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Abstract Desert ants, Cataglyphis bicolor (Hymen-
optera), navigate by using compass information
provided by skylight polarization. In this study, elec-
trophysiological recordings were made from polari-
zation-sensitive interneurons (POL-neurons) in the
optic lobe of Cataglyphis. The POL-neurons exhibit
a characteristic polarization opponency. They re-
ceive monochromatic input from the UV receptors
of the specialized dorsal rim area of the compound
eye. Both polarization opponency and monochro-
macy are features also found in the POL-neurons of
crickets (Orthoptera).

Introduction

Desert ants, Cataglyphis sp. (Formicidae, Hymenop-
tera), are impressive navigators. To find their way
during their extended foraging excursions in often
featureless terrain they rely mostly on the direction-
al information offered by the e-vector pattern of
skylight polarization. There are a host of behavioral
experiments dealing with the polarization compass
of Cataglyphis (reviews: Wehner 1997, 1998), but
physiological data on the underlying neuronal mech-
anisms are restricted to the level of the retina. Elec-
trophysiological recordings from the ant’s photore-
ceptors (Labhart 1986) confirmed the behavioral
finding (Fent 1985) that polarization vision is me-
diated by the strongly polarization-sensitive photo-
receptors in the dorsal rim area (DRA) of the com-
pound eye, the eye region dedicated to the analysis
of skylight polarization. The present study is a first
attempt to unravel the properties of interneurons
processing e-vector information in Cataglyphis. The
findings are compared with those from the physiol-
ogically well studied field cricket, Gryllus campestris
(Orthoptera; e.g., Labhart 1988, 1996, 1999; Labhart
and Petzold 1993).

Methods

A colony of desert ants, Cataglyphis bicolor, col-
lected in Tunisia was kept in an artificial nest that
was connected to a small foraging arena
(55!55 cm). To roughly simulate natural lighting
the arena was lit by partially polarized light using
daylight lamps (Osram L20W/10S) and a large po-
larizer (Polaroid HN38) combined with a diffusing
screen covering most of the arena. Using a conven-
tional electrophysiological setup, I made recordings
from interneurons in the right optic lobe (medulla).
Micropipettes pulled from quartz capillaries had to
be used to penetrate the tough glial sheath around
the optic lobe (Laser Puller P-2000, Sutter Instru-
ment). The compound eyes were stimulated with a
wide-field polarized light stimulus that had its center
at zenith (with respect to natural head position) cov-
ering about 80% of the total visual field of the DRA
(polarizer HNP’B backed with a diffuser providing
100% polarization over a circular area of 757 dia-
meter; xenon arc white light or broad-band UV). To
ensure that observed e-vector responses of neurons
were mediated by the DRA (and were not a result
of stray light stimulating other eye parts), most of
the non-DRA part of the compound eye and the
ocelli were blinded by black paint. To assess the vis-
ual field of polarization-sensitive neurons the stimu-
lus size was restricted to 207 by using a circular
blind. In most experiments the eyes were contin-
uously stimulated with the e-vector orientation ro-
tating at 757/s; in a few experiments 0.57s flashes with
different e-vector orientations were applied. Neuron
activity (in AC mode) and a signal coding e-vector
orientation were recorded on a DAT recorder (Sony
PC-108M), transferred to a computer and evaluated
using data analysis software (IGOR Pro, WaveMe-
trics).
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Fig. 1a–d. Response of POL-neurons to rotating e-vector orientation.
Data of two neurons shown in a,d and b,c, respectively. a) Response
with UV light. b) Spontaneous spiking activity in the dark vs. re-
sponse with xenon arc white light. c) Missing response (spontaneous
activity) with a white stimulus in which the UV was blocked by a
420 nm cutoff filter vs. response with full xenon arc white. a–c) Above
Original recording traces. Spike amplitudes are about 3 mV (a) and
20 mV (b,c). Ascending sawtooth trace indicates rotation of e-vector
orientation in clockwise direction and gives a time calibration (4.75 s
from 07 to 3607). Below Corresponding spike frequencies. Dots spike
counts per 207 bin of e-vector rotation (corresponding to 0.26 s) taken
at 57 intervals; line five-bin smoothed data; abscissa represents e-vec-
tor orientation relative to the ant’s long axis. d) Noise and habituation
interfering with the e-vector response. Left Normal sinusoidal re-
sponse; middle interfering spike bursts and gaps (e.g., see arrow-
heads); right strongly habituated response. Dots, line as in a–c. De-
scending sawtooth trace indicates anticlockwise rotation of e-vector
orientation

Results

I recorded from six polarization-sensitive neurons
(POL-neurons) in a total of some 40 Cataglyphis
preparations. The neurons exhibited spontaneous
spiking activity in the dark (Figs. 1b left, 2a) ranging
from a few spikes/s to about 30 spikes/s. With polar-
ized light, spike frequency was a sinusoidal function
of e-vector orientation with alternating portions of
excitation and inhibition (Figs. 1a–c, 2b). The e-vec-
tor orientation eliciting maximal spike frequency
(Fmax; about 35–60 spikes/s) was oriented approxi-
mately 907 to the e-vector orientation of minimal
spike frequency (0 to about 20 spikes/s) (Fig. 1a–c).
Thus, the POL-neurons of Cataglyphis are polariza-
tion-opponent units receiving antagonistic input
from two e-vector-sensitive analyzer channels with
orthogonal orientation of maximal sensitivity. This
property was evident with both continuously rotat-
ing e-vector orientation (Fig. 1; all six neurons
tested) and flashes of polarized light (Fig. 2; two
neurons tested).

Removing the UV from the stimulus by a UV-block-
ing filter (cutoff at 420 nm) abolished the e-vector
response (Fig. 1c; tested in three cells). Thus, the
POL-neurons are driven by UV light. By inserting a
small black screen between the polarizer and the
ant’s head, either the left, the right, or both eyes
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Fig. 2a,b. Response of a POL-neuron to flashes of polarized light.
While the polarizer rotated, the shutter opened every 5.4 s, producing
500 ms flashes of polarized light with different e-vector orientations.
a) Original recording traces for flashes at three different e-vector
orientations. Ascending line in each panel indicates rotation of e-vec-
tor orientation in clockwise direction; bottom trace occurrence of
flash; numbers e-vector orientation with respect to the ant’s long axis
at midflash time; total range of e-vector orientation during a flash was
387. The e-vector response was inhibitory or excitatory depending on
e-vector orientation; it was preceded by a short, excitatory light-on
transient and followed by an inhibitory light-off transient (arrow-
heads). b) Responses at different e-vector orientations, expressed as
response spike frequency minus spontaneous spike frequency, in
spikes/s. Positive values indicate excitation, and negative values indi-
cate inhibition. Responses were calculated from the spike counts dur-
ing the light-on transient (first 200 ms of flash; empty circles), the e-
vector response (last 300 ms of flash; filled circles with line to zero),
and the light-off transient (from end of flash to 200 ms postflash; emp-
ty triangles)

could selectively be shielded from the stimulus dur-
ing a recording. This experiment could be carried
out with one POL-neuron only; the neuron re-
sponded only when the right eye was stimulated, i.e.,
it received input from the DRA of the ipsilateral
eye.
The POL-neurons could be driven by both the
large-field stimulus (757) and – depending on the po-
sition – by small-field stimuli (207). Selective stimu-
lation of the section of the DRA just anterior or just
posterior to the middle of the elongated DRA (me-
dioanterior and medioposterior stimulus) elicited
clear responses (tested in five and four neurons, re-
spectively). Stimuli placed more anterior or contra-
lateral that just touched the visual field of the DRA
gave inconsistent results, i.e., they drove only some
of the cells. In all, these data indicate that each
POL-neuron received input from photoreceptors of
different parts of the DRA.
The e-vector orientation of maximal spike frequen-
cy, Fmax, was determined for both large-field and
small-field stimuli. Although different Fmax values
were observed (covering the full 1807 range with
small medioanterior and medioposterior stimuli),

clearly defined Fmax classes as found in crickets
(Labhart 1988; Labhart and Petzold 1993) could not
be recognized. The following finding suggests that
the definition of Fmax in the POL-neurons of Cata-
glyphis is more complicated than in those of crick-
ets. As tested in one cell, selective stimulation with
small stimuli of the medioposterior section and the
anterior section of the DRA produced substantially
different Fmax values, and the Fmax measured with
the large stimulus was the resultant of these two an-
gles. Apparently, a large field stimulus containing
only one e-vector orientation is not optimal for such
a neuron. In cricket POL-neurons Fmax is constant
within the whole visual field (Labhart and Petzold
1993).
The observed e-vector responses of the POL-neu-
rons were disturbed in two ways. (a) After some
turns of the polarizer the response typically habi-
tuated, i.e., spike frequency modulation decreased
or was sometimes completely lost (Fig. 1d, compare
left and right quarter of graph). The response recov-
ered when stimulation was discontinued for a while
either by darkening the stimulus or – when using a
small stimulus – by temporarily moving it to another
position. (b) The e-vector-controlled sinusoidal
spike modulation was often disturbed by “untime-
ly”, short spike bursts or activity gaps of unknown
origin (Fig. 1d, middle part; for obvious examples
see arrowheads). These effects make a quantitative
analysis of the physiological properties of Catagly-
phis POL-neurons difficult. The strong habituation
and interfering spike noise are features not observed
in cricket POL-neurons (Labhart 1988; Labhart un-
published).

Discussion

The POL-neurons of Cataglyphis share some impor-
tant properties with the POL-neurons studied in
field crickets, Gryllus campestris. Both exhibit a
characteristic polarization opponency (for crickets
see Labhart 1988), which is the result of the antag-
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onistic action of two e-vector-sensitive analyzer
channels with mutually orthogonal orientation of
maximal sensitivity. These “opponent analyzers” are
represented by the two sets of polarization-sensitive
photoreceptors with orthogonally arranged micro-
villi present in each ommatidium of the dorsal rim
area of both insects (Burghause 1979; Herrling 1976;
Räber 1979). The antagonism has two advantages: it
enhances sensitivity for e-vector contrasts, and it
makes the response independent of absolute light
intensity (Labhart 1988, 1999).
Both ant and cricket POL-neurons are monochro-
matic systems. However, whereas cricket POL neu-
rons are driven by blue receptors (Labhart 1988;
Labhart and Petzold 1993), those of the ant are UV
sensitive (Fig. 1c). This is in accordance with the
findings that Cataglyphis depends on the polarized
UV radiation of the sky for e-vector navigation
(Duelli and Wehner 1973), and that the dorsal rim
area contains strongly polarization-sensitive UV re-
ceptors (Labhart 1986). Thus, of the two spectral
types of photoreceptor present in the Cataglyphis
eye (UV type: lmaxp350 nm; green type:
lmaxp510 nm; Labhart 1986; Mote and Wehner
1980) it is the UV receptor that gives input to the
POL-neurons. Crickets also have UV and green re-
ceptors in the unspecialized part of the eye, but for
polarization vision they use blue receptors that are
present exclusively in the DRA (Labhart et al.
1984). Monochromacy, which implies color blind-
ness, prevents interference between spectral and e-
vector information from the sky.
Our knowledge about the POL-neurons of Catagly-
phis still remains fragmentary. However, the experi-
ments described in this report demonstrate that the
POL-neurons of the desert ant Cataglyphis (Hymen-
optera) are accessible to electrophysiological analy-
sis, and that they share some fundamental proper-
ties with the POL-neurons of crickets (Orthop-
tera).

Acknowledgements. This research was supported by the Swiss Na-
tional Science Foundation (grant 31-43317.95 to R. Wehner). I thank
Dr. Rüdiger Wehner and Martin Speck for critical comments on the
manuscript.

Burghause FMHR (1979) Die strukturelle Spezialisierung des dorsa-
len Augenteils der Grillen (Orthoptera, Grylloidea). Zool Jahrbuch
Physiol 83 :502–525

Duelli P, Wehner R (1973) The spectral sensitivity of polarized light
orientation in Cataglyphis bicolor (Formicidae, Hymenoptera). J
Comp Physiol 86 :37–53

Fent K (1985) Himmelsorientierung bei der Wüstenameise Catagly-
phis bicolor: Bedeutung von Komplexaugen und Ocellen. PhD the-
sis, University of Zurich

Herrling PL (1976) Regional distribution of three ultrastructural re-
tinula types in the retina of Cataglyphis bicolor fabr (Formicidae,
Hymenoptera). Cell Tissue Res 169 :247–266

Labhart T (1986) The electrophysiology of photoreceptors in differ-
ent eye regions of the desert ant, Cataglyphis bicolor. J Comp Phy-
siol A 158 :1–7

Labhart T (1988) Polarization-opponent interneurons in the insect
visual system. Nature 331 :435–437

Labhart T (1996) How polarization-sensitive interneurons of crickets
perform at low degrees of polarization. J Exp Biol 199 :1467–1475

Labhart T (1999) How polarization-sensitive interneurons of crickets
see the polarization pattern of the sky: a field study with an opto-
electronic model neurone. J Exp Biol 202 :757–770

Labhart T, Hodel B, Valenzuela I (1984) The physiology of the crick-
et’s compound eye with particular reference to the anatomically
specialized dorsal rim area. J Comp Physiol A 155 :289–296

Labhart T, Petzold J (1993) Processing of polarized light information
in the visual system of crickets. In: Wiese K, Gribakin FG, Popov
AV, Renninger G (eds) Sensory systems of arthropods. Birkhäuser
Verlag, Basel, pp 158–169

Mote I, Wehner R (1980) Functional characteristics of photoreceptors
in the compound eye and ocellus of the desert ant, Cataglyphis bi-
color. J Comp Physiol 137 :63–71

Räber F (1979) Retinatopographie und Sehfeldtopologie des Kom-
plexauges von Cataglyphis bicolor (Formicidae, Hymenoptera) und
einiger verwandter Formiciden-Arten. PhD thesis, Unversity of Zu-
rich

Wehner R (1997) The ant’s celestial compass system: spectral and po-
larization channels. In: Lehrer M (ed) Orientation and communica-
tion in arthropods. Birkhäuser, Basel, pp 145–185

Wehner R (1998) Der Himmelskompass der Wüstenameisen. Spek-
trum der Wissenschaft, November, pp 56–67


