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Recent behavioural experiments have shown that bees are able to distinguish vertically
presented patterns with orientation cues, although the locations of areas of black are ran-
domized. To discriminate between two orientations, the bees must possess more than one
orientation-sensitive neuron type. Therefore, the aim is to search for different types of orien-
tation-sensitive cells of the honey bee, and measure their receptive field, velocity sensitivity
and contrast sensitivity. Orientation-sensitive cells with two different types of orientation tun-
ing-curves were recorded intracellularly in the mid-brain of the honey bee when the stimulus
was a narrow bar (bar width =5°), These cells are sensitive to bar movement within their
large receptive field, which covers the visual field of one eye. They are quite distinct from the
well-known directional motion detectors. The contrast sensitivity of the orientation-sensitive
cells recorded in this study corresponds to results from behavioural experiments. The velocity-
sensitivity curves of the orientation-sensitive cells differ from those of the direction-sensitive
cells. Measurements of orientation sensitivity and contrast sensitivity when the stimulus is a
wide bar (bar width = 10°), done in different eye regions, suggest that each orientation-sensi-
tive cell receives visual signals from an array of orientational subunits within its receptive field.
The correspondence between these physiological results and the results of recent behavioural

experiments are discussed. © 1997 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

When patterns are presented on a vertical plane, the bee,
like the human being, learns and discriminates between
two different predominant orientations in a choice of pat-
terns (for reviews see Wehner, 1981; Srinivasan et al.,
1994). For example, bees can be trained by reward to
discriminate between a pattern with vertical stripes and a
pattern with horizontal stripes. This discrimination ability
then can be demonstrated by the bees discriminating the
predominant orientation difference between different
pairs of patterns that they have not previously encoun-
tered (Wehner, 1971; van Hateren et al., 1990). Appar-
ently, bees are capable of learning one predominant
orientation of a pattern as an abstract parameter. Sub-
sequent behavioural experiments show that the bee’s vis-
ual system is capable of analysing orientation infor-
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mation on more than one spatial scale (Zhang er al.,
1992).

Previous work has shown that bees do not use direc-
tional movement cues to analyse orientation, and sug-
gests that patterns are analysed in terms of their geometry
per se., independent of their motion. Orientation could be
discriminated in patterns that were flashed briefly, and
motion was not confused with orientation (Srinivasan et
al., 1993). Behavioural studies also revealed that bees
use orientation cues rather than eidetic images to dis-
criminate patterns if orientational cues are available
(Srinivasan et al., 1994; Giger and Srinivasan, 1995).
How does the insect visual system represent the orien-
tation of a pattern geometrically? Recent physiological
recording in the dragonfly lobula (O’Carroll, 1993) and
behavioural experiments on honey bees (Srinivasan et al.,
1993) suggest that the pattern evokes responses in a num-
ber of orientation-sensitive channels, and each of the
channels is sensitive to a different range of orientations,
as in the mammalian visual cortex (Hubel and Weisel,
1968). Further behavioural experiments indicate that
orientation is mediated primarily by signals from the
green-receptor channel of the bee’s visual system and is
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analysed by a system of broadly tuned orientation-sensi-
tive channels, with at least three different preferred orien-
tations and tuning half-widths of about 90° (Srinivasan
et al., 1994; Giger and Srinivasan, 1996).

Following the clear evidence that the bees are capable
of using one predominant orientation cue to discriminate
patterns, irrespective of location on the target, and to
understand the underlying neural mechanisms of orien-
tation-sensitive channels in the insect, the orientation-
sensitive cells have been recorded in the honey bee mid-
brain. In addition to the search for different types of
orientation-sensitive cells, experiments were also con-
ducted to measure the receptive fields of the cells as well
as their orientation sensitivity in different regions of the
eye within the receptive field, with two different bar
widths. Our data support the hypothesis of orientation-
sensitive channels previously proposed by Srinivasan et
al. (1994) and suggests that the inputs to these orien-
tation-sensitive cells consist of multiple subunits with the
same orientation tuning.

METHODS AND MATERIALS

Animal and preparation

Worker honey bees, Apis mellifera, were captured at
the hive entrance and then kept in a plastic container.
Just before the experiment, a bee was slowed down by
placing the container in a refrigerator (4+0.5°C) for
15 min. After amputating the antennae and legs, the
wings and the thorax were fixed to a plastic plate with a
low-melting-point bees wax/rosin (1:5) mixture. The
head was fixed on a small Y-shaped metal plate with the
same bees wax/rosin mixture, leaving the abdomen free
to execute respiratory movements. The Y-shaped metal
secures the head in the same position from preparation
to preparation. The head was carefully set in the same
position each time with respect to the vertical.

At the top of the head, a small triangular hole was
made for insertion of the recording electrode into anterior
optic tracts from the lobula, between the lateral ocellus
and the top corner of the right compound eye. The brain
was exposed by carefully removing the glandular tissues
inside with forceps. The triangular hole was sealed with
a thin layer of gel (1% Agarose type VII, Sigma) to pre-
vent the brain becoming desiccated. A short, fine silver
wire was inserted into the thorax to serve as an indiffer-
ent electrode.

Electrophysiological recording

Before the electrophysiological recordings, the animal
was kept in the recording position for at least 10 min. The
laboratory temperature was 21-23°C. A high-impedance
microelectrode (aluminosilicate capillary glass with a
filament, 0.d. 1.0 mm, i.d. 0.7 mm, Clark Electromedical
GC 100TF-10; pulled by a Flaming-Brown microelec-
trode puller Model PC P-87) with resistances of 180—
200 M{2 (when filled with 2 M potassium acetate) was
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used for intracellular recording. The electrode was held
on the arm of a micromanipulator which advanced it ver-
tically downward. Signals from the microelectrode were
amplified 10 times by a preamplifier, passed through a
Schmitt trigger to detect the response spikes, and moni-
tored on an oscilloscope screen (Tektronix 5103N). Sim-
ultaneously, the signals were sampled, stored and ana-
lysed by an on-line computer (IBM compatible PC 486).
Records were not used if the maximum spike amplitude
was below 20 mV or the membrane potential shifted
more than 10 mV.

Visual stimulation

Visual stimulation was provided by a CRT (Kikusui:
model COS1711 X--Y display, with P31 phosphor) driven
by a video display unit (Picasso: Innisfree stimulus
generator) with screen refresh rate of 183 Hz and a screen
aperture  diameter of 90 mm (subtended visual
angle = 43°). The high frame-rate is essential for work
on bee vision. The screen was placed 120 mm from the
eye of the animal. For measurement of orientation sensi-
tivity, the visual stimulus consisted of a dark bar moving
across the centre of an aperture that subtended approxi-
mately 42° at the eye. The length of the dark bar was
80 mm (subtending an angle of 38.2°), and the width was
21 mm (subtending 10°) or 10 mm (subtending 5°). The
average luminance of the bright background was
4.5 c¢d/m?. The width of the dark bar and the contrast
[Michelson contrast, C = (/. — lnin)/ (Imax+Hmin)] between
the bar and the background could be manually adjusted
on the stimulus generator during the experiment. This
CRT (CRT A in Fig. 5) was sitting on a platform which
allows the CRT to be moved horizontally around the
honey bee to plot the receptive fields of neurons. The
height of the CRT was adjusted to align the centre of the
screen aperture to the antennal basal ring. Another CRT
(Hewlett-Packard: model 1332A X-Y display, with P31
phosphor) with a bright background luminance of
5.7 cd/m?, also driven by the same Innisfree stimulus
generator, was placed squarely in front of the bee head
and used for a simultaneous stimulus to the binocular
zone (Seidl and Kaiser, 1981) of the bee eyes (CRT B
in Fig. 5).

Statistics

The responses for a given stimulus on the same
recorded cell were recorded 10 times to achieve a reliable
data analysis on each orientation. The intervals between
repeats were 5 s. Spontaneous responses during the inter-
vals were also recorded as the background responses. The
number of spikes in response to the total were then aver-
aged point by point in time. There is a large on-transient
of the response, and beyond the transient the response is
down to the noise level after 10 repeats averaged point
by point in time. This on-transient response constantly
appears in each set of responses reported in this paper.
Thus, instead of counting the number of spikes within a
particular time window while the bar moves, the data
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analysed in this paper are based on the number of spikes
per second of the on-transient peak value.

The calculation of orientation tuning-values for the
recorded cells and their most sensitive orientations are
based on a principal components analysis of the response
to each orientation. The principal components analysis
uses the covariance of the orientation response data to
determine the orientations of the major and minor axes
of the data set, i.e. the eigenvectors. The eigen values.
or the variances along the major and minor axes, were
also computed and their square roots, the standard devi-
ations, provided a measure of the strength of the response
along the preferred and non-preferred orientations. The
ratio of the standard deviations along the major and
minor axes were used as estimates of the orientation tun-
ing. This method provided a rigorous evaluation of the
orientation tuning without assuming any particular model
of the tuning mechanism. The orientation tuning is calcu-
lated as the square root of the ratio of the major axis to
the minor axis. Both the peak sensitivity orientation and
the orientation tuning-width are calculated from the cell
responses after the background responses have been sub-
tracted (solid lines in Figs 1 and 4).

RESULTS

General observations

During the experiments, cells were found with both
directional and non-directional responses to motion of a
bar. Since the orientation sensitivity irrespective of the
direction of motion can be measured only on the non-
directional cells, these were studied and the orientation-
sensitivity measurements were performed by moving the
black bar in 13 directions through 0-360° with an inter-
val of 30° between each.

The non-directional cells responded well to the visual
stimulus of a moving bar within their receptive field.
However, when the bar length was decreased to a square
(5x5°) the response decreased to noise level. This obser-
vation confirms the pioneering study of O’Carroll (1993)
in the brain of dragonfly, that the cells respond to an
oriented bar. not to a large spot with similar motion.
Some of the cells also responded to a flashing bar stimu-
lus; however, only very weak responses could be elicited,
possibly due to the dim illumination of the CRT used in
this experiment.

A total of 75 non-directional cells were recorded, but
only 12 of them had a significant orientation tuning of
1.5 or greater. Among these, two directions of peak
orientation sensitivity were found (see Fig. 1). Nine of
the 12 cells were sensitive to a moving bar with a mean
orientation at 113.431£4.87° (type A) and the other three
cells were sensitive to a moving bar with a mean orien-
tation at 248.74+1.79° (type B). The mean orientation
tuning-values are 1.55+0.07 for type A and 1.63+0.06 for
type B (Fig. 1). The receptive fields of the orientation-
sensitive cells are wide in the horizontal plane, covering
the whole receptive field of either the right or the left
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FIGURE . Polar plots of two different orientation-sensitive cell
types. The dash dotted lines show the responses to different directions
without subtraction of background activity: the solid lines show the
responses after background activity is subtracted. (a) Type A. This cell
is most sensitive to movement when the bar orientation is at 115.0°
(vertical = 0°). Orientation tuning is 1.83, with the background activity
subtracted. (b) Type B. This cell is most sensitive to movement when
the bar orientation is at 253.3°. Qrientation tuning is 1.79, with the
background activity subtracted. The bar width (BW) in these experi-
ments was 5°.

eye, including the binocular zone of the eyes (Seidl and
Kaiser, 1981). The receptive ficlds of the three cells of
type B cover the left eye only, the receptive fields of
cells of type A cover either the right or the left eye. No
cells were found with receptive fields covering both eyes.

Velocitv dependence of orientation-sensitive cells

To avoid possible artefacts caused by the different
velocities of bar movement, responses to a bar
(width = 5°) moving in the preferred direction of the cell
were measured with various angular velocities presented
in a random order. The avecraged velocity-sensitivity
curves of six orientation-sensitive cells [type A, Fig.
2(a)] are compared with the same curves from four direc-
tionally sensitive cells [Fig. 2(b)]. Unlike the direc-
tionally sensitive cells, which have an optimal velocity
response (80% of the maximal response) within the range
150-400°/s, the velocity sensitivity curves of the orien-
tation-sensitive cells in either direction, are flat. The
orientation-sensitive cells maintain their maximal sensi-
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FIGURE 2. Velocity-sensitivity curves of orientation-sensitive cells
compared with those of direction-sensitive cells. (a) Average velocity-
sensitivity curves from six type A orientation-sensitive units. The
responses of each unit to different angular velocities were normalized
before the average of all responses was calculated. Solid and dashed
lines show the sensitivity to the two opposite directions along the pre-
ferred orientation. These velocity sensitivity curves are flat for most
velocities and no peak sensitivity can be found in either direction. (b)
Average velocity sensitivity curve from four direction-sensitive units
for comparison. In contrast to the flat curves of orientation-sensitive
cells, the direction-sensitive cells have an average peak sensitivity at
about 200°s, but the sensitivity decreases beyond 500°/s. The bar
width was 5° to both cell types. The velocities were presented in a

random order. Error bars are 1 SD.

tivity from 100°/s to the highest velocity that the appar-
atus could provide, about 2500°/s.

Contrast sensitivity of orientation-sensitive cells

The contrast sensitivity of each orientation-sensitive
cell was measured in the directions of the preferred orien-
tation (shown with a solid line in Fig. 3) and the non-
preferred orientation (shown with a dashed line in Fig.
3). The preferred orientation was first determined by the
bar orientation which induces the strongest response
when compared to the responses elicited by other bar
orientations, according to the orientation tuning-curves
[see Fig. 4(a) and (c)]. The non-preferred orientation is
determined by the bar orientation which is 90° to the
preferred orientation. When the bar width is 5°, the
responses in the preferred orientation in both directions
increase with increasing contrast, and are saturated
beyond a contrast of 35-40%, whereas the responses in
the non-preferred orientation are half of those in the pre-
ferred orientation beyond the saturating contrast [Fig.

3(a) and (c)]. This result is consistent with the data
obtained from behavioural experiments (Fig. 4 in Giger
and Srinivasan, 1996). When the bar width is increased
to 10°, the response in the non-preferred orientation
increases as contrast increases, but the responses in the
preferred orientation also appear as a flat curve beyond
a contrast of 35-40% as before [Fig. 3(b) and (d)]. This
observation was similar when the experiment was perfor-
med in different eye regions, either measured in the front
[Fig. 3(a) and (b)] or in the lateral region of the eye [Fig.
3(c¢) and (d)].

Ovrientation sensitivity in different eye regions

Since the receptive fields of the orientation-sensitive
cells cover the whole field of a compound eye, including
the binocular zone, it would be interesting to see whether
the orientation tuning is the same in different local eye
regions, like the observation of contrast sensitivity
described above. The orientation tuning-curves were
measured in two different eye regions, the binocular zone
and the lateral eye region separated by 90° to each other.
The orientation tuning-curves in Fig. 4 were obtained
from the same cell as Fig. 3. Each curve represents the
mean orientation sensitivity of six repeated measure-
ments. The orientation tuning-curves of the iwo eye
regions tested with the 5° bar are similar with a mean
orientation at about 108° in the binocular zone and 106°
in the lateral eye region, with a mean orientation tuning
of about 1.5 (Table 1). However, the cell had a lower
mean orientation tuning of about 1.3 when tested with a
10° bar (Table 1), and again this can be observed in both
eye regions.

Summation of inputs in different eve regions

The observations so far are that: (1) the orientation-
sensitive cells have wide receptive fields; (2) they have
the same contrast sensitivities and orientation sensi-
tivities measured in the two different eye regions [Fig.
3(a) and (c), Fig. 4(a) and (c)]; (3) they show similar
effects of bar width in both regions (Figs 3 and 4 and
Table 1). Taken together, these observations suggest that
the inputs to the cell could be from many similar orien-
tation-sensitive subunits within the receptive field.

To test this hypothesis, experiments were conducted
in which we presented a moving bar to each of two dif-
ferent eye regions (Fig. 5). The stimuli were presented
to the lateral eye region (CRT A) and the binocular zone
(CRT B). Bars were presented either individually or to
both eye regions simultaneously. Responses to simul-
taneously presented bars were compared with responses
to bars presented individually to the two different eye
regions. The responses to the simultaneous stimulation
in the two regions (CRT A+B) are greater than those to
each of the individual stimuli (CRT A or CRT B); how-
ever, the responses to the simultaneously presented stim-
uli (CRT A+B) are less than the sum of the responses to
the two individual stimulation (CRT A+CRT B). Similar
results were obtained from the two different orientation-
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FIGURE 3. Contrast sensitivities of an orientation-sensitive cell at its preferred (solid lines) and non-preferred (dotted lines)

orientations. Symbols x and OJ show the responses recorded by moving the bar in opposite dircctions at each orientation. (a)

and (b) The stimulus in front of the bee. (¢) and (d) The stimulus presented to the lateral eye at 90° from the mid-line. In

each region, measurements were made with a narrow bar [BW = 5°; (a) and (¢)] and a wide bar [BW = 10°; (b) and (d)]. For

the narrow bar responsc saturation can be observed well below the maximum response of the cell suggesting the presence of
small subunits.

sensitive types [type A, Fig. 5(a): type B, Fig. 5(b)]. All
the responses shown in Fig. 5 are the responses to bar
movement in both directions along the preferred orien-
tation of the two orientation-sensitive cell types. These
results are summarized by three simple expressions:

R(CRTA +B) > R(CRT A)
R(CRTA +B)>R(CRTB)
R (CRT A + B)<R(CRT A) + R(CRT B)

These results, along with the finding that individual
eye regions saturate in their response to contrast well
below the maximum response rate of the cells (Fig. 3),
support the hypothesis that the orientation-sensitive cells
have multiple inputs from many similar subunits within
their receptive fields.

DISCUSSION

This is the first report on the orientation-sensitive neu-
rons of honey bees. Since the honey bee is one of the
most suitable animals in the world for behavioural study
and is commonly available, their ability to discriminate
pattern by orientation cues has been frequently investi-
gated in the last 2 yr. The motivation for the present
study is to describe the physiological properties of single
neurons and compare single neuron properties with the
findings from behavioural experiments on this insect. The
velocity sensitivity, contrast sensitivity and receptive
fields of two types of orientation-sensitive neurons are

described above. The correlations between behavioural
and physiological results are discussed as follows.

A unique system for orientation discrimination

Behavioural experiments by Srinivasan et al. (1993),
using moving and flashed patterns, have demonstrated
that bees do not use directional movement cues to ana-
lyse orientation, and discard the hypothesis that orien-
tation signals are detected by different direction-sensitive
cells (Srinivasan and Lehrer, 1988; Hausen and Egelhaaf,
1989; Goodman et al., 1991; Horridge, 1991; Ibbotson
et al., 1991). The results suggest an independent, special-
ized channel for orientation discrimination in the bee’s
visual system. Moreover, the directional and non-direc-
tional systems differ in terms of velocity sensitivity and
temporal frequency.

Unlike direction-sensitive cells, which have an optimal
sensitivity peaking between 150 and 400°/s, the velocity
sensitivity curves measured from orientation-sensitive
neurons with the same bar width show that these cells
are sensitive to any angular velocity that could be pro-
vided (Fig. 2), indicating that the orientation-sensitive
neurons are distinct from the direction-sensitive motion
detectors. Previous physiological and behavioural studies
on the bee have demonstrated a very good correlation
between direction-sensitive cells and the optomotor
response, respectively, in temporal frequency sensitivity,
which have an optimal response about 8-10 Hz and a
low sensitivity above 10 Hz (Kunze, 1961; Ibbotson and
Goodman, 1990; Ibbotson, 1991, 1992). That the
response of direction-sensitive cells falls off beyond
10 Hz can also be observed in other insects, e.g. butterfly
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3 with a narrow bar [BW =5° (a) and (¢)] and a wide bar

[BW =107 (b) and (d)]. The measurements were made in the front [(a) and (b)] and lateral regions [(c) and (d)]. The averaged
orientation sensitivities in cach point are based on six measurements of orientation tuning. The abscissa of each plot shows
the spike frequency (impulses/s). Error bars are +1 SD.

TABLE I. The mean orientation and mean orientation tuning of the
orientation sensitivity curves shown in Fig. 4 (for six repeats on the

same cell)

Stimulating location Bar width Mean orientation (°) Mean
(°) orientation

tuning
Front of cye 5 108.25+2.67 1.51+0.03
Front of eye 10 152.29+23.11 1.3020.04
Lateral eyve 5 106.9612.05 1.47+0.03
Lateral eye 10 132.73+17.08 1.33+0.0S

The mean orientation tuning of the cell stimulated with a 5° bar is
approximately 1.5, whereas the tuning dropped to 1.3 when it was
stimulated with a 10° bar. This observation is consistent in both
the frontal and lateral eye regions. Errors are standard deviations.

(Ibbotson er al., 1991; Horridge and Marcelja, 1992; Ichi-
kawa, 1994), blowfly (Maddess and Laughlin, 1985),
dragonfly and locust (Horridge and Marcelja, 1992).
Recent behavioural tests using a grating stimulus with
various spatial frequencies on bees indicates that the tem-
poral frequency curves of orientation discrimination con-
sistently go up to about 50 Hz, irrespective of spatial fre-
quency (A. Giger, personal communication).

Three orientation-sensitive channels

With behavioural experiments, Srinivasan ez al. (1994)
were able to infer that the bee’s visual system has at
least three orientation-sensitive channels, with preferred
orientations separated by 60°. Models of the orientation-
sensitive channels predict that orientation tuning-curves
have angular half-widths of about 90°, with responses
not directionally selective to motion (Srinivasan et al.,
1993, 1994). Dragonfly orientation-sensitive neurons
have orientation tuning-curves with angular half-widths
of about 90° (O’Carroll, 1993). All the orientation-sensi-
tive neurons recorded in the present account have the
same angular half-widths and other properties reported
from the dragonfly. Although only two orientational cell
types have been found, there is a fairly good match
between the preferred orientations of these two cell types
and two of the three ideally orientational channels at 60°
to each other, suggested by the behavioural experiments.

Peripheral form vision

Why do the orientation-sensitive cells cover such a
wide field with inputs from orientational subunits? The
answer to this question can be derived from a recent
behavioural study on bees’ peripheral vision with a modi-






