response to the rotation are at about 900 and 2700 

respectively and the appearances of the curves of the instantaneous frequency are 
striking similar and can be represented by trigonometric function. 

Figure 1 shows the change of discharge rate of one side down (SD) fibre, which 
responds when the animal is rotated around its longitudinal axis to the side down 
direction, thus carrying the side of recording eye first downward. The curves 
represent the instantaneous frequency changes in five separate trials in 3600 full 
side down rotation of the same fibre. Since this series of experiment was perform­
ed in the total darkness, sensory change in visual system was not present and thus 
not contributing to the nerve responses except the effect of darkness itself. When 
there is no active movements of appendages and/or telson which were often 
triggered by rotation, the fibre shows very stable response profiles to the 3600 

rotations (solid lines in the figure). The disturbance of response induced by the 
movements of appendages and/or telson were readily detected in listening to an 
audio-monitor as a sudden increase or decrease of the discharge rate. In most 
of the case, these movements induced the temporary excitatory effect and occa­
sionally inhibitory effect (dotted lines in the figure). The analysis of the triggering 
mechanism of this response was not intended in the present paper. However, it 
seems to be of interest since this active movement of appendages which sometimes 
develop into full flexions of abdomen and tail flips invariably start when the 
animal is brought close to the upside down position. 
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Fig. 1. The change of discharge rate of one SD fibre in five separate trials in 3600 

full side down rotation. Solid lines show very stable response profiles without disturbance 
induced by avtive movements of appendages and/or telson. Dotted lines show the res· 
ponse with disturbance introduced by the movements of appendages and/or telson. 

Oontribution of statocyst organ 

Although the general trend of waxing and waning of the discharge depending 
on the body position remains, the rate of discharge at any given point of rotation 
is dependent on the rotation velocity. Therefore, the response of oculomotor 
nerves in dynamic rotating and static conditions were compared. While the 
oculomotor nerve showed almost constant background discharge in normal 
position, the discharge rate abruptly increased when the rotation of the body was 
initiated, and then proceeded to show the frequency change profile corresponding 
the position of the body as mentioned in the previous paper (Hisada et al. 1973). 
The stimulus in such a dynamic condition included two elements, namely, the 
change of body position and the rotation of the body. When the animal was held 
at a certain body position for more than 10 seconds, i.e. when transient increase 
induced by actual dynamic rotation, the rate of discharge of oculomotor nerve be­
came much lower and less than half of what obtained at the same position during 
dynamic rotation (Fig. 2). There appears to be no detectable change in the 



498 T. Higuchi and M. Hisada 

position of the maximal and the minimal response. The frequency of discharge in 
this static condition at various rotational position was measured after about 10 
seconds from the stop of the rotation of the body. Figure 3 shows the frequency 
change of oculomotor nerve in shifting from static state to dynamic state and vice 
versa. In the static state, oculomotor fibre showed the almost constant discharge 
rate which corresponded to the body position and abruptly increased in the 
discharge rate at the time when the rotation was initiated, if the direction of 
rotation was the one by which the fibre could be classified. Then the rotation 
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Fig. 2. Dynamic and static change of discharge rate of a HD fibre. Solid line; in 
3600 full head down dynamic rotation. Open circle; in static condition at various body 
position. 
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Fig. 3. The frequency change in shifting from static state to dynamic state and vice 

versa in one SD fibre. The animal was held first in normal body position. The the side 
down rotation was initiated. The rotation was terminated at 45° turn and then the animal 
was held stationary in the position. 

interrupted, the responses rapidly decreased to the level of static state within about 
three second and thereafter the fibres showed the constant discharge rate which 
corresponds to the position. 

Then the change of response of the oculomotor nerves by the change of 
rotation velocity was studied. Especially, chief attention was paid on the shifting 
of rotational body position showing the maximal discharge, but such a tendency 
was not observed in any fibres. At various rotation velocities studied, the points 
of the maximal discharge of all fibres were found between 85° to 90°, and none of 
the fibres showed significant displacement of the maximal point. 

Figure 4 shows the frequency change of one HD fibre when the animal was 
rotated to both head down and head up direction. When the rotation of animal 
was initiated in head up direction, HD fibres decreased their firing rate and gradual­
ly increased when it past about 160° turn and then reached the maximal frequency 
at about 270°. The modes of increase and decrease of response in these two cases 



500 

uJ 
L? 
a: « 
:r 
u 
C/) 

is 
u.. 
o 
)-

Hz 
200 

~ 100 -
uJ 
:;) 

d 
uJ 
a: 
u.. 

T. Higuchi and M. Hisada 

/ 
/ 

/ 
/ 

Ir--" 
/ '\ 

./ \ 
/ \ 

/ \ 
I \ 

'\ 
"­

'-

~---- / o '---___ ~ -_,-=--_-_-_--'....L.! _____ ---1.1 _____ --' 

o 90 180 270 360 

ROTATION ANGLE 

Fig. 4. The frequency change of a HD fibre when the animal was rotated to both 
head down and head up direction. Solid line; head down rotation. Dotted line; head 
up rotation. 

were of opposite sign in each other, but at the same relative position of animal to 
gravitational direction the fibre showed the maximal and minimal discharge rate. 
However, the magnitude of total response in term of amplitude in frequency change 
in the rotation to head up direction was about half of it to head down direction. 
Similar characteristics were also obtained in other fibres. Namely, in the rotation 
of animal to opposite direction, oculomotor nerves showed the maximal discharge 
rate at different position from in the rotation to ordinary direction and the magni­
tude of response became far smaller. These facts are very important to know 
the relationship between the oculomotor nerves and statocyst organ. The reason 
why this discrepancy occurs between the rotation in preferred rotation and its 
counter-rotation could not be explained at present, but may indicate an interesting 
relationship to the sensory input from the statocyst organ. 

Modulation by the visual input 

The change in response type in 3600 full turn under the following four different 
visual conditions was compared, namely, A) under the overhead light, B) in the 
darkness, C) with a local illumination of the excitatory area, and D) with a local 
illumination of the inhibitory area. 

1) In HD fibre 
The figure 5 illustrates the results obtained under the above mentioned 

conditions. 
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Fig. 5. The changes in response in four different visual conditions in HD fibre. 
Overhead; under the overhead light. Darkness; in the darkness. Excitatory; with a local 
illumination of the excitatory area. Inhibitory; with a local illumination of the inhibitory 
area. 

The HD fibre could be excited by illuminating the visual field which roughly 
corresponded with that of the optic fibre 038 and be inhibited by illuminating that 
of the optic fibre 020 respectively. 

When a stronger illumination than other visual field is given on one of these 
field, the discharge frequency of HD fibre either increases or decreased depending 
on which field is illuminated, regardless to the position of animal. Namely, the 
illumination of the field closely related to that of 038 always increase the discharge 
frequency of the HD fibre either when the animal is at normal, at upside down or 
at any other position. The same is true to the inhibitory field. 
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Fig. 6. The changes in response in four different visual conditions in SD fibre. 
Overhead; under the overhead light. Darkness; in the darkness. Contralateral; with a 
local illumination of the whole contralateral eye. Ipsilateral; with a local illumination of 
the whole ipsilateral eye. In SD fibre, the excitatory and inhibitory area correspond to 
the whole contralateral and ipsilateral eye respectively. 

2) In SD fibre 
In SD fibre, the excitatory and inhibitory area correspond to the whole visual 

fields of the contralateral and the ipsilateral eye respectively. Efficacy of 
illuminating either the contralateral or the ipsilateral eye is different depending on 
the subclass of the SD fibres as described in the previous paper (Hisada et al. 
1973). In the case of the fibre shown in the figure 6, the magnitude of response 
in the darkness was larger than that obtained under the overhead light, and this 
fact showed that the effect of illumination on the ipsilateral eye was larger than 
that on the contralateral eye. 
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Discussion 

It is obvious that the eyestalk movement in crayfish is controlled by two main 
sensory inputs, namely, geotactic and visual inputs. However it is not necessary 
for these two inputs to act equally with each other. In a series of our previous 
studies, it became obvious that the geotactic input occupies the main part of 
sensory input and the visual one acts rather auxiliary in case of the rotation of 
the animal body. The contributions of the sensory information derived from the 
joint receptors or proprioceptors to the oculomotor system are still not clear, but 
the fact that the movement of appendages and/or telson induce the temporary 
disturbance of oculomotor response suggests that those receptors probably deal 
with the information in regards of the movement of animal body but not of the 
true detection of the body position in space and of the rotating direction. This 
supposition becomes clear by the experiment in statocystectomized animal in which 
both HD and SD fibres shows only minor fluctuation around the spontaneous level 
in the rotation of the body in the darkness (Higuchi 1973). Thus, when the 
animal is rotated in the darkness, the response profile of oculomotor nerve is 
produced by the input only from the statocyst organ. 

Under the overhead light, the visual input to these neurones consists two 
elements. One is the vertical optokinetic reaction, which increases the magnitude 
of total response during the rotation of the body to preferred direction, head down 
and side down direction in HD and SD fibre respectively. The other is the effect 
of light illumination on the particular part of the eye. In both HD and SD fibre, 
when the animal is rotated up to 90° in preferred direction, the excitatory visual 
area which exerts an excitatory effects is most illuminated and when turned 270°, 
the inhibitory area is most illuminated. Thus, the maximal frequency increased 
and the minimal one decreases. When the animal was rotated with constant local 
illumination of the excitatory area, there the excitatory effect is maintained 
constantly during a full 360° rotation. In this case, moreover, there is no optokine­
tic reaction because the constant visual input is maintained during the rotation 
and thus no sensory cue of rotation through the visual sensory channel is furnished. 
So the maximal discharge becomes lower than the case of under overhead light. 
However, in the case of under overhead light, the minimal frequency is lower 
because the increase introduced by optokinetic reaction should be offset by the 
decrease introduced by the illumination of inhibitory area in near 270° turn. On 
the other hand, when the animal is rotated with local illumination of the inhibitory 
area, the oculomotor response is inhibited during a full 360° rotation, so the 
magnitude of response decreases and becomes lower than other three cases. There­
fore, in HD fibre in which placing in the darkness produces a total level down of 
the magnitude of response below the level under overhead light, the order of 
response magnitude becomes as follows; 1) under overhead light, 2) with local 
illumination of excitatory area, 3) in the darkness, 4) with local illumination of 
inhibitory area. In SD fibre, placing in the darkness results in excitation or 
inhibition depending on the subclasses as mentioned in previous paper (Hisada et 
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al. 1973). In a SD fibre of which response is shown in figure 6, placing in the 
darkness results in excitation. When the animal is held stationary in any given 
position, the fibre shows higher discharge rate in the darkness than under overhead 
light. However, there exists no appreciable difference in the magnitude between 
the responses in the darkness and under overhead light in the rotation of the body. 
This can be explained by that the response magnitude in the rotation under 
overhead light is enhanced by the increase of discharge frequency resulting from 
the optokinetic contribution. 

The condition under overhead light is likely close to the natural condition 
that the animal encounters in their habitat. Therefore, the fact that the response 
magnitude under overhead light is largest seems to be quite reasonable. 

When the sensory input in oculomotor system is limited to the only one from 
statocyst organ by rotating the animal in the darkness, the oculomotor shows 
very stable response profiles to the 3600 rotation. During the rotation of the 
animal body, two stimulus elements, namely, the change of body position and the 
rotational movement act simultaneously. On the other hand, only the former 
acts when the animal is held in fixed position. Therefore the response which the 
oculomotor nerve shows in same spacial position becomes smaller in fixed position 
than during the rotation of the body in any position. The fact that the response 
rapidly decreases within about three seconds and shows constant discharge rate 
when the rotation of the body is terminated indicates that each stimulus element 
above mentioned can act independently with each other although the two act 
simultaneously during the rotation of the body. Moreover, the fact that the 
maximal point of response does not shift depending on the change of rotation 
velocity suggests that the system is such that the body position can be detected 
independently in spite of the change in rotation velocity, as far as the body is 
rotated in same direction. 

The most perplexing problem is that the response magnitude decreases when 
the animal is rotated in non-preferred direction. It is difficult to suppose that the 
phenomenon is derived from the characteristics of the sensory organ, because that 
the statocyst nerve is likely to have the almost same magnitude of response in 
spite of the reversal of rotational direction has been observed (unpublished data). 
Therefore, the cause of change of response magnitude introduced by the reversal 
of rotational direction may lie in the central mechanism rather in the peripheral 
system. 
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Summary 

1. Details of the contribution of statocyst organ and the modulation by the 
visual input in two typical oculomotor fibres, head down (HD) and side down (SD) 
fibres were investigated. 

2. When there is no active movements of appendages and/or telson, the 
oculomotor nerve shows very stable response profiles. 

3. When the animal was held at a certain body position, the rate of discharge 
of oculomotor nerve became much lower and less than half of what obtained at 
the same position during dynamic rotation but there was no detectable change 
in the position of the maximal and minimal response. 

4. Oculomotor response abruptly increased when the rotation was initiated 
and rapidly decreased when it was terminated, and became almost constant 
corresponding to the body position. 

5. When the animal was rotated to opposite direction, the fibre showed the 
maximal and minumal discharge rate at the same relative position of animal to 
gravitational direction in the rotation to ordinary direction, while the magnitude 
of response became far smaller. 

6. The change in response type in 3600 full turn under four different visual 
conditions was compared, and the effects of both light illumination of the eye and 
the vertical optokinetic reaction became clear. 
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