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Many animals use celestial cues for spatial orientation. These
include the sun and, in insects, the polarization pattern of the sky,
which depends on the position of the sun. The central complex in
the insect brain plays a key role in spatial orientation. In desert
locusts, the angle of polarized light in the zenith above the animal
and the direction of a simulated sun are represented in a compass-
like fashion in the central complex, but how both compasses fit
together for a unified representation of external space remained
unclear. To address this question, we analyzed the sensitivity of
intracellularly recorded central-complex neurons to the angle of
polarized light presented from up to 33 positions in the animal’s
dorsal visual field and injected Neurobiotin tracer for cell identifi-
cation. Neurons were polarization sensitive in large parts of the
virtual sky that in some cells extended to the horizon in all direc-
tions. Neurons, moreover, were tuned to spatial patterns of polar-
ization angles that matched the sky polarization pattern of
particular sun positions. The horizontal components of these cal-
culated solar positions were topographically encoded in the pro-
tocerebral bridge of the central complex covering 360° of space.
This whole-sky polarization compass does not support the earlier
reported polarization compass based on stimulation from a small
spot above the animal but coincides well with the previously dem-
onstrated direct sun compass based on unpolarized light stimulation.
Therefore, direct sunlight and whole-sky polarization complement
each other for robust head direction coding in the locust central
complex.
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Animals need to navigate effectively through their environ-
ment, be it for foraging, mating, or migration. One aspect of

spatial navigation is a sense of direction. In mammals, certain
neurons of the hippocampal formation and associated areas fire
maximally when the animal’s head faces a particular direction
(1–3). These neurons are termed “head direction cells.” They
encode head orientation based on visual background informa-
tion, memory, and self-motion cues (3). A simple version of a
head direction network has also been found in insects. Here
neurons of the central complex (CX) encode heading direction
to control turns in flight or walking (4–8). In the fruit fly Dro-
sophila, Ca2+ imaging revealed a bump of activity that shifts
through the columns of the ellipsoid body, fan-shaped body, and
protocerebral bridge (PB), three substructures of the CX, as the
fly turns, mapping the 360° space around the fly in a compass-like
manner (4, 7, 8). Manipulating the position of the bump exper-
imentally leads to shifts in flight orientation relative to the bump,
indicating that the activity bump not only monitors head direc-
tions but actually controls them (9, 10). Whereas in the fly visual
landscape information seems to play a major role in generating
and updating the internal representation of heading in the CX
(4, 5, 10), work in the desert locust, monarch butterfly, dung
beetle, and bee showed that neurons are highly sensitive to ce-
lestial cues, including the sun and the sky polarization pattern
(11–14). Nevertheless, flies, too, perform menotactic orientation

with respect to sky polarization or a simulated sun (15, 16). Sun
compass orientation is lost after silencing a particular CX cell
type, suggesting that the CX in Drosophila, like in other insects, is
also involved in celestial navigation. The polarization pattern of
the sky is generated by the sun: sunlight is scattered at air mol-
ecules in the atmosphere and becomes partly linearly polarized
in a systematic manner, which produces a polarization pattern in
the sky (Fig. 1A). This pattern directly depends on the position of
the sun, thereby signaling the solar azimuth, making it suitable
for celestial navigation.
Field observations showed that several insect species including

desert ants (17), honey bees (18), monarch butterflies (19), and
dung beetles (20) use the polarization pattern of the sky for
spatial orientation while in others [field crickets (21), desert lo-
custs (22), and fruit flies (23, 24)], laboratory studies demon-
strated orientation depending on the angle of polarization (AoP)
of dorsally presented light. The AoP of light is detected by
photoreceptors in specialized dorsal rim areas of the compound
eyes (25). From the dorsal rim areas of both eyes, polarization
vision pathways converge via the optic lobes, anterior optic tu-
bercles, and lateral accessory lobes on the lower division of the
central body (CBL), equivalent to the ellipsoid body in flies.
Signals are processed further in the PB and upper division of the
CBL (equivalent to fan-shaped body in flies) and are believed to
affect descending pathways for motor control in the paired lat-
eral accessory lobes adjacent to the CX (26) (Fig. 1 B and C).
The CX is organized in layers and columns, which are mainly
interconnected by neurons of two categories: tangential neurons
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typically provide input to the CX and distribute activity along a
single neuropil or a specific layer, and columnar neurons connect
specific columns between different neuropils (27) and finally
provide output from the CX.
In the desert locust Schistocerca gregaria, intracellular re-

cordings showed that many neurons of the CX are tuned to the
polarization angle in the animal’s zenith as well as to the azimuth
of a simulated sun stimulus (11, 28, 29). In neurons with arbor-
ization domains in single columns of the PB, tunings to these
cues vary along the 16 columns of the bridge in a topographic
manner (28, 29), indicating a compass-like representation of
celestial cues, which could be used as a heading estimate suitable
to aid spatial navigation. In a similar way, the azimuth of a
simulated sun or the orientation of a visual panorama is repre-
sented in the PB and CBL of Drosophila. However, while

recordings across different individuals suggest that the compass
representation in the CX of locusts is consistent across animals,
in Drosophila the representation of azimuthal space shows an
individual offset between animals (4, 8, 16).
Owing to the physics of Rayleigh scattering, the position of the

sun in the sky is linked to a unique pattern of polarization
(Fig. 1A). Thus, one might expect that central maps within the
CX converge, such that cells within particular columns are ex-
cited by the combination of solar azimuth and AoP that would be
coupled in a natural sky. Prior research suggests this is not the
case, however (29). Whereas the preferred AoP changed across
the PB from left to right in a counterclockwise fashion, the
preferred azimuth in the same set of neurons changed in a
clockwise manner (ref. 29 and Fig. 1 D and E). It has, therefore,
remained unclear how these compass systems may interact to
generate a consistent heading estimate.
Studies on homing behavior showed that ants and bees make

systematic navigation errors when they were allowed to see just a
small part of polarized skylight (30, 31). This is not surprising,
given that the full celestial pattern of polarization cannot be
unambiguously reconstructed from a narrow aperture and sug-
gests that faithful directional information requires visual input
from large parts of the sky. In line with these observations, Bech
et al. (32) found that unidentified neurons at the input stage of
the locust CX sample polarization information from nearly the
entire hemisphere above the animal. The AoP tuning in these
neurons varied across the receptive field in a pattern that
matched the sky polarization pattern produced by a distinct solar
position (32). We show here that several types of neuron in the
PB have similar coding properties. Their tunings, moreover, vary
topographically depending on the location of their arborizations
in the PB and, as a population, cover the full range of azimuthal
directions, consistent with a polarization-pattern based sun
compass. This compass resembles the azimuth compass that was
found in CX neurons when stimulated with an unpolarized light
spot simulating the sun (29). The data significantly advance our
understanding of the integration of polarization vision in the CX
network and support the idea that the locust CX acts as a hub for
skylight navigation combining all available cues in the sky to
form a robust compass signal.

Results
We recorded intracellularly from AoP-sensitive neurons in the
locust CX in order to investigate their tuning properties across
the full sky. We stimulated the animals with blue light passed
through a rotating polarizer from different positions in the dorsal
visual field (Fig. 2A). Neurons showed sinusoidal modulation of
activity during a 360° rotation of the polarizer (Fig. 2B), but the
preferred AoP of a single neuron typically varied depending on
stimulation position (Fig. 2 C–F). Tracer injection after mea-
surements allowed for identification of neuron types and re-
construction of their morphology. Recordings from 23 neurons
with ramifications in particular columns of the PB of the CX
were analyzed. These include four types of columnar neurons
with ramifications in single columns of the PB (CL1, 6×; CP2,
1×; CPU1, 4×; and CPU2, 5×) and TB1 tangential neurons (7×)
with dendritic and axonal ramifications in particular sets of
columns (Fig. 1C). The number of stimulation positions ranged
from 9 to 33 (median 19; 22 to 33 in CL1, 9 in CP2, 9 to 21 in
CPU1, 13 to 18 in CPU2, and 9 to 33 in TB1).

Receptive Fields of CX Neurons Span Large Parts of the Sky. Most
previous studies have assessed the AoP sensitivity of CX neurons
by stimulation with a rotating polarizer in the animal’s zenith. In
the present study, we stimulated from positions in the entire
dorsal hemisphere of the animal, which allowed us to analyze the
AoP sensitivity across the dorsal visual field (Fig. 2). Briefly, we
used the R2 value of the AoP responses as a measure of AoP
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Fig. 1. Celestial compass cues and compass coding in the CX. (A) Schema-
tized polarization pattern of the sky as produced by the sun at 40° elevation
and 30° azimuth relative to an observer indicated by the purple arrow. Bar
orientation and thickness indicate AoP and degree of polarization, respec-
tively. (B) Frontal diagram of the locust brain indicating the location of the
CX (boxed in dashed lines). Reprinted by permission from ref. 63, Springer
Nature: Cell and Tissue Research, copyright (2008). (C) Schematic drawing of
the locust CX with cell types investigated in this study. Fine branches indicate
smooth (dendritic) arborizations, small dots symbolize varicose (presynaptic)
arborizations, and large dots represent somata. Columnar neurons (CL1, CP2,
CPU1, and CPU2) exist as isomorphic sets of 16 neurons, covering all 16
columns of the PB. Tangential neurons (TB1) exist as four subtypes per brain
hemisphere, each having varicose ramifications in two columns that are
eight columns apart. (D and E) Topographic representation of AoP to ze-
nithal stimulation with blue polarized light (D) and azimuth of a green LED
(E) in the same set of CPU1 neurons innervating different columns of the PB.
The tuning to AoP changes from L8 to R8 in counterclockwise manner (D,
Bottom), and the azimuth tuning changes in clockwise fashion (E, Bottom).
CBL, lower division of the central body; CBU, upper division of the central
body; L1 and L8, innermost, respectively outermost column in the left
hemisphere of the PB; LAL, lateral accessory lobe; POTU, posterior optic
tubercle; R1 and R8, innermost, respectively outermost column in the right
hemisphere of the PB. CX model in B is after ref. 63, visualized with insect-
braindb.org. C, D, and E reprinted from ref. 29, which is licensed under
CC BY 4.0.
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sensitivity, resulting in a sensitivity map for each neuron. We
normalized the R2 values to the value range of each neuron and
defined receptive fields as the regions that remained after

applying a 75% threshold to these maps (Fig. 3 and SI Appendix,
Figs. S2 and S3). The fields generally varied in shape and size, in
several instances extending from the zenith down to the horizon
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Fig. 2. Polarization sensitivity of a TB1 neuron to stimulation from different points in the virtual sky. (A) Experimental setup. Locusts were stimulated with
blue light (465 nm) that was passed through a rotating polarizer to assess AoP sensitivity of single cells. The light source was movably mounted on a perimeter
that could be tilted, allowing for stimulation from directions in the entire dorsal visual field. Reprinted from ref. 32. Copyright (2014), with permission from
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turning direction of the polarizer (Middle) elicit two activity peaks per rotation (Bottom). (C) Circular response plot showing the data from B after pooling.
Responses are pooled by assigning each spike the polarizer orientation at its time of occurrence and treating the resulting angle array as a single set; the
preferred AoP (Φmax = 152.4°; red axis) equals the axially corrected average angle of all spikes. The blue bars show the mean binned spike count from both
rotations, converted to firing rate; error bars indicate SD. The firing rate is significantly correlated with polarizer orientation (linear-circular correlation, P <
0.001, R2 = 0.82). The (azimuth|elevation) stimulus coordinates were (213.7°|25.7°), resulting from the LED positioned at 60° right on the perimeter, the
perimeter tilted 30° to posterior. Response plots from the same neuron analogous to C at stimulus positions (D) (49.1°|48.6°) (LED at 60° left on perimeter,
perimeter tilt 60° anterior) and (E) (326.3°|25.7°) (LED at 60° right on perimeter, perimeter tilt 30° anterior). Φmax = 20.8° and 67.9°, P < 0.001 for all responses,
R2 = 0.49 and 0.79, respectively. (F) Illustration of the stimulus positions corresponding to the response data shown in C–E. Red bars indicate Φmax, and blue
dots indicate the spherical stimulus coordinates.
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(Fig. 3A); some neurons had more than one field (Fig. 3D).
Based on visual inspection (cf. SI Appendix, Fig. S4), we found no
trend in field size, shape, or position regarding cell type. Many
fields were centered at a medium elevation (Fig. 3 A, B, and D);
however, the overlap of all fields was maximum posterior from
the zenith at about 60° elevation (Fig. 3E).

Neurons in the CX Show Matched-Filter Properties. Extracellular
recordings showed previously that neurons of the CBL, most
likely TL neurons, possess matched-filter properties (32) for
polarization patterns of the blue sky that theoretically allow for
unambiguous solar azimuth coding solely based on polarization
sensitivity. Using intracellular recordings, we found that other
types of CX neuron also show this feature (Fig. 4).
To test whether the measured patterns of preferred AoPs

match a particular sky polarization pattern, we fitted them to
generated patterns of AoPs that correspond to sky polarization
patterns calculated from various solar coordinates (cf. Fig. 1A).
This procedure yielded a matched-filter tuning in the form of
solar coordinates that corresponded to the best matching, or least
deviating, sky polarization pattern. Typically, we found a rather
conspicuous match between the response pattern and the best
matching pattern, with a clear minimum deviation (Fig. 4 A and B).
To statistically assess the fitting quality of the best match, we tested
the associated pattern deviation against a bootstrapped population
of pattern deviations. This population was calculated from ran-
domized response patterns, generated from the same dataset
(Fig. 4C); all 6 CL1 neurons, 6 of 7 TB1 neurons, 2 of 4 CPU1
neurons, and 3 of 5 CPU2 neurons (in total 17 of 23 neurons)
passed this bootstrap test and were used for further analysis.

Azimuthal Tuning of the Matched Filter Is Represented Topographically
along the Protocerebral Bridge.Because preferred zenithal AoPs are
topographically represented in the PB (28), we searched for a
connection between neuroanatomy and the azimuthal component
of the matched-filter tuning. We determined the arborization
column in the PB of each neuron based on the tracer injections
after recording. Recent work in Drosophila strongly suggests that
different types of columnar neuron innervating the same column
in the PB share a common heading preference (7). Neurobiotin
injections showed that our recordings in the locust were from four
different types of columnar neuron of the PB and one type of
tangential neuron. All neurons arborized in a distinct column
(Fig. 1C), except for TB1 neurons, for which we considered the
ipsilateral column of the PB that is innervated by varicose arbor-
izations. Tuning direction was uniformly distributed in our dataset
(Fig. 5A) and, when pooling all cell types, was highly correlated
with the arborization column in the PB (Fig. 5B). The resulting
regression indicates that the full range of possible directions
around the animal is covered by the solar azimuths of the pre-
ferred polarization patterns (Fig. 5C).

Discussion
We show here that several types of CX neuron in the locust brain
integrate polarization information in the dorsal visual field
consistent with a matched filter that is tuned to specific solar
polarization patterns. The azimuthal component of this tuning
depends on the arborization position in the PB, varying along
this neuropil in a topographic manner with full coverage of az-
imuthal space. This polarization-based sun compass closely re-
sembles the previously reported sun compass derived from
unpolarized light stimulation (29), suggesting that these neurons
reliably and congruently signal the solar azimuth irrespective of
cue modality. Our finding sheds light on polarization vision
processing in insects and elucidates its role for the constitution of
a sun compass in the insect CX.
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Fig. 4. Receptive fields of CX neurons are matched to sky polarization
patterns. (A) Top view on the pattern of preferred AoPs (Φmax; red double
arrows) of a TB1 neuron and the AoPs that belong to the best-matching sky
polarization pattern (black bars). This pattern corresponds to a sun position
at 39.1° elevation and 102.9° azimuth (yellow dot). Arrow and bar length
scale with response R2 value and degree of polarization (DoP), respectively;
gray circles indicate statistically nonsignificant AoP responses (linear-circular
correlation, P ≥ 0.05). Note that the originally spherical stimulus coordinates
and AoP axes were transformed into polar coordinate space for visualization
on a flattened hemisphere surface (cf. SI Appendix, Fig. S1). The labeled
positions refer to the responses of the TB1 neuron shown in Fig. 2; Fig. 3A
shows the AoP sensitivity map of this dataset. (B) Flattened hemispherical
heat map of the deviation between the measured Φmax pattern and calcu-
lated sky polarization patterns as a function of solar position used for cal-
culation. The pattern deviation for a given solar coordinate is the average of
the angular deviations between the Φmax and the sky polarization pattern at
each stimulus position, weighted by degree of polarization and R2 value at
each stimulus position. The white dot and circle have the same coordinates
as the solar marker in A and mark the minimum (14.26°) of the deviations of
all tested solar positions (n = 32,760 equally distributed positions). Color
scale is shown to the right. (C) Distribution of 1,000 bootstrapped pattern
deviations of randomized response patterns based on the data in A from the
resulting best matching polarization pattern. The gray line indicates the
observed deviation (14.26°; white marker in B), which significantly differs
from the bootstrap distribution (P = 0.004, equals the fraction of boot-
strapped deviations that are lower than or equal to the observed deviation).
See SI Appendix, Fig. S7, for all individual response patterns with best-
matching sky polarization pattern.
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CX Neurons Are AoP Sensitive across the Entire Dorsal Visual Field.
Many CX neurons are sensitive to the AoP of light in a large
proportion of the locust’s dorsal visual field (Fig. 3), which is in
line with the receptive field properties of dorsal rim area pho-
toreceptors (33). While the dorsal rim areas are directed toward
areas in the sky centered slightly contralaterally from the zenith,
they show considerable overlap in the zenith, and the summed
receptive fields of their receptors extend far down to the con-
tralateral side, covering most parts of the sky (33). The striking
differences in receptive field size and organization of the
recorded neurons (Fig. 3 and SI Appendix, Fig. S4) were unex-
pected and suggest major cell-specific differences in input from
the right and left dorsal rim ommatidia. Although some receptive
fields were substantially offset from the zenith (e.g., Fig. 3A),
superposition of all fields revealed a mean arrangement sym-
metric to the midline indicating an overall balanced input from
both eyes. The fan-like arrangement of microvilli orientations
across the dorsal rim ommatidia in the locust and other insects
(34–36) might be a preadaptation to the sky polarization pattern,
as suggested by ref. 37, and likely facilitates the matched-filter
properties for AoP coding of CX neurons. Inspection of the
fitting data shows that at certain points in the sky, the fit between
celestial AoP and AoP tuning of the neuron is nearly perfect,
while at others, they deviate significantly from each other
(Fig. 4A and SI Appendix, Fig. S5D). Mismatches often occurred
near the calculated sun position, where the degree of polariza-
tion is low (Fig. 4A and SI Appendix, Fig. S5D). These points in
the sky would, therefore, contribute only little to the tuning of
the neurons. In an area upstream of the CX, the anterior optic
tubercle, neurons are even blind to polarization within a circle of

50° around the sun (38). All recordings presented here were
obtained from laboratory-raised animals that had not been ex-
posed to a natural sky. This shows that AoP tuning is largely
determined genetically but does not exclude that fine tuning of
the neurons to sky polarization patterns might require learning-
related adaptations when the animals experience a natural sky.

Representation of Heading Directions in the CX. Data from various
insect species, specifically fly, dung beetle, butterfly, cockroach,
locust and bee, point to a role of the CX in integrating external
and self-generated sensory information for the control of goal-
directed navigation (27, 39–43). In Drosophila, Ca2+-imaging
revealed a single bump of activity in the columns of the ellipsoid
body (4), the fan-shaped body (7), and the PB (6, 8) of the CX
corresponding to a head direction signal based on visual land-
mark information and self-motion cues (4, 44). Differences in
the angular offset between bump position and actual heading in
different individual flies together with physiological manipula-
tion of bump position and connectivity data strongly suggest that
heading representation is based on a ring attractor network in
the ellipsoid body and the PB (9, 45–47). Ring attractor networks
have been previously proposed to underlie head direction coding
in mammals and are characterized in flies by a single bump of
activity within the circular CX network relating directly to an
angular direction (3, 9, 48). While in Drosophila, emphasis has
been on the role of landmark and self-motion cues in driving the
position of this bump, sky compass signals, as demonstrated to
drive neural activity in CX neurons in the locust, dung beetle,
sweat bee, and monarch butterfly (12, 29, 49, 50), apparently play
a role in Drosophila, too (16). In flies and locusts, directional
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column of arborization in the PB vs. the azimuthal component of the solar coordinates in A. The azimuth depends on PB column (circular–linear correlation,
ρ = −0.51, P = 0.028). The estimated regression covers nearly 360° along the PB (y = −21.3x + 350.3; column L8 corresponds to x = 0). (C) Schematic compass
topography according to the resulting regression. The preferred azimuth covers a range of nearly 360° along the PB.
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heading signals are represented in the CX in a compass-like,
topographic fashion (4, 8, 16, 28, 29). In the locust, compass-like
representations of zenithal AoP and azimuth of a simulated sun,
found in the columns of the PB, are based on recordings from
single neurons innervating different columns within the PB (28,
29). Because topographies in the locust were extracted from data
obtained from different individual animals, representation of
celestial cues appears to be fixed across individuals unlike the
highly flexible topography in Drosophila (4, 16, 28, 29). Despite
these apparent differences in sensory inputs and internal to-
pographies between locust and fly, a ring attractor network as
suggested to underlie heading representation in the fly CX may
operate in locusts as well (13).

Matched-Filter Tuning Is Topographically Represented in the PB. A
puzzling result of the study by Pegel et al. (29) was that the
compass representations based on the preference angle of po-
larized zenithal light (28, 29) and azimuth representation of an
unpolarized light spot (29), obtained from the same set of neu-
rons, generated contradicting spatial information (Fig. 1 D and
E) although these cues are tightly coupled under natural con-
ditions and, therefore, should provide the same directional in-
formation. Whereas the zenithal AoP preference changed in a
counterclockwise manner from PB column L8 to column R8, the
preferred azimuth changed in a clockwise fashion. Assessing the
matched-filter properties of the neurons for whole-sky polari-
zation tuning allowed us to calculate hypothetical sun positions
corresponding to those matched filters. The azimuthal compo-
nent of these calculated sun positions is again represented to-
pographically along the PB, consistent with a sun compass solely
based on the polarization pattern of the sky (Fig. 5 B and C).
This compass covers the full range of directions around the an-
imal, making it suitable to unambiguously signal solar azimuth.
The azimuth compass for unpolarized light spots (29), directly
indicating the solar position (Fig. 1E), is highly similar to the
matched-filter polarization compass (Fig. 5 B and C), both in
terms of 360° coverage and sign of the regression slope, i.e., both
compasses provide the same output, however, based on different
environmental cues.
The compass mismatch reported by Pegel et al. (29) may be

based on inadequate compass information provided by the ze-
nithal AoP alone. It has been suggested previously that insects
need to perceive large parts of the sky polarization pattern in
order to orient correctly: behavioral experiments showed that
honey bees make systematic orientation errors when their view
on the sky is restricted to a small patch (30, 31). These errors
might explain the conflicting outputs of the previously reported
azimuth and polarization compasses (29). Because of its 180°
periodicity, a single AoP as presented in previous studies does
not provide an unambiguous orientation signal, especially if the
receptive field center of the recorded neuron is not in the zenith
(51), which is the case for several of the neurons studied here.
The matched-filter compass, instead, matches well with the azi-
muth compass because it results from integrating the AoP over
large parts of the visual field, which solves the ambiguity that
arises from perceiving a single AoP at a small patch in the sky. A
recent computational study (52) presenting a model of the insect
polarization compass also suggests that the compass output
generated under visual stimulation from a single spot conflicts
with the output generated under whole-sky stimulation in a
similar way as shown by Pegel et al. (29).
The matched-filter polarization compass presented here is

based on pooling data from different cell types in the PB and,
therefore, assumes that different neurons innervating the same
PB column share a common heading preference. This is sup-
ported by previous data in locust (28, 29) revealing highly similar
tuning preference to zenithal AoP in different types of columnar
neuron of the same PB column and by a recent study in

Drosophila, showing matching bump activity in neurons inner-
vating corresponding columns of the ellipsoid and fan-shaped
body (7). In addition, we investigated the impact of each cell
type on the regression results and found that the compass to-
pography is robust even when individual cell types are excluded
(SI Appendix, Fig. S9). Nevertheless, differences between indi-
vidual animals as well as phase shifts between different cell types
might contribute to the relatively high variability of our tuning
data (Fig. 5B). Because large interindividual differences in the
angular offset of activity bump position and environmental cues
are a key feature of head direction coding in Drosophila (4),
a combination of data from different individual flies would
most likely not result in a common compass representation
across flies.
The CX has been shown to be a navigation hub, and in the

desert locust’s natural habitat, where local cues are scarce and
celestial cues are reliable, it is conceivable that the polarization-
based compass proposed in this study pervades the entire net-
work, contributing to robust, multimodal celestial navigation.

Methods
Animals and Preparation. Adult desert locusts (S. gregaria), reared under
crowded conditions at 28 °C in a 12 h/12 h light/dark cycle, were used for
experiments. After removing legs and wings, they were mounted on a metal
holder using dental wax. The head capsule was opened frontally, and ocelli
and antennae were removed in the process; tracheal, fat, and muscle tissue
were partially removed to expose the brain and mechanically isolate it for
means of stabilization. The esophagus was cut near the mandibles and re-
moved together with the gut through the abdomen. A twisted metal wire
covered in wax, forming a small platform, was placed posterior to the brain
and was fixed to the ventral head capsule to increase recording stability.
Finally, the neural sheath was partly removed with forceps to allow brain
penetration by the recording electrode. Specimens were kept moist during
preparation, recording, and dissection with locust saline (53).

Intracellular Recording and Histology.Wemeasured neural activity with sharp
microelectrodes drawn from borosilicate capillaries (Hilgenberg) with a
Flaming/Brown filament puller (P-97; Sutter Instrument), their tips filled with
a solution of Neurobiotin tracer (Vector Laboratories; 4% in 1 M KCl) and
shanks filled with 1 M KCl. Signals were amplified ×10 and filtered (Bessel
filter, 20-kHz cutoff frequency) with an SEC 05L amplifier (npi electronic
GmbH), monitored via a custom-built audio monitor (University of Marburg,
Germany) and an oscilloscope (HAMEG Instruments GmbH), digitized with a
Power1401-mkII (Cambridge Electronic Design) at 12.5 kHz, recorded with
Spike2 (Cambridge Electronic Design), and analyzed offline with custom
scripts for MATLAB (MathWorks). After stimulation, Neurobiotin was in-
jected by applying positive current of 0.2 to 2 nA for at least 2 min. For
histology, brains were dissected and then fixed overnight in a solution of 4%
paraformaldehyde, 0.25% glutaraldehyde, and 0.2% saturated picric acid
diluted in 0.1 M PBS and optionally kept at 4 °C in sodium phosphate buffer
until further processing. They were rinsed in PBS (4 × 15 min) and incubated
with Cy3-conjugated Streptavidin (Dianova; 1:1,000 in PBS with 0.3% Triton
X-100 [PBT]) for 3 d at 4 °C. After rinsing in PBT (2 × 30 min) and PBS (3 ×
30 min), they were dehydrated in an ascending ethanol series (30%, 50%,
70%, 90%, 95%, and 2 × 100%, 15 min each) and cleared in a 1:1 solution of
ethanol (100%) and methyl salicylate for 20 min and in pure methyl salicy-
late for 35 min, to finally mount them in Permount (Fisher Scientific) be-
tween two coverslips. To identify cell morphologies, specimens were
scanned with a confocal laser-scanning microscope (Leica TCS SP5; Leica
Microsystems). Cy3 fluorescence was elicited with a diode-pumped solid-
state laser at 561 nm wavelength. Image stacks were then processed into
maximum intensity projections using Fiji (54, 55), and projections were ed-
ited in Adobe Photoshop and Illustrator (Adobe Systems Inc.). Ramification
domains of neurons were deduced from their relative position within neu-
ropils, identifiable through tissue autofluorescence, and morphological
characteristics as described previously (56, 57).

Stimulation. Animals were stimulated with polarized blue light (465 nm) from
various directions as previously described (32), except that we added a
diffuser between LED (ELJ-465-627; Roithner LaserTechnik) and polarizer
(HN38S; Polaroid), which resulted in a photon flux of 7.76 × 1013

photons · cm−2 · s−1. Briefly, we measured the preferred AoP of single cells
depending on stimulus position in the animal’s dorsal visual field, ranging
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down to 0° elevation. We successively stimulated from 33 positions, each
stimulation composed of three consecutive full rotations of the polarizer
at 40° · s−1: a counterclockwise rotation of the polarizer, which was dis-
carded to exclude artifacts from phasic light-on responses, and one
clockwise and another counterclockwise rotation, which were averaged to
calculate the preferred AoP. Testing all stimulus positions took roughly
40 min; in some cases, not all 33 positions could be tested due to instability
of recordings.

Data Evaluation.
Calculating preferred AoP. Action potentials were assigned the orientation of
the polarizer at the respective timing; the resulting angles were multiplied by
2 for axial correction, averaged using the CircStat toolbox (58), and divided
by 2, yielding the preferred AoP during this rotation. Averaging multiple
rotations was done by pooling all angles and then averaging them as above.
To statistically assess a response, we binned the data in 10° bins and tested
the resulting bin counts for correlation with bin angles using linear-circular
correlation analysis (58), yielding a P value, correlation coefficient, and co-
efficient of determination (R2). Neuronal activity was considered to be sig-
nificantly modulated by the presented AoP if P was < 0.05. Circular
histograms were created with the CircHist package (59).
Calculating the best-matching polarization pattern. The same procedure was
applied as previously described (32), with minor differences, and is summa-
rized conceptually here (see SI Appendix, Methods and Figs. S5 and S6, for
extended information). Briefly, we compared the pattern of preferred AoPs
in the dorsal hemisphere with polarization patterns that would arise from
specific solar positions to obtain one best-matching pattern. The azimuthal
component of the solar position that belonged to this pattern was considered
to be the preferred solar azimuth of the recorded cell. Solar polarization
patterns were generated from 32,760 (360 × 91) virtually equally spaced solar
positions on a dense hemispherical Fibonacci grid (60) with a spacing of
0.022° ± (8.7 × 10−5)° (average angle ±95% confidence interval) distance to
the nearest neighbor. For each solar position, the AoP and degree of polari-
zation were calculated at those positions that the animal was stimulated from,
based on the single-scattering Rayleigh model (61) (Fig. 1A). At each stimulus
position, the unsigned angular difference between the measured preferred
AoP and the pattern’s AoP at this position was calculated. Only AoP responses
with statistically significant modulation were used. Angular differences were
averaged, each difference weighted by the degree of polarization, the
response-correlation’s R2 value, and the normalized sum of the arc distances to
the nearest 22% of stimulus positions. This yielded a solar position-specific
average deviation between the polarization pattern as generated from the
sun at this position and the neuron’s pattern of preferred AoPs. The polari-
zation pattern corresponding to the solar position with the lowest deviation
was considered the best-matching pattern, meaning that the perception of a
full polarization pattern as produced by the sun at this position should evoke
the highest neuronal activity in the recorded neuron. The dependence of the
azimuth of this preferred solar position on the column of neural arborization
was tested using circular–linear correlation analysis (62).
Bootstrapping. To classify the magnitude of pattern deviations—whether the
lowest pattern deviation is objectively low—we implemented a bootstrapping
procedure that created a population of 1,000 randomized samples for each
dataset. A randomized sample was obtained by randomly drawing (with re-
placement) stimulus responses from the pool of measured responses that
showed a statistically significant activity modulation and distributing them on
all stimulus positions used during this experiment. Each sample was treated as
described above for real datasets, yielding a best-matching polarization pat-
tern and its average deviation from the randomized response pattern. We
then used the population of randomization-based pattern deviations to

classify the minimum pattern deviation of the actual dataset by calculating a

bootstrap P value with P(D) = ∑
b

k=1[dk ≤D]
b , where D is the minimum pattern

deviation of the actual dataset, k is the bootstrap sample index, b is the
number of samples (1,000), and dk is the minimum pattern deviation of the kth
sample. Simply put, P equals the fraction of the number of bootstrapped
minimum pattern deviations that are less than or equal to the minimum
pattern deviation of the actual dataset. We considered D to be objectively low
if P(D) < 0.05, which is equivalent to D being below the 5% percentile of the
bootstrap population. From a total of 23 datasets, this was the case for 17;
only these were used for further analysis of matched-filter tuning (cf. SI Ap-
pendix, Fig. S8, for the same analysis based on all datasets).
Estimating visual fields. We calculated the dimensions of visual fields based on
the R2 value of AoP responses. Briefly, we excluded data points for which the
response’s normalized (per neuron) R2 value was below 0.75 and assigned
the remaining data points to clusters based on their distance to one another
(see SI Appendix, Fig. S2, for a detailed graphical description). First, we
created a hemispherical Fibonacci grid (60) of 2,500 virtually equally distrib-
uted points. To simplify calculations, we flattened the grid and the spherical data
points that referred to the stimulation positions by converting them to polar
coordinates where the center (radius ρ = 1) corresponds to the zenith and points
with ρ = 1 and arbitrary θ correspond to the spherical coordinate with 0° eleva-
tion and θ azimuth. To facilitate the next steps, these coordinates were further
converted to planar Cartesian coordinates. We then linearly interpolated the R2

values at the stimulation positions over the generated grid using MATLAB’s
scatteredInterpolant function. Points that were outside the convex hull built from
the Delaunay-triangulated stimulation positions were discarded; this way, only
the part of the visual field being enclosed by the outermost (relative to the zenith
as center) stimulus positions was considered. The interpolated R2 values were
normalized to their range, and all data points where R2norm < 0.75 were dis-
carded. This resulted in one or more clouds of data points on the flattened visual
field of the animal where the AoP response was relatively high; we considered
these clouds the receptive fields of the recorded cell. We then used a hierarchical
cluster analysis approach in order to objectively separate the resulting clouds from
one another and categorize them into individual receptive fields. First, the points
were converted back to spherical coordinates, and their pairwise distances were
calculated with the pdist function using the great-circle distance as the distance
measure. Cluster trees were generated with the linkage function; to find the
linkage method that resulted in a tree that described the distance relationships in
the data best, we used cophenet to calculate the cophenetic correlation coeffi-
cient for each method and used the one with the highest coefficient. We then
used evalclusters with the gap criterion, also called “elbow method,” and the
silhouette criterion to find the optimal number of clusters in the tree; separation
into maximal six clusters was considered. The optimal number of clusters was
chosen based on visual inspection of the raw clusters and the cluster tree and on
the tree evaluation.

Data Availability. Physiological recordings, neural morphologies, and MATLAB
code have been deposited in data_UMR for public access (https://dx.doi.org/10.
17192/fdr/22 and https://dx.doi.org/10.17192/fdr/23) (64, 65).
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