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ABSTRACT

 

—Intracellular responses of motion-sensitive visual interneurons were recorded from the lob-
ula complex of the mantis, 

 

Tenodera aridifolia

 

. The interneurons were divided into four classes according
to the response polarity, spatial tuning, and directional selectivity. Neurons of the first class had small,
medium, or large receptive fields and showed a strong excitation in response to a small-field motion such
as a small square moving in any direction (SF neurons). The second class neurons showed non-direc-
tionally selective responses: an excitation to a large-field motion of gratings in any direction (ND neurons).
Most ND neurons had small or medium-size receptive fields. Neurons of the third class had large receptive
fields and exhibited directionally selective responses: an excitation to a large-field motion of gratings in pre-
ferred direction and an inhibition to a motion in opposite, null direction (DS neurons). The last class neu-
rons had small receptive fields and showed inhibitory responses to a moving square and gratings (I
neurons). The functional roles of these neurons in prey recognition and optomotor response were dis-
cussed.
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INTRODUCTION

 

Predatory animals receive sensory input and extract
crucial information such as the location and distance of prey.
Praying mantises are predatory insects that detect potential
prey primarily by means of vision. After detection of a poten-
tial prey, they sometimes fixate or track it with movements
of their head and/or body (Levin and Maldonado, 1970; Lea
and Mueller, 1977; Rossel, 1980; Liske and Mohren, 1984;
Yamawaki, 2000b). During visual fixation and tracking, man-
tises try to keep the target image on a foveal region, which
is a limited retinal zone particularly designed for high spatial
resolution (Horridge and Duelli, 1979; Rossel, 1979). They
also try to keep the target image on a binocular visual field
and use binocular disparity to estimate prey distance (Ros-
sel, 1983, 1986). If the prey is sufficiently close, they strike
it with rapid grasping movements of forelegs. The strike is
occasionally accompanied with a displacement of the body,
called lunge (Copeland and Carlson, 1979; Corrette, 1990;
Prete and Cleal, 1996; Cleal and Prete, 1996). During these
events, the mantis’ central nervous system (CNS) extracts
spatial characteristics about the prey (e.g. location in the
visual field, distance and size) from visual information and
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Fig. 1.

 

Arrangement of the mantis head and computer display.
Visual stimuli were generated on the computer display. A black
square or black gratings on a white background was presented as
motion stimuli. The white background subtended 130

 

°

 

 in both height
and width as seen by the mantis. The mantis was waxed to a holder
dorsally.
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computes the motor command for the motoneurons control-
ling head and body turn and strike. However, little is actually
known about how information about the prey is encoded in

the CNS.
Prey recognition in the mantis has been examined in

many behavioral experiments (e.g. Rilling 

 

et al

 

., 1959;

 

Table 1.

 

Response properties of motion-sensitive neurons

Class Response to motion Spatial tuning Directional selectivity No. of recordings

DS Excited LF yes 5

ND Excited – no 50

SF Excited SF no 10

I Inhibited – no 6

LF, large-field motion-sensitive; SF, small-field motion-sensitive.
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Holling, 1964; Iwasaki, 1990; Yamawaki, 2000a). Over the
last decade, Prete and his colleagues have been studying
the prey recognition algorithm used by the mantis. Their

studies indicate that mantises recognize a moving object as
prey if it falls within an envelope defined by stimulus param-
eters such as (1) overall size, (2) geometry in relationship to

 

Fig. 2.

 

Responses to moving squares of a class SF neuron. 

 

A

 

 Intracellular responses to squares moving from top (

 

θ

 

 = 60

 

°

 

) to bottom (

 

θ

 

 = –60

 

°

 

)
through the midline of the mantis head (

 

ψ

 

 = 0

 

°

 

) at an angular velocity of 60

 

°

 

/s. The visual angle of the squares ranged from 2 to 45

 

°

 

. Asterisks
indicate the moment when the center of the square passed in front of the mantis head (

 

θ

 

 = 0

 

°

 

 and 

 

ψ

 

 = 0

 

°

 

). Peristimulus time histograms (PSTH)
with 100 ms bins are also shown beneath the records. 

 

B

 

 Intracellular responses to squares moving from left (

 

ψ

 

 = –60

 

°

 

) to right (

 

ψ

 

 = 60

 

°

 

)
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direction of movement, (3) length of the leading edge, (4)
relative contrast, and (5) apparent speed (see Prete, 1999,
for review). Contrary to these behavioral analyses, few elec-
trophysiological experiments have been carried out to
investigate the neural mechanism underlying prey recogni-
tion in the mantis. Gonka 

 

et al

 

. (1999) have extracellularly
recorded the responses of motion-sensitive descending

neurons from the cervical nerve cord and found units pref-
erentially responding to prey-like stimuli. Although such
units may encode the presence of prey, the study provides
little information about neural encoding of prey location in
the visual field. In an early stage of that process, prey infor-
mation may be represented by the spatio-temporal pattern
of neural activity in the visual interneurons of the optic lobe.

 

Fig. 3.

 

Spatial and velocity tuning of a class SF neuron, and its receptive field. 

 

A

 

 Spike frequency of the neuron shown in Fig. 2 as a function
of the visual angle of the square moving horizontally or vertically at an angular velocity of 60

 

°

 

/s. Broken line indicates the spontaneous activity.

 

B

 

 Spike frequency of the neuron shown in Fig. 2 as a function of the angular velocity of the moving square (16

 

°

 

). 

 

C

 

 Receptive field of the neu-
ron shown in Fig. 2. Contour map represents normalized response of the neuron, in which “0” and “1” indicate the spontaneous activity and
maximum spike frequency, respectively. Positions in space are defined by the angles of azimuth (

 

ψ

 

) and elevation (

 

θ

 

). D, V, I, and C indicate
the dorsal, ventral, ipsilateral, and contralateral directions in the visual field, respectively.
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In the present study, responses of visual interneurons
in the lobula complex of the mantis have been recorded
intracellularly. Recorded neurons have then been classified
by their response properties to motion stimuli.

 

MATERIALS AND METHODS

 

Animals and preparation

 

Adults of the mantis 

 

Tenodera aridifolia

 

 were used. The egg

 

Fig. 4.

 

Responses of a class ND neuron to moving gratings, its directional tuning , and its receptive field. 

 

A

 

 Intracellular responses to the grat-
ings with a 32

 

°

 

 spatial period moving to the right, the left, downward, or upward, at an angular velocity of 30

 

°

 

/s. Thin bars indicate stimulus pre-
sentation. 

 

B

 

 Directional tuning in response to moving gratings shown in A. Spike frequency as a function of four directions are plotted on polar
coordinates. Broken circle indicates the spontaneous activity. 

 

C

 

 Receptive field of the neuron shown in A.
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Fig. 5.

 

Responses of a class ND neuron to moving squares and gratings, and its directional tuning. 

 

A

 

 Intracellular responses to the 16

 

°

 

squares moving horizontally or vertically through the center of the visual field at an angular velocity of 120

 

°

 

/s. Thin bars indicate stimulus pre-
sentation. Asterisks indicate the moment when the center of the square passed in front of the mantis head (

 

θ

 

 = 0

 

°

 

 or 

 

ψ

 

 = 0

 

°

 

). 

 

B

 

 Intracellular
responses to the gratings with a 32

 

°

 

 spatial period moving to the right, the left, downward, or upward, at an angular velocity of 30

 

°

 

/s. 

 

C

 

 Direc-
tional tuning in response to moving gratings shown in B. This neuron showed little spontaneous discharge.
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Fig. 6.

 

Typical receptive fields of class ND neurons, responses of which were dependent on the direction of motion. One (C) is the same neu-
ron as that shown in Fig. 5.
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Fig. 7.

 

Responses of a class DS neuron to moving squares (A) and gratings (B), and its directional tuning (C). The stimuli are the same as
those in Fig. 5 except that squares were moved horizontally through the sweep 30

 

°

 

 above the center of the visual field.
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cases were collected in the suburbs of Fukuoka. First- to third-instar
nymphs of the mantis were fed on live fruit flies, and nymphs older
than the third-instar were fed on live cockroaches.

After cold anesthesia, mantises were waxed to a holder to sta-
bilize the thorax and abdomen dorsally. Their antennae, legs and
wings were removed. The head was waxed in place, leaving the
eyes uncovered. The dorsal part of the head capsule and muscles
were removed to expose the left optic lobe. The preparation was
perfused with a cockroach saline solution (Yamasaki and Nara-
hashi, 1959) to prevent desiccation.

 

Intracellular recording

 

Intracellular recordings were made from neurons in the lobula
complex of the left optic lobe using glass microelectrodes. The elec-
trode was filled with 3 M KCl, and had a tip resistance of between
70 and 100 M

 

Ω

 

 when measured in a saline solution. A silver wire
was placed in the saline solution in the head capsule as an indiffer-
ent electrode. Electrical signals were amplified with a D.C. amplifier.
Some data were stored on magnetic tapes for off-line analysis by a
computer equipped with an analog-digital converter (Mac Lab, AD
Instruments), and the others were stored directly in a computer
equipped with another analog-digital converter (1401, Cambridge
Electronic Design).

 

Stimuli

 

Visual stimuli were generated on the TFT liquid crystal display
(LCM-T133A, Logitec) by a computer. The display was placed par-
allel to the frontal plane of the mantis’ head at a distance of 4 cm
(Fig. 1). The motion stimulus was a black square or black gratings
on a white background. The luminances of white and black on the
display were 66.59 and 0.63 cd/m

 

2

 

, respectively. The contrast
between black and white is: (66.59–0.63)/(66.59+0.63)=0.98. The
angular subtense of the white background was 130

 

°

 

 in both height
and width. The black square was moved in front of the mantis head
in four directions (up, down, right, or left) from one of the edges of
the white background to the other. The angular subtense of the
black square at the center of the white background was varied from
2 to 45

 

°

 

. The average angular velocity of the square was varied
from 15 to 180

 

°

 

/s. In each case, the average spike frequency
between the appearance and disappearance of the square was cal-
culated. The angular subtense of gratings was 100

 

°

 

 in both height
and width. The vertical gratings were moved to the right or left,
whereas horizontal gratings were moved up or down. The spatial
period of the gratings was varied from 16 to 45

 

°

 

, and its average
angular velocity was varied from 5 to 45

 

°

 

/s. The average spike fre-
quency during the first second of gratings presentation was calcu-
lated. Light-on and light-off stimuli were presented by changing the
square part (130

 

°×

 

130

 

°

 

) of the display from black to white or vice
versa. The spontaneous activity was measured during the period 1-
4 seconds before each stimulus presentation.

To determine the receptive field of each motion-sensitive neu-
ron, we repeatedly moved the black square (16

 

°

 

) five times with
different paths in the neuron’s preferred direction at an average
angular velocity of 120

 

°

 

/s. The center position of the square on the
path in the visual field is specified by the angles of azimuth 

 

ψ

 

 or ele-
vation 

 

θ

 

. For example, when the square was moved horizontally
from 

 

ψ

 

 = –65

 

°

 

 to 65

 

°

 

, the square was moved with five different ele-
vation paths (

 

θ

 

 = –60, –30, 0, 30, and 60

 

°

 

). Each recording of the
neuron’s responses to these was divided into five regions according
to the angle of azimuth 

 

ψ

 

 (–60, –30, 0, 30, and 60

 

°

 

): these five
regions were [–65

 

°

 

, –45

 

°

 

], [–45

 

°

 

, –15

 

°

 

], [–15

 

°

 

, 15

 

°

 

], [15

 

°

 

, 45

 

°

 

], and
[45

 

°

 

, 65

 

°

 

], respectively. Then, the average spike frequencies in all
25 regions were calculated. To make the angular sensitivity contour
map, we normalized the spike frequencies so that spontaneous
activity and maximum spike frequency became 0 and 1.0 respec-
tively. In the case of neurons that were mainly inhibited by motion
stimuli, spike frequencies were normalized so that spontaneous

activity and minimum spike frequency became 0 and –1.0 respec-
tively. The diameter of the receptive field was roughly expressed by
the angular subtense of the contour at a normalized spike fre-
quency of 0.5 (or –0.5), and the receptive field was classified into
small (0–30

 

°

 

), medium (30–60

 

°

 

), and large (60–90

 

°

 

).

 

RESULTS

 

Seventy-six neurons were recorded from 47 mantises:
71 neurons showed a marked response to motion stimuli,
and the remaining 5 neurons usually responded to light-on
and/or off stimuli. The motion-sensitive neurons could be
divided into four classes according to the response polarity,
spatial tuning, and directional selectivity (Table 1). Ten neu-

 

Fig. 8.

 

Receptive fields of two class DS neurons. One (A) is the
same neuron as that shown in Fig. 7.
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rons showed a strong excitation in response to a small-field
motion such as small square moving in any direction. They
were termed SF neurons. Fifty neurons showed a non-direc-
tionally selective response: an excitation to a large-field

motion of gratings in any direction. They were termed ND
neurons. Five neurons exhibited directionally-selective
responses: an excitation to a large-field motion of gratings
in the preferred direction and an inhibition to motion in the
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opposite, null direction. They were termed DS neurons. The
remaining 6 neurons showed inhibitory responses to a mov-
ing square and gratings. They were termed I neurons.

SF neurons showed a stronger excitation to a small
moving square than to a large moving square (Figs. 2 and
3A). Some of them were inhibited by a large moving square

 

Fig. 9.

 

Responses of a class I neuron to moving squares (A) and gratings (B), its directional tuning (C), and its receptive field (D).
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(Fig. 2A), while the others responded slightly to a large mov-
ing square and to moving gratings. The spike frequency of
the former appeared to vary, depending on the direction of
motion (Fig. 3A), but did not show clear directional selectiv-
ity. The spike frequency of them increased as the square
was moved more rapidly (Fig. 3B). They had small (0–30

 

°

 

),
medium (30–60

 

°

 

), or large (60–90

 

°

 

) receptive fields in the
central or ventral area of the visual field. The SF neuron
shown in Fig. 3C had a large receptive field in the central
area.

ND neurons responded with similar spike frequency to
motion in any direction (Fig. 4). They had small, medium, or
large receptive fields. Small receptive fields were located
only in the central or ventral area of the visual field. Medium-
size receptive fields were located in one of the quadrants
(ventro-ipsilateral, dorso-ipsilateral, ventro-contralateral, or
dorso-contralateral), or in the ventral or central area of the
visual field. One had a large receptive field in the central

area of the visual field.
Some ND neurons showed larger responses to a stim-

ulus moving in one direction than in the opposite direction
(Fig. 5). They had receptive fields of medium size in one of
the quadrants of visual field, or in its ventral area (Fig. 6).

Of the neurons recorded in the present study, only DS
neurons showed clear directional selectivity. These neurons
were excited by motion in one particular direction and inhib-
ited by motion in the opposite direction (Fig. 7). These neu-
rons had large receptive fields in the visual field (Fig. 8).
Thus, it is suggested that they respond to a large-field
motion such as optic flow generated by rotation of the man-
tis head.

The I neurons responded to moving squares with a
decrease in spike frequency. In some I neurons, the spike
frequency decreased as the square’s size increased (Fig.
9A). These cells responded to moving gratings with phasic
depression of their spike discharge (Fig. 9B). These cells did

 

Fig. 10.

 

Spike frequencies of DS and ND neurons as a function of temporal frequency of gratings moving in the preferred direction. Temporal
frequency is the number of cycles of the periodic pattern to move across a point on the retina per second. It was varied by changing the spatial
periods of the gratings (A and B) or the angular velocities (C and D). The spike frequency when the temporal frequency is 0 indicates sponta-
neous activity. Each neuron has the same symbol in all plots: filled triangle, a DS neuron; other symbols, ND neurons.
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not show clear directional selectivity (Fig. 9C). They had
small receptive fields in the ventral part of the visual field
(Fig. 9D).

Effects of the spatial period and velocity of the grating
In some neurons, except those of SF, the effects of the

spatial period and velocity of the gratings on the responses
were examined. The firing rate of DS and ND neurons
tended to increase as the spatial period of the gratings was
decreased or as the velocity of the gratings was increased.
The response properties of these neurons appeared to
depend on the temporal frequency of the gratings, because
all the response curves to temporal frequency were almost
the same irrespective of whether either the spatial period
(Fig. 10A, B) or the velocity (Fig. 10C, D) was varied. In
most of these neurons, the firing rates increased until the
temporal frequency reached 1.0, and then the rates
appeared to plateau. The firing rate of I cells tended to dec-
rease as the temporal frequency of the gratings increased.

 

DISCUSSION

 

In the present work, we recorded responses of four
groups of motion-sensitive neurons. Even though anatomi-
cal information on these neurons is lacking, the results of
the present work give us some clues to understand the neu-
ral representation of prey information in the mantis CNS.

 

Encoding the size of motion stimuli

 

The spatial tuning of class SF neurons suggests that
these neurons respond best to small moving objects such as
a prey. In behavioral experiments, the mantis frequently
strikes a small moving block (Iwasaki, 1990; Prete, 1990) or
a small moving square generated on a computer display
(Prete and Mahaffey, 1993; Prete and McLean, 1996). This
behavioral size-preference coincides with the spatial tuning
of the SF neurons. These neurons may therefore encode
the size of a moving object and whether the image of a prey
falls within their receptive fields or not. However, the velocity
tuning of these neurons was slightly different from the
behavioral velocity-preference. The spike frequency of these
neurons increased as the square moves faster, but it
appeared to plateau when the velocity reached around 120

 

°

 

/
s. On the other hand, the strike rate of the mantis increases
until the velocity of the square reaches around 90

 

°

 

/s and
then decreases (see Prete, 1999, for review).

Small-field motion-sensitive cells have been reported in
various insects (Collett, 1971; Olberg, 1981, 1986; Egelhaaf,
1985a, b, c; Okamura and Toh, 2001). Most of them, for
example the FD cells in the fly (Egelhaaf, 1985b) and most
of the TSDNs in the dragonfly (Olberg, 1986), are direction-
ally selective, but SF neurons found in the present study did
not show clear directional selectivity. Not only in the mantis,
but also in the tiger beetle larvae, the neurons responding
to small moving objects are non-directionally selective (Oka-
mura and Toh, 2001). The difference in directional selectiv-

ity may be due to whether the insects fly in the sky or walk
on the ground during tracking an object. During flight, both
the insects themselves and the prey move rapidly. When the
insects try to track a moving object, the object moves a long
distance during the insect’s response time (the latency
period). Hence, detection of the direction of object motion is
crucial for continuous tracking because it can assist the
insect to track the object predictively. Actually, predictive
tracking has been reported in the hoverfly (Collett and Land,
1978). By contrast, tiger beetle larvae ambush prey, and
mantises ambush prey or walk slower than flying insects
during pursuit of prey. Hence, the direction of object motion
may not be of such importance for them.

 

Encoding the location of motion stimuli

 

ND neurons with small or medium size receptive fields
may encode the location of moving stimuli in the visual field.
Although each ND neuron responded strongly to a large-
field motion such as provided by moving gratings, the pop-
ulation of ND neurons acting in concert can give information
on the spatial property of motion stimuli. For example, most
of the medium-size receptive fields of ND neurons were
located in one of the quadrants of visual field. These neu-
rons can comprise the coordinate system for locating
objects in the visual field.

In some ND neurons, the firing rates varied depending
on the direction of motion. Hence, they may encode not only
the position of the object but also the direction of its motion.
For example, the cell in Figs. 5 and 6C had a receptive field
in the ventro-ipsilateral part and it responded best to the
motion of dorso-contralateral direction. This implies that its
response is largest when the object is moving towards the
center of the visual field.

The ND neurons which had receptive fields in the con-
tralateral visual field may have their dendrites and cell body
in the contralateral optic lobe, and project their axons from
there. Connection cells projecting between the optic lobes
have previously been identified in the fly (Hausen, 1993).

Most small receptive fields of the ND neurons are
located at the center or in the ventral area of the visual field.
Neurons having a receptive field in the center of the visual
field are considered to form part of the coordinate system for
locating objects described above. The ventral area of visual
field is considered important because this area may corre-
spond to the foveal region. According to Rossel (1979), the
foveal region seems to view a downward direction, roughly

 

θ

 

 = –45

 

°

 

 in the visual field.

 

Detection of self-motion

 

DS neurons were directionally selective, and they
responded best to a large-field motion. This suggests that
they detect the retinal image flow generated by the insect’s
self-motion. In the fly’s lobula plate, many motion-sensitive
neurons so-called tangential cells have been identified, most
of which are tuned to a large-field motion (see Hausen,
1993, for review). Among these, for example, HSN and HSE
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cells generally respond to horizontal backward (from head to
tail) motion in the ipsilateral visual field and are inhibited by
forward motion. These two cells receive additional input
from the contralateral visual field and show sensitivity to
rotatory motion. This suggests that these cells are designed
to monitor preferentially rotation of the fly around its vertical
body axis and involved in sensory control of the course-sta-
bilizing optomotor response during flight. Likewise, DS neu-
rons in the present study may be involved in the optomotor
response.

 

Tuning to temporal frequency

 

It has been reported that the responses of tangential
cells in the fly depend on the temporal frequency of the
stimulus, and show a response optimum at 1–10 Hz (see
Hausen, 1993, for review). A similar dependency on tempo-
ral frequency was found in the responses of mantis neurons
in the present study, except with class SF neurons. How-
ever, because the responses were tested only in a narrow
range of temporal frequency (0.3–2.8 Hz), their response
optimum is uncertain. Further experiments are needed to
clarify the tuning property of motion-sensitive neurons in the
mantis to temporal frequency.
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