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Abstract We made intracellular recordings from the
photoreceptors of the polarisation-sensitive dorsal rim
area of the cricket compound eye combined with dye
marking. By measuring visual field sizes and optical axes
in different parts of the dorsal rim area, we assessed the
optical properties of the ommatidia. Due to the large
angular sensitivities (median about 20°) and the high
sampling frequency (about 1 per degree), the visual fields
overlap extensively, such that a given portion of the sky is
viewed simultaneously by a large number of ommatidia.
By comparing the dye markings in the retina and in the
optic lobe, the axon projections of the retinula cells were
examined. Receptors R1, R2, R5 and R6 project to the
lamina, whereas R7 projects to the medulla. The microvilli
orientation of the two projection types differ by 90° in-
dicating the two analyser channels that give antagonistic
input to polarisation-sensitive interneurons. Using the
retinal marking pattern as an indicator for the quality of
the intracellular recordings, the polarisation sensitivity of
the photoreceptors was re-examined. The polarisation
sensitivity of recordings from dye-coupled cells was much
lower (median: 4.5) than that of recordings in which only
one cell was marked (median: 9.8), indicating that arte-
factual electrical coupling between photoreceptors can
significantly deteriorate polarisation sensitivity. The
physiological value of polarisation sensitivity in the
cricket dorsal rim area is thus typically about 10.
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Introduction

Apart from the sun, skylight polarisation offers insects a
useful reference system in visual compass orientation or
course control. Crickets (Gryllus sp.) belong to those
insects in which the mechanisms of polarisation vision
have been studied most thoroughly both at the photo-
receptor and interneuron level (e.g. Brunner and Lab-
hart 1987; Burghause 1979; Herzmann and Labhart
1989; Labhart 1988, 1996; Labhart et al. 1984; Nilsson
et al. 1987; Zufall et al. 1989; for a review see Labhart
and Petzold 1993). At the retina level, many of the rel-
evant anatomical, optical and electrophysiological
properties of the polarisation-sensitive photoreceptors
have been described in detail (e.g. Burghause 1979;
Nilsson et al. 1987; Zufall et al. 1989; for a review see
Labhart and Petzold 1993). As in other insects (reviewed
by Labhart and Meyer 1999), polarisation vision in
crickets is mediated by a comparatively small group of
anatomically and physiologically specialised ommatidia
situated at the dorsal rim of the compound eye, an eye
region termed the dorsal rim area (DRA).

When observing the DRA of an intact cricket eye
under a dissecting microscope, two remarkable features
attract attention. First, the DRA has a pale, whitish
appearance, in contrast to the rest of the eye, which is
brown. Histological studies revealed that this is because
the DRA is devoid of screening pigment (Burghause
1979), and as a consequence the visual fields of DRA
ommatidia are very large (Labhart et al. 1984). Second,
compared to the rest of the eye, the DRA appears cu-
riously flat. The virtually absent curvature suggests only
little or no deviation between the optical axes of DRA
ommatidia. In this case, all DRA ommatidia would re-
ceive light from roughly the same part of the sky, es-
pecially when the large visual fields are taken into
account. This thesis could not be tested so far since the
DRA does not exhibit a pseudopupil due to the missing
screening pigment. The cricket DRA is therefore resis-
tant to the elegant pseudopupil approach usually
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employed for measuring optical axes in insect eyes
(compare e.g. Beersma et al. 1977; Zollikofer et al.
1995).

Apart from the optical projection of DRA photore-
ceptors to the sky, the anatomical projections of the
receptor axons to the optic lobe are also uncertain: the
findings of two previous studies of the axon projections
are controversial (Jud and Labhart 1985; Zufall et al.
1989), and the connectivity pattern between photore-
ceptor terminals and polarisation-sensitive interneurons
in the medulla (Labhart 1988) remains elusive so far, in
spite of several experimental attempts (J. Petzold, un-
published observations).

The present study addresses two main questions.
First, we assess the optical properties of the DRA by
measuring the visual field sizes and the optical axes of
ommatidia in different parts of the DRA. Second, we
examine the axon projections of DRA photoreceptors to
the optic lobe. The method of choice to solve both
problems with one and the same approach was to record
intracellularly from photoreceptors in different parts of
the DRA, measure their optical axes and visual fields,
and finally mark the photoreceptors with dye. In this
way, the optical axis of a photoreceptor could be related
to its position in the DRA. Each cell marking in the
retina was further studied under high magnification to
determine which cell within an ommatidium was stained.
This information allowed us to assign the stained re-
ceptor axons in the optic lobe to specific receptor somata
in the retinula. This approach also enabled us to criti-
cally re-examine polarisation sensitivity of DRA pho-
toreceptors by comparing data associated with single-cell
markings with those obtained from dye-coupled cells.
Our findings help understand some of the characteristic
physiological properties of the polarisation-sensitive
neurons found in the cricket’s optic (Labhart 1988).

Materials and methods

Animals

Adult field crickets, Gryllus campestris, were used for the experi-
ments. They were laboratory-bred F1 offspring of crickets collected
in the field. The crickets were kept and bred under long-day con-
ditions (L/D = 14/10 h) at 26 °C or 20 °C, and 60% relative hu-
midity. Lighting was provided by Osram L20W/10S daylight
lamps.

Stimulation

Light was supplied by a 900 W xenon arc lamp. Interference filters
were used to generate quasi-monochromatic light, intensity was
controlled by a neutral-density wedge, and an electromagnetic
shutter provided temporal control of the stimulus. The light was
focused into a flexible light guide the other end of which was
mounted on a perimeter device. For measuring responses to po-
larised light, a linear polariser (HNP’B, Polaroid) was inserted in
front of the exit end of the light guide. The stimulus had a diameter
of 1.0° and a wavelength of 440 nm (except for identifying the
spectral  receptor type) and maximal intensity  was
1.7 x 10" 0 s™' em™. For stimulation with flashes, 100 ms light

pulses were used and the interstimulus interval was 5 s (visual field)
or 10 s (polarisation sensitivity).

The spectral type of a photoreceptor was identified by four
successive monochromatic flashes (adjusted to equal quanta), i.e.
341 nm, 440 nm, 520 nm and 341 nm again. Angular sensitivities
were measured along two axes approximately parallel (x-axis) and
orthogonal (y-axis) to the long axis of the dorsal rim area using
series of flashes at intervals of 4°. Polarisation sensitivity (PS) was
measured by an 18° e-vector series of flashes covering 360°. Inter-
spersed between these measurements R/logl functions were taken
using 0.3 log intensity series of flashes. To assess the e-vector of
maximal sensitivity ®@,., the photoreceptors were stimulated with
continuous light with the polariser rotating constantly from 0° to
360° and back with an angular velocity of ca. 80° s™'. Two methods
were used to determine the optical axis of a receptor. (1) A
“searchlight” consisting of a tiny incandescent light bulb was
moved manually within the visual field of a photoreceptor and the
position of maximal receptor response was noted. (2) The maxima
of the x- and y-angular sensitivity functions were determined.

Preparation, recording and dye labelling

Crickets were waxed to a stage, their head was centred in the pe-
rimeter and oriented for suitable electrode approach. A small piece
of cornea of the right eye was cut away with a razor-blade fragment
as far away from the dorsal rim area as possible. The opening was
immediately sealed with a thin layer of Vaseline using a warm
heating coil. Borosilicate-glass micropipettes filled with 4% Neu-
robiotin (Vector Laboratories) in 2 mol-1™' KCl were introduced
into the retina through this opening and advanced to the dorsal rim
retina. Intracellular signals from photoreceptors were measured
using a high-impedance electrometer (M707, World Precision In-
struments) and monitored with an oscilloscope. Cell responses,
polariser orientation and shutter state were recorded on a DAT
recorder (DTR 1800, Bio-Logic). After the electrophysiological
experiments, the photoreceptors were iontophoretically marked
with Neurobiotin using 1 to 3 nA depolarizing d.c. current for 10—
20 min.

Experimental protocol

After impaling a photoreceptor, its spectral class was checked with
flashes at three wavelengths corresponding to the maximal sensi-
tivities of the three spectral types in the cricket’s compound eye.
Blue receptors, which are present in the dorsal rim area only
(Labhart et al. 1984), were further tested by first measuring the
optical axis with the searchlight method (this stimulus position was
maintained for all further measurements except for angular sensi-
tivity). Then, the angular sensitivities in the x- and y-axis were
measured with the two axes intersecting in the optical axis obtained
with the searchlight, and subsequently PS was tested. Interspersed
between these measurements, R/log I functions were taken. Finally,
the e-vector response was recorded with the rotating polariser for
assessing ®,.. After these tests the photoreceptor was marked
with Neurobiotin. A final test with the rotating e-vector served to
confirm that the ®,,,, orientation was unchanged after iontopho-
resis. In each eye, two or three photoreceptors in different parts of
the dorsal rim area were tested and marked in this way. After
removing the cricket from the setup, the pseudopupils of the dorsal
eye part of the two eyes (next to the dorsal rim area) were com-
pared under axially incident light to check for possible shifts of the
optical axes due to the preparation procedure.

Evaluation of electrophysiological data

Angular and polarisation sensitivity functions were calculated from
the response functions and the R/log I functions. Optical axes were
defined by the coordinates of maximal sensitivity in the x- and y-
angular sensitivity functions. The perimeter coordinates were



converted to values related to the cricket’s natural head position
(Labhart et al. 1984). Acceptance angles are given by the width of
the angular sensitivity functions at the 50% sensitivity level. Since
the stimulus did not move on an exact great circle in most of the x-
angular sensitivity measurements, the perimeter readings had to be
corrected. No acceptance angles were determined for photorecep-
tors in which the optical axis obtained with the searchlight deviated
significantly from the optical axis defined by the angular sensitivity
functions: criterion was at least 80% sensitivity at the former po-
sition in both the x- and the y-angular sensitivity functions (devi-
ation mostly <4°, in a few cases 6°).

PS is defined as the ratio between maximal and minimal sen-
sitivity to the e-vector of polarised light. @, was determined from
the photoreceptor’s response to the rotating e-vector. Smoothed
traces were displayed on a computer screen and ®,,,, was deter-
mined by aligning a measuring cursor with the response maxima.
At least two traces obtained with each sense of e-vector rotation
were evaluated and the ®,,,, values were averaged, thus eliminating
effects of response delay. ®,,,, values are represented graphically
(Fig. 2b) in a zenithal projection of the celestial hemisphere at their
respective positions of optical axis (searchlight values). There, they
are represented as bars oriented with reference to the respective
meridians (see Fig. 2a in Schwind and Horvath 1993).

Histology of intracellular dye markings

The cricket head was immersed in fixative and the eye including
the optic lobe was removed. After cutting open the ventral part of
the eye, the preparation was fixed for 2 h at room temperature in
4% paraformaldehyde in 0.1 mol-17' phosphate buffer (pH 7.4).
After rinsing the preparation in 0.1 mol-1™' phosphate buffer
overnight, it was rinsed in water for 10 min and dehydrated with
2,2-dimethoxypropane. To make the tissue more permeable to the
dye complex (see below) it was treated with 100% ethanol
(30 min.), rehydrated with an ethanol series, and immersed in
0.5mol-1"' NaCl in 0.1 mol-1"! bicarbonate buffer (pH 8.2;
2 x 10 min.). To attach a fluorescence marker to the Neurobiotin,
the tissue was incubated with a Texas Red/Avidin complex (Texas
Red Avidin DCS, Vector Laboratories; 20 pg ml™!) in 0.1 mol 17!
bicarbonate buffer containing 0.1% Tween at 7 °C overnight.
After rinsing with bicarbonate buffer and water, the preparation
was dehydrated with 2,2-dimethoxypropane, immersed in acetone
(30 min), acetone/Epon (2 h) and embedded in Epon 812 (1 h at
50 °C and overnight at 65 °C). Cross-sections (5 pm thick)
through the retina of the dorsal rim area were made with glass
knifes on an ultramicrotome (Om U3, Reichert). By maintaining
this section plane for the optic lobe we obtained longitudinal
sections with respect to the receptor axons. They were 16 pm
thick and were made with a heated (68 °C) steel knife on a Rei-
chert/Jung microtome.

Evaluation of intracellular dye markings

The sections were viewed and drawn with a fluorescence micro-
scope (Zeiss Axiophot) using a Rhodamin filter set. Maps of dorsal
rim area cross-sections containing the orientations and positions of
the ommatidia were drawn using a drawing tube, and the positions
of dye-labelled ommatidia were marked. This was done by using
phase-contrast and fluorescence microscopy in combination (Zeiss
objective Ph2 40x/0.75) using a small drawing tube magnification.
Labelled ommatidia were also drawn more strongly enlarged to
record the position of the labelled photoreceptors within the om-
matidia (Zeiss Ph2 40x/0.75 or 63x/1.40). To correct for differently
sized eyes (number of dorsal rim ommatidia is about 530-680 as
counted in eight eyes) ommatidial positions were entered in a
template dorsal rim area having a normalised length of 1.0 repre-
senting the number of ommatidia in the long axis of the dorsal rim
area. The photoreceptors within each ommatidium were numbered
according to Burghause (1979). Axonal projections were drawn
with a 40x/0.75 objective.

121
Retrograde labelling of photoreceptors

Crickets were anaesthetised with CO, and a window was cut in the
head capsule to expose the optic lobe. A small incision was made in
the dorsal part of the optic lobe with micro-scissors, a tiny crystal
of Fluoro Ruby (Molecular Probes) was inserted into the lesion,
and the head capsule was sealed with Vaseline. After 2 h the eye
including the optic lobe was removed, fixed in 4% paraformalde-
hyde in 50 mmol 17! cacodylate buffer (pH 7.4, 500 mosmol I7') at
room temperature for 2 h, rinsed with 50 mmol-1"" cacodylate
buffer, dehydrated with an ethanol series and embedded in Epon
812 as above. Cross sections (5 pm thick) through the retina of the
dorsal rim area were made, and viewed and photographed with the
fluorescence microscope (see above).

Results
Visual fields

The DRA of the cricket eye is characterised by peculiar
optics: the ommatidia are devoid of screening pigment
and the outer surface of the corneal lenses is flat
(Burghause 1979; Ukhanov et al. 1996). As previously
demonstrated electrophysiologically, the degraded op-
tics strongly extends the visual fields of DRA ommatidia
and induces a high variability of visual field size (Lab-
hart et al. 1984). The present study confirms these
findings. Visual field sizes (half widths of angular sen-
sitivity functions) ranged from 6° to 67° along the x-axis
(parallel to the long axis of the DRA), and from 6° to
37° along the y-axis (orthogonal to the long axis of the
DRA), with median values of 20° and 22°, respectively
(n = 19). In very large visual fields, the half widths were
larger along the x-axis than along the y-axis. The nar-
rowest sensitivity functions (half-widths < 10°) correlat-
ed with cell markings in ommatidia positioned in the
lateral third of the DRA, i.e. near to the border of the
unspecialised eye part. These ommatidia do contain
some screening pigment distally, i.e. in the primary
pigment cells (Brunner and Labhart 1987), in contrast to
the more medially positioned ommatidia, which are
completely pigment-free (Burghause 1979; T. Labhart,
unpublished observations).

Topological relation between optical axes
and retinal position

In a compound eye, there is an exact topological relation
between points in space and position of ommatidia in
the retina. Is this order conserved in the cricket DRA
despite the coarse optics? As found by comparing optical
axes and retinal positions of pairs of dye-marked pho-
toreceptors, this seems to be true in principle. In 14 out
of 16 pairs of receptor cells the antero-posterior order
was the same for optical axis and retinal position, and
just in two pairs involving especially large visual fields
the order was slightly reversed (14 crickets studied).
Representative data are given in Fig. 1A. On the left side
of the figure, the retinal positions of the marked
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Fig. 1A, B Topological relation between retinal position and optical
axis in photoreceptors of the dorsal rim area of the eye. The left side of
graphs shows the positions of dye-marked photoreceptors in the retina
(template of the dorsal rim area; see Materials and methods). On the
right side, the corresponding optical axes are indicated on the celestial
hemisphere. A Data from 3 crickets (see different symbols). The
arrows connecting the symbols indicate the antero-posterior order in
the retina. B Data from 14 crickets. The dye-marked photoreceptors
are grouped according to their retinal positions (see different symbols).
a anterior, p posterior, / left, numbers indicate elevation

photoreceptors were entered in a template of the crick-
et’s right DRA, with the different symbols representing
three different crickets (the template corrects for differ-
ent eye sizes; see Materials and methods). On the right
side, the corresponding optical axes are projected on the
celestial hemisphere. Note that the optical axes of dorsal
rim ommatidia are directed to the contralateral side
(see also Labhart et al. 1984). In all but one of these

examples, both optical axes and retinal positions change
in the same sense (see arrows between data points). In
Fig. 1B the retinal positions of the marked receptors of
all 14 crickets are entered in the template DRA and
grouped according to their positions with respect to the
DRA long axis (see different symbols). For the optical
axes, the order of those groups is maintained, confirming
the findings based on the individual crickets; namely, the
topological relation between space and retinal position is
generally maintained along the long axis of the DRA,
meaning that different parts of the DRA are directed to
different parts of the sky.

To estimate the spatial sampling frequency (Snyder
1979) of the ommatidial array in the long axis of the
DRA, the retinulae encountered along a straight line
between two marked receptor cells were counted, and
the angle between the optical axes was calculated. By
dividing retinula count by angular distance, one arrives
at a sampling frequency of slightly more than 1 per de-
gree (average 1.15 per degree, range 0.9-1.4 per degree,
n = 7). A comparison of this figure to the wide angular-
sensitivity profiles of some 20° half-width shows that the
visual fields of DRA ommatidia overlap extensively. The
optical axes of the two middle groups of marked re-
ceptors are very close (see Fig. 1B); this may indicate
that sampling frequency in the middle part of the DRA
is higher than in the anterior and posterior section. Since
no marking series were made orthogonal to the DRA
long axis, the sampling frequency in this direction can
only be estimated. By comparing the distribution of the
optical axes (Fig. 1B) with the width of the DRA
(number of retinulae, Fig. 2A), and considering some
noise in the optical axis data, one arrives at a sampling
frequency orthogonal to the DRA of at least ca. 0.4.

Projections of receptor cell axons

The present study of axon projections of DRA photo-
receptors was prompted by two previous, contradictory
reports. Whereas Zufall et al. (1989) detected both fibres
terminating in the lamina (short visual fibers, SVFs) and
in the medulla (long visual fibres, LVFs), Jud and Lab-
hart (1985) found that all DRA photoreceptors gave rise
to LVFs. Unlike the previous authors, here we studied
the anatomy of dye-marked receptors in both the optic
lobe and the retina, which allowed us to assign axon
projections to specific receptor somata in the retinula.
In cross-section, the rhabdoms of the ommatidia in
the DRA have characteristic trapezoidal shapes (Fig. 2A
inset). At a distal level, the five receptor cells R1, R2, RS,
R6 and R7 form the rhabdom (Burghause 1979). Prox-
imally, the short cell R8 also contributes to the rhabdom
between R1 and R7. R3 and R4 do not form any mic-
rovilli. Burghause (1979) based the identification of re-
ceptor cells within the retinula (cell numbers) on the
arrangement of the crystalline cone processes that run
between the receptor somata. As two types of crystalline
cone arrangement occur in the eye, cell numbering is
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Fig. 2 A Distribution and orientation of retinulae in the dorsal rim
area of the eye. Schematic drawing of a cross-section through the
dorsal rim area of a right eye. The Ts indicate the position and
orientation of the retinulae. The inset shows an enlarged cross-section
through an ommatidium with the white inscribed T defining the Ts
used in the figure. The short, proximal cell RS is not visible in this
distal section. B E-vector of maximal sensitivity ®,,,, of dorsal rim
photoreceptors R7. @y, (bars) is indicated on the celestial hemisphere
(for conventions, see Materials and methods) with the position of the
centres of the bars indicating the optical axes of the cells. For
recordings from cells other than R7 the @, values were corrected by
90°. The bars thus indicate the orientation in space of the analyser
channel represented by R7. a anterior, p posterior, / left, r right

either clockwise or anti-clockwise. In light-microscopical
sections, R7 is easily recognised by its position at the
base of the trapezoid formed by the rhabdom. However,
our light-microscope inspection did not reveal the crys-
talline cone projections or allow reliable identification of
unmarked R8 cells. We were thus unable to discriminate
R1 from R6 (the cells flanking R7), and R2 from RS
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(the cells forming the narrow end of the rhabdom) in our
retinal cross-sections.

Our first approach to study axon projections was to
mark the photoreceptors in the retina by intracellular
injection of dye. In about half of our markings, more
than one receptor cell of an ommatidium contained dye
or cells in more than one ommatidium were stained. In
these cases, it was impossible to assign projection types
to receptor somata. Regarding single-cell markings only,
we found that all stained R7 somata projected to the
medulla (n = 10). All R1/6 cells (n = 4) and a R2/5 cell
(n=1) terminated in the lamina (for examples see
Fig. 3). We did not succeed in marking cell R§. Multiple
cell markings did not contain more than one LVF per
ommatidium. Thus, we tentatively concluded that R7
has a LVF, whereas R1, R2, R5 and R6 have SVFs. This
thesis was tested by a second approach, which was to
stain the photoreceptors by the retrograde labelling
technique. When dye was applied to the lamina, all
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R7+R2/5 g
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Fig. 3 Projections of photoreceptor axons to the optic lobe. Results
of intracellular dye-markings in three crickets are shown. In each
cricket, dye was injected intracellularly at two or three positions of the
dorsal rim area. The upper left of the drawings shows the staining
pattern as observed in cross-sections through the retinulae. Axon
projections were drawn from horizontal sections through the optic
lobe. L lamina, M medulla, a anterior, p posterior, scale bar (for axon
drawings) 50 um

receptor somata were marked in retinal cross sections.
When dye was applied to the medulla, the somata of R7
and R8 were marked. These data are in accordance with
our previous conclusions. In addition, R8 seems to have
a LVF (but see Discussion). Thus, for the large cells we
can safely conclude that receptor R7 has a LVF pro-
jecting to the medulla, whereas receptors R1, R2, R5
and R6 have SVFs terminating in the lamina.

Although in our intracellular dye markings the dis-
crimination between SVFs and LVFs was unequivocal,
further categories based on branching patterns could not
be made (compare also Zufall et al. 1989). The observed
branching patterns were quite variable, either naturally
or due to variability in the staining process. Note,
however, that the axons of R7 branch both in the lamina
and the medulla and, like in other eye parts, are subject
to an antero-posterior chiasma.

Polarisation sensitivity
PS varied widely between recordings. PS values ranged

from 1.6 to 29 with a median of 6.2 (n = 40; Fig. 4A).
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Polarization sensitivity

Fig. 4A-D Polarisation sensitivity (PS) of photoreceptors in the
dorsal rim area of the eye. Comparison between single- and multiple-
cell recordings (classification based on intracellular staining pattern).
A All recordings (median PS = 6.2, n = 40). B Multiple-cell record-
ings in which the microvilli orientations of the dye-coupled cells
differed by 90° (median PS = 4.5, n = 20). C Single-cell recordings
(median PS = 9.8, n = 18). D Multiple-cell recordings in which the
microvilli orientation of the dye-coupled cells was the same (PS = 11.7
and 182, n=2)



What could be the reason for this large scatter? PS can
be strongly affected by electrical coupling between
photoreceptors when coupling occurs between cells that
are tuned to different e-vectors. In our study, we could
discriminate between single- and multiple-cell recordings
by using dye-coupling as an indicator for electrical
coupling. We could also determine whether coupling
was between cells tuned to the same or to a 90° different
e-vector, in the following way: in microvillar photore-
ceptors, the e-vector of maximal sensitivity ®,,,, is in-
dicated by the orientation of the microvilli (e.g.
Goldsmith and Wehner 1977; Hardie 1984; Kirschfeld
1969). The microvilli orientation, in turn, can be read
from a photoreceptor’s position in the ommatidium with
the light microscope (see Fig. 2A inset).

PS of multiple cell recordings involving different @,
ranged from 1.6 to 10.8 with a median of 4.5 (n = 20;
Fig. 4B). In single-cell recordings, PS values were gen-
erally higher, ranging from 4.6 to 29 with a median of
9.8 (n = 18; Fig. 4C). Thus, the PS values of single- and
multiple-cell recordings differ markedly (P < 0.0001,
Mann-Whitney U-test). PS was also high (11.7 and 18.2)
in the two cases in which coupling was between cells
having the same ®,,,, (Fig. 4D). We found no signifi-
cant difference in PS between single cell recordings from
R7 (range 4.6-29, median 10.8, n = 11) and from R1/6
or R 2/5 (range 5.5-15.3, median 8.5, n =7; P =0.5).

Discussion

Optical properties of the dorsal rim area

With half-widths of some 20° (median), the visual fields
of DRA ommatidia are much wider than the visual fields
of ommatidia in the unspecialised, dorsal part of the eye
(6°; Labhart et al. 1984). There are several factors that
widen the visual fields in the DRA. (1) The ommatidia
lack screening pigment either completely or within the
receptor cells, thus abandoning optical separation
(Brunner and Labhart 1987; Burghause 1979). (2) The
rhabdoms of the DRA are much wider than in the rest of
the eye (Burghause 1979). (3) Compared with the lenses
of regular ommatidia, the lens curvature is altered in
such a way that the ommatidia become under-focused
(Ukhanov et al. 1996).

The strong variability of visual field size, as found
both in the present and in our earlier study of the cricket
DRA (Labhart et al. 1984), is unusual. Could this
variability arise due to variable degrees of damage in-
flicted to the optics while preparing the eye for recording
or during the experiments by the electrode tip? For the
following reasons we think that the strong variability of
visual field size is not an artefact. First, there is an in-
herent variability of the optical properties of DRA
ommatidia both regarding the content of screening
pigment (Brunner and Labhart 1987; Burghause 1979),
and optical quality and focal distance of the facet lenses
(Ukhanov et al. 1996). Second, in both the present and
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our previous study (Labhart et al. 1984), we found the
pseudopupil of the unspecialised eye part next to the
DRA undisturbed, and control recordings from this area
revealed small visual fields.

At least along its long axis, the DRA has a sampling
frequency of about 1 per degree, which is quite high by
insect standards. For comparison, we measured spatial
resolution in the unspecialised eye part next to the DRA
(parallel to the DRA long axis) using the pseudopupil
method, and found a sampling frequency of 0.4-0.5 per
degree. Thus, the unpigmented DRA has a higher
sampling frequency than the dorsal part of the eye that is
composed of regular, pigmented ommatidia. This may
seem paradoxical at first glance.

Our data show that a topological relation between
retinal position and optical axis does exist in the DRA,
at least in the DRA long axis, meaning that ommatidia
in the anterior part of the DRA are directed to the an-
terior part of the DRA’s visual field, whereas ommatidia
in the posterior part of the DRA are directed to the
posterior part of the visual field (see Fig. 1). However,
compared to the size of the visual fields, the divergence
between the optical axes is so small that the ommatidia
within a given section of the DRA receive light from
practically the same area of the sky. Evidently, the high
sampling frequency does not serve to increase spatial
resolution in the DRA but to increase overlap of the
visual fields, an effect that is boosted by the extreme
width of the visual fields.

What could be functional significance of the peculiar,
rather degraded optics in the DRA? Before answering
this question, we must consider some background
details. The e-vector information collected by the
polarisation-sensitive photoreceptors of the DRA is
processed by so-called POL-neurons (Labhart 1988). In
these neurons spike activity is a sinusoidal function of
e-vector orientation with an excitatory and an inhibitory
part, and with the maxima and the minima 90° apart.
Thus, POL-neurons are polarisation-opponent neurons
receiving input from two analyser channels with or-
thogonal orientations of maximal sensitivity (Labhart
1988). The two analyser channels are represented by the
two sets of photoreceptors with orthogonally arranged
microvilli, which are present in each ommatidium of the
DRA (see Fig. 2A inset; Burghause 1979). Each POL-
neuron receives antagonistic input from a large number
of dorsal rim ommatidia (Helbling and Labhart 1997;
T. Labhart, unpublished observations). There are three
types of POL-neuron that are tuned to different e-vector
orientations, about 10°, 60° and 130° with respect to the
body axis (Labhart 1988; Labhart and Petzold 1993;
Petzold 2000). The orientation of the ommatidia within
the DRA, as defined by the transverse axis of the ret-
inula, is variable (see Fig. 2A) and it is assumed that
each tuning type of POL-neuron selectively collects
input from appropriate ommatidia with more or less the
same orientation. The orientations of the dorsal rim
ommatidia exhibit the pattern of a distorted fan (see
Fig. 2A) such that each part of the DRA contains
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differently oriented ommatidia in a semicircular ar-
rangement. Thus, each tuning type of POL-neuron could
potentially receive input from ommatidia along the
whole DRA. This anatomy-based assumption was con-
firmed by electrophysiological recordings from POL-
neurons in which different parts of the DRA were
selectively stimulated: Each tuning type of POL-neuron
responded to exclusive stimulation of either the anterior,
the middle or the posterior part of the DRA, and in each
tuning type the tuning angle was the same for all three
stimulus conditions (Helbling and Labhart 1996, 1997).
These data are in accordance with the finding that the
visual fields of the three tuning types of POL-neuron are
very similar and that the tuning angle of each type is
constant within the whole visual field (Petzold 2000).
With a diameter of about 60° the receptive field of POL-
neurons is large (Petzold 2000). Evidently, the large re-
ceptive field is a result of both optical integration at the
receptor level and neuronal integration by the POL-
neurons (see above). Using an opto-electronic model of
a POL-neuron, the signals these large-field neurons
receive from the natural polarisation pattern of the sky
were studied in detail (Labhart 1999).

Let us now return to our question about the signifi-
cance of the special optics in the DRA. Based on field
measurements with an opto-electronic model of a POL-
neuron, Labhart (1999) demonstrated that the large re-
ceptive field acts as a spatial low-pass filter, evening out
local disturbances of the polarisation pattern, that are
caused by clouds. This way, precise directional infor-
mation can be gained from skylight polarisation even
under cloudy skies (Labhart 1999). At the retina level,
the small interommatidial angles, the large visual fields
and the presence of retinulae with different orientations
in any part of the DRA ensure that a given portion of
the sky is viewed simultaneously by a large number of
ommatidia containing a range of different analyser ori-
entations. This conclusion is supported by our data on
the e-vectors of maximal sensitivity @, (see Fig. 2B).
Even in cells with similar optical axes, the @, values of
R7 cells vary strongly. Thus, the cricket DRA would
principally fulfill the preconditions for e-vector analysis
by the “‘simultaneous” mechanism (Kirschfeld 1972;
Edrich and von Helversen 1987), whereby the responses
of the three tuning types of POL-neuron are compared
to determine the e-vector (Labhart 1988). In the Can-
arian cricket Cycloptiloides canariensis, the degradation
of the optics in the DRA is even stronger (Egelhaaf and
Dambach 1983): apart from missing screening pigment,
the DRA completely lacks corneal facetting and is de-
void of crystalline cones, such that the giant rhabdoms,
that are oriented approximately in parallel, must all have
virtually identical and huge visual fields.

Projections of receptor cell axons

Our data clearly corroborate the findings of Zufall et al.
(1989) that the cricket DRA contains both photo-

receptors with axons terminating in the lamina (SVFs)
and receptors with axons projecting to the medulla
(LVFs). As shown here, R7 gives rise to a LVF, whereas
R1, R2, R5, and R6 have SVFs. The receptor cell
recordings and markings reported by Jud and Labhart
(1985) were thus probably all of the large R7 cell. R8
seems to have a LVF. However, the data for R8 are less
conclusive than for the large retinula cells since they are
based on retrograde labelling only. After dye application
to the medulla, R8 was not marked as consistently as
R7. We cannot completely exclude that R8 terminates
very proximally in the lamina and may have been
stained due to diffusion of dye within the optic lobe.

The microvilli of R7 (LVF) are oriented orthogonal
to those of R1, R2, RS, and R6 (SVFs); the two groups
of receptors represent the two analyser channels that
give antagonistic input to the POL-neurons (see above).
The transmitter of insect photoreceptors seems to be
histamine (reviews: Nissel 1999; Stuart 1999). Specifi-
cally, using immunohistochemistry histamine was also
detected in the SVFs and LVFs of the cricket DRA
(Bornhauser and Meyer 1997). In all known cases, in-
cluding the photoreceptor/monopolar synapse of the fly
compound eye (Hardie 1989), histamine has an inhib-
itory action in the arthropod nervous system (Nissel
1999). The dendrites of the POL-neurons project to the
dorsal rim section of the medulla (Labhart and Petzold
1993; Petzold 2000). Although not demonstrated, it is
thus possible that the LVF of R7 directly connects to
the POL-neuron in the medulla. Speculating that it
does, R7 would represent the inhibitory analyser
channel. The other receptors (with SVFs) must neces-
sarily connect to the POL-neuron by at least one
intermediate neuron, which could also serve for sign
inversion to act as the excitatory channel. The results
of a few pharmacological experiments are compatible
with this model (H. Helbling, unpublished observa-
tions). However, a presynaptic antagonistic mechanism
with the SVFs acting (inhibitory) on the LVFs in the
lamina, cannot be ruled out.

The role of the short, proximal R8 is not clear. It has
probably a LVF (see above) but the microvilli run or-
thogonal to those of the only other LVF, R7 (Burghause
1979; Labhart and Keller 1992; T. Labhart, unpublished
observations). Using electron-microscopical sections at
different levels along the ommatidium, we have specifi-
cally examined the ultrastructure of R8 in the DRA
(T. Labhart, unpublished observations). Cell R8 seems
to be a fully functional though small photoreceptor. The
microvilli orientation in the small rhabdomere shows as
little variation along the retinula as in the rhabdomeres
of the larger cells. R8 can thus be expected to be quite
strongly polarisation sensitive. On the other hand, the
volume of the rhabdomere is only about 2.5% of the one
of R7, or 1% of the total rhabdomere volume of R1, R2,
R5 and R6. Thus, R8 is about two orders of magnitude
less sensitive than any of the two putative analyser
channels, and its contribution to polarisation vision can
probably be neglected.



Polarisation sensitivity

Combining intracellular recording and dye marking al-
lowed us to discriminate between recordings from single,
electrically isolated photoreceptors and multiple-cell re-
cordings. We regard coupling between photoreceptors in
the DRA of crickets as an artefact resulting from
membrane damage by the electrode tip (Autrum and von
Zwehl 1964) for the following reasons. (1) We found no
consistent pattern of dye coupling between the different
retinula cells. Coupling was either present or absent, and
occurred between any neighbouring retinula cells, even
between adjacent ommatidia. (2) For obvious reasons
and as demonstrated in this study, coupling between
photoreceptors with 90° phase-shifted e-vector response
functions reduces PS, which compromises appropriate
e-vector discrimination in polarisation vision. For opti-
mal performance, the two analyser channels consisting
of R7 and R1, R2, R5 and R6 (Fig. 2A inset) must be
kept electrically separated before they interact antago-
nistically in the polarisation-opponent POL-neurons
(Labhart 1988).

After sorting out the data of coupled cells, the broad
distribution of PS values approached a more normal
distribution (compare Figs. 4A and 4C) except for a few
very large values. Exact estimates of large PS values are
difficult because the receptor responses may become very
small and thus noisy near the e-vector of minimum
sensitivity. Using the median instead of the arithmetic
mean for estimating typical PS takes care of this prob-
lem as it reduces the weight of very high and inexact
values.

Since previous examinations of PS in the cricket
DRA did not include dye marking, screening for single
cell recordings was not possible (Gribakin and Ukhanov
1993; Labhart et al. 1984). Interestingly, median PS in
these studies (6.2 and 6.5, respectively) was the same as
the median calculated for our pooled single and multi-
ple-cell recordings (6.2) suggesting similar samples (for-
mer median values are based on raw data of Labhart
et al. 1984, and as read from Fig. 7 in Gribakin and
Ukhanov 1993). Although Zufall et al. (1989) did mark
their recordings, they did not analyse the retina for re-
ceptor cell type and multiple cell markings. In addition,
their sample is small (» = 7) with an average PS of 6.5
(no raw data available to calculate the median).

We found no difference in PS between R7 and the
cells R1, R2, R5 and R6. This is in accordance with the
finding that the degree of microvillar alignment along
the rhabdom is similar for all retinula cells (£9°; Nils-
son et al. 1987, and unpublished data). However, since
the DRA rhabdoms are composed of two unequal
microvillar blocks with a ratio of 2:1 (see Fig. 2A inset)
lateral filtering might enhance PS in R7 (which forms the
smaller block) relative to the other retinula cells (cf.
Nilsson et al. 1987). Seemingly, this effect is impaired by
the absence of screening pigment in the DRA: lateral
filtering acts only on light that is guided within the
rhabdoms, but much of the light absorbed by the DRA
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receptors is not guided (Nilsson et al. 1987). In addition,
scattering effects within the pigment-free retina may also
influence PS (“‘scattering polarizer”, see Gribakin and
Ukhanov 1993). Our data give no indication for differ-
ent PS classes of photoreceptors within the ommatidium
(see Gribakin and Ukhanov 1993).

In conclusion, PS of photoreceptors in the DRA of
crickets is typically about 10. Clearly, in order to avoid
interference by coupling artefacts, screening for single-
cell recordings was of utmost importance for a reliable
estimate of PS.

Conclusions

The present findings help understand some of the char-
acteristic physiological properties of the cricket’s POL-
neurons. (1) The wide visual fields of the POL-neurons
are a consequence of the large area covered by the
photoreceptors of the DRA — both due to the large ac-
ceptance angles and the spread of the optical axes
(Fig. 1B) — combined with pooling of information from
a large number of photoreceptors (T. Labhart, unpub-
lished observations). (2) All three tuning types of POL-
neuron receive input from photoreceptors along the
whole DRA (Helbling and Labhart 1996, 1997) and
their visual fields are quite similar (Petzold 2000). These
properties are based on the presence of differently ori-
ented ommatidia in all parts of the DRA (Fig. 2A). (3)
The polarisation-opponency of the POL-neurons (Lab-
hart 1988) is reflected by the different axon projection
patterns of the two photoreceptor populations that
represent the two opponent analyser channels (Fig. 2A
inset, Fig. 3). (4) The high e-vector selectivity of the
POL-neurons — even at low degrees of polarisation
(Labhart 1996) — is based on both the high PS of the
photoreceptors (Fig. 4C) and the polarisation-opponent
mechanism (Labhart 1988).
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