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Polarization-Sensitive Descending Neurons in the Locust:
Connecting the Brain to Thoracic Ganglia

Ulrike Trager and Uwe Homberg
Fachbereich Biologie, Tierphysiologie, Philipps-Universitit Marburg, D-35032 Marburg, Germany

Many animal species, in particular insects, exploit the E-vector pattern of the blue sky for sun compass navigation. Like other insects,
locusts detect dorsal polarized light via photoreceptors in a specialized dorsal rim area of the compound eye. Polarized light information
is transmitted through several processing stages to the central complex, a brain area involved in the control of goal-directed orientation
behavior. To investigate how polarized light information is transmitted to thoracic motor circuits, we studied the responses of locust
descending neurons to polarized light. Three sets of polarization-sensitive descending neurons were characterized through intracellular
recordings from axonal fibers in the neck connectives combined with single-cell dye injections. Two descending neurons from the brain,
one with ipsilaterally and the second with contralaterally descending axon, are likely to bridge the gap between polarization-sensitive
neurons in the brain and thoracic motor centers. In both neurons, E-vector tuning changed linearly with daytime, suggesting that they
signal time-compensated spatial directions, an important prerequisite for navigation using celestial signals. The third type connects the
suboesophageal ganglion with the prothoracic ganglion. It showed no evidence for time compensation in E-vector tuning and might play

arole in flight stabilization and control of head movements.

Introduction

Many insects, crustaceans, arachnids, and representatives of sev-
eral vertebrate taxa are able to detect the polarization pattern of
the blue sky and use it, in addition to direct sunlight, for naviga-
tional tasks (Horvath and Varja, 2004; Wehner and Labhart,
2006). At the neuronal level, polarization vision pathways in the
brain have been studied most extensively in locusts and crickets
(Labhart and Meyer, 2002; Homberg, 2004). In these insects, the
central complex is a major processing stage for polarized light
(Vitzthum et al., 2002; Heinze and Homberg, 2007, 2009; Sakura
et al., 2008; Heinze et al., 2009). Heinze and Homberg (2009)
showed that polarization-sensitive (POL-) neurons connect the
central complex to the lateral accessory lobes and the posterior
protocerebrum, brain areas that are innervated by intersegmental
neurons (Williams, 1975; Strausfeld and Seyan, 1985; Okada et
al., 2003). Although polarization-mediated behavior in insects
has been studied extensively (bees and ants: Wehner and Rossel,
1985; Wehner, 2003; crickets: Brunner and Labhart, 1987; Henze
and Labhart, 2007; flies: von Philipsborn and Labhart, 1990; bee-
tles: Dacke et al., 2003; locusts: Mappes and Homberg, 2004;
butterflies: Reppert et al., 2004), the anatomical and functional
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connections from POL-neurons in the brain to thoracic motor
centers have not been explored in any species.

Descending neurons mediate behaviorally relevant signals
from the brain to motor circuits in the thoracic ganglia. They
modify the activity of thoracic networks to adapt specific behav-
iors depending on current stimulus conditions. Previous studies
on descending visual neurons have analyzed looming-sensitive
neurons mediating escape (Rind et al., 2008; Fotowat et al., 2009;
Yamawaki and Toh, 2009), deviation detector neurons control-
ling flight balance (Griss and Rowell, 1986; Rowell and Reichert,
1986; Hensler, 1988, 1992; Hensler and Rowell, 1990), neurons
coding for self-motion (Wertz et al., 2008, 2009a,b), target-
selective neurons mediating prey detection (Olberg, 1986; Frye
and Olberg, 1995), and figure-detecting neurons involved in
flower recognition (Sprayberry, 2009). Descending neurons me-
diating sky compass-related polarization information should
encode two important factors: the position of the sun and the
daytime. The polarization pattern of the blue sky is fixed to the
position of the sun and, therefore, changes during the day as the sun
moves across the sky. Animals that use the sun or polarization
pattern for navigation have to compensate that shift, based on
daytime information and knowledge of the local solar ephemeris
function. Pfeiffer and Homberg (2007) showed that neurons of
the anterior optic tubercle of the locust brain compensate for
changes in sky polarization associated with changing solar eleva-
tion, but the sites and mechanisms underlying compensation for
daytime shifts in solar azimuth are still unclear.

The present study used intracellular recordings to identify and
characterize polarization-sensitive descending neurons in the
desert locust. Three types of POL-neurons were characterized.
Two of these cell types show evidence for time compensation in
solar azimuth coding. The data complement our understanding
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of the polarization vision system in the locust and open the door
to future analysis of polarized-light-dependent thoracic motor
circuits.

Materials and Methods

Preparation of animals. Locusts (Schistocerca gregaria) raised under 12 h
light/dark photoperiod, 50% relative humidity, and a temperature cycle
of 28°C during the night and 35°C during the day were taken from
crowded colonies at the University of Marburg. Adult animals of both
sexes were used 1-3 weeks after imaginal moult. They were anesthetized
by cooling for 15-30 min and waxed onto a metal holder in horizontal
position. In some cases, the tibiae of the hindlegs were cut off. A 3 X 5
mm window was cut dorsally into the pronotum. After removal of gut,
tracheal air sacs, fat bodies, and the tissue membrane between gut and
ventral body cavity, the neck connectives between suboesophageal gan-
glia (SOG) and prothoracic ganglia (Pro-TG) were exposed. Using a glass
hook, the neck connectives were manipulated into two grooves of a rect-
angular platform (1 X 2 mm) made of platinum. The connectives were
submersed in locust saline at all times to prevent desiccation (Clements
and May, 1974).

Electrophysiology. For intracellular recordings, microelectrodes (resis-
tance, 10-50 M()) were pulled from borosilicate capillaries (0.75 mm
inner diameter, 1.5 mm outer diameter; Hilgenberg) using a Flaming/
Brown horizontal puller (P-97; Sutter Instruments). Their tips were ei-
ther filled with a 3% aqueous solution of fluorescent dextran (Alexa Fluor
488 or 647; 10,000 molecular weight, anionic, fixable; Invitrogen) or with
4% Neurobiotin (Vector Laboratories) in 1 M KCl and backed up with 1
M KCL. Intracellular signals were amplified (10X ) with a custom-made
amplifier and monitored with an audio monitor and a digital oscillo-
scope (Hameg HM 305; Hameg). After sampling at a rate of 10 kHz with
a Digidata 1322A (Molecular Devices), signals were stored on a personal
computer using pClamp9 software (Molecular Devices). Some record-
ings were digitally high-pass filtered to compensate for shifts in baseline.
After recording, the tracer was injected iontophoretically into the cell
with constant hyperpolarizing current (2-10 nA for 1-36 min, dextran)
or constant depolarizing current (2-7 nA for 1-65 min, Neurobiotin).
Under stable conditions, recordings lasted for ~20-30 min.

Visual stimulation. For visual stimulation, a xenon arc (XBO 150 W)
was used as light source. It was connected via a light guide (spectral range,
400-800 nm; Scholly) to a perimeter (50 cm in diameter) placed around
the animal. Either a linear polarizer (HN38S; Polaroid) or a neutral den-
sity filter of equal transmission to present unpolarized light was moved
into the light path (irradiance, 105 wW/cm 2, angular size, 3°). The po-
larizer was rotated via custom-built hardware and software by 360° at
speeds between 15 and 60°/s. To analyze rotation-specific components of
the response that might result from latency effects, equal numbers of
clockwise and counterclockwise rotations of the polarizer were tested
during each recording. An E-vector orientation parallel to the longitudi-
nal axis of the animal was defined as 0°. To investigate the bilateral extent
of the receptive fields of the recorded neurons, the polarizer was pre-
sented from different elevations along the right—left meridian, covering a
range from 0° elevation on either side of the animal up to 90° elevation
(zenith).

In addition, a moving grating was presented in front of the locust. It
consisted of a piece of cardboard (70° X 120°) with alternating black and
white bars (70° X 10°). It was moved by hand in front of the animal from
right to left and vice versa, resulting in a contrast frequency of ~3 Hz.

Data analysis. Sampled spike trains were stored on a computer and
evaluated using Spike2 software (Cambridge Electronic Design) with
implemented, custom-designed scripts. Action potentials were detected
with threshold-based event detection. By using a gliding average algo-
rithm at a bin size of 1 s, the detected events were converted into a mean
frequency. Mean background activities during darkness were obtained
from counts of spikes in a defined time interval (usually 12 s) before and
between visual stimuli. Neuronal responses to polarized light were ana-
lyzed using Oriana 2.02a (Kovach Computing Services) for circular sta-
tistics and Origin 6.0 (Microcal) for curve fitting. Events within each 360°
rotation of the polarizer were assigned a corresponding E-vector angle to
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quantify responses to polarized light. A list of these angles was exported
for each E-vector rotation, and all individual and combined rotations of
each neuron were tested statistically for polarization sensitivity. If the
distribution of these angles during E-vector rotation was significantly
different from randomness (Rayleigh’s test for axial data), a neuron was
rated polarization sensitive. The mean angle of the distribution was de-
fined as the ®_ ,  value of that neuron. Differences in @, values of
clockwise and counterclockwise rotations (A®, ) were statistically an-
alyzed with Student’s t test for paired samples using SPSS software (ver-
sion 11.5; significance level, 0.05), after the data were tested for normal
distribution using the Kolmogorov—Smirnov test (significance level,
0.05). For illustration of E-vector tuning characteristics, mean activities
from all polarizer rotations from neurons of the same type were plotted
after normalization against background activity and adjustment to iden-
tical @, at 0°.

To calculate the amplitude of frequency modulation and thus the
strength of a polarized-light response (response amplitude R), each filter
rotation was divided into 20° bins. The spiking frequency within each bin
was calculated, as well as the mean frequency over all bins. The summed,
absolute difference between the mean frequency and the individual fre-
quencies was defined as the R value of that polarized-light response. R
values derived from rotations at different rotation velocities were directly
comparable, because we used instantaneous spike rate as a measure of
neural activity rather than spike counts per bin (Labhart, 1996; Pfeiffer,
2006). To quantify background variability, the R value of a spike train
during periods when no stimulus was applied was calculated and nor-
malized to the mean response amplitude of that neuron. The resulting
values indicate how much of the response amplitude during stimulation
was attributable to background variability.

To investigate the bilateral extent of the receptive fields, response am-
plitudes (R values) were calculated for stimuli at different elevations
along the right-left meridian. For each neuron, R values were normalized
with respect to the maximum response amplitude and plotted against
elevation. The mean lateral extent of the receptive field of a neuron type
was established by averaging the means from all recorded neurons at each
elevation.

For estimation of daytime relations, the preferred E-vector orienta-
tions were plotted against time of recording. Linear regression and cor-
relation analysis were performed in Origin 6.0 software. The correlation
coefficient (R.,,) was calculated, and a significant difference from a zero-
slope regression was tested by applying Student’s  test (significance level,
0.05). All circular plots and plots shown in Figures 4 and 6 were created
using Origin 6.0 (Microcal).

Histology. After recording, the thoracic cavity was rinsed with locust
saline, and the window in the pronotum was sealed with a piece of tissue.
The locust was incubated overnight in a moist chamber at 4°C to allow
diffusion of the tracer. On the next day, the brain and ventral nerve cord
without the free abdominal ganglia were dissected out and fixed in a
mixture of 4% paraformaldehyde, 0.25% glutaraldehyde, and 2% satu-
rated picric acid (in 0.1 M phosphate buffer) overnight at 4°C. Ganglia
were processed as whole mounts. They were rinsed four times for 15 min
in PBS, dehydrated through an increasing ethanol series (25, 50, 70, 90,
95, and 100%; 15 min each), transferred to a 1:1 mixture of ethanol and
methylsalicylate for 15 min, and, finally, cleared in methylsalicylate for at
least 45 min. When Neurobiotin was injected into the neurons, ganglia
were incubated with cyanine 3-conjugated streptavidin (1:1000; Di-
anova) for 3 d at 4°C in PBT (PBS including 0.5% Triton X-100), fol-
lowed by rinsing with PBT (three times for 10 min) and PBS (six times for
30 min). Ganglia were finally mounted in Permount (Thermo Fisher
Scientific) between two coverslips. Adhesive strips were used as spacers to
avoid compressions. Neurons were scanned with a confocal microscope
(Leica TCS-SP2) equipped with a 10X oil-immersion objective (HC PL
APO 10X/0.4 Imm Corr CS) at minimal pinhole size and intervals of 4
pm. Reconstructions based on the data stacks were performed using
Adobe Photoshop CS2.

To acquire higher morphological resolution of Neurobiotin-injected
neurons, some ganglia were rehydrated and embedded in albumin—gela-
tin (4.8% gelatin and 12% ovalbumin in demineralized water) for sec-
tioning. Embedded ganglia were postfixed in 8% formaldehyde (in 0.1 M
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phosphate buffer) overnight at 4°C. Using a vibrating blade microtome
(VT 12008S; Leica), the ganglia were sectioned in thick sections (130 wm
thickness) (for details, see Heinze and Homberg, 2008). These prepara-
tions were scanned at high resolution (40X or 63X objective, HCX PL
Apo 40X/1.25 oil or HCX PL Apo 63X/1.32 oil) and are shown as max-
imum intensity projections or as single optical sections. All images were
optimized for contrast and brightness and described corresponding to
the body axis.

The rehydrated preparations were also used for immunofluorescent
colabeling with antibodies against GABA, serotonin, locustatachykinin
II, A-type allatostatin, FMRFamide, or pigment-dispersing hormone,
and against synapsin. For the detailed protocol and specificity of synapsin
and serotonin immunostaining, see Heinze and Homberg (2008). The
anti-GABA antibody (NT-108; Protos Biotech Corp.) was raised in
guinea pig. It was used at a dilution of 1:500. The anti-locustatachykinin
II (Lom-TK II) antiserum (K1-50820091) was donated by Dr. Hans Ag-
ricola (University of Jena, Jena, Germany) and was used at a dilution of
1:30,000. Its specificity on S. gregaria brain sections has been character-
ized by Vitzthum and Homberg (1998). For staining of neurons contain-
ing A-type allatostatins (AST-A), an antiserum against Diploptera
punctata allatostatin 7 was used. The antiserum was a gift from Dr. Hans
Agricola and was used at a dilution of 1:15,000. Competitive ELISA
showed that the serum cross-reacts with other members of the A-type
allatostatin family of peptides with a common Y/FXFGLamide C termi-
nus (Vitzthum et al., 1996). The anti-FMRFamide antiserum (#671, used
at 1:4,000) was generated against synthetic FMRFamide conjugated to
thyroglobulin (Marder et al., 1987) and was generously supplied by Dr.
Eve Marder (Brandeis University, Waltham, MA). Specificity tests by
radioimmunoassay showed cross-reactivity of the antiserum with vari-
ous C-terminally extended MRFamides and LRFamides (Marder et al.,
1987). The anti-pigment-dispersing hormone (PDH) serum (#3B3, used
at dilutions of 1:20,000) was raised in rabbit against conjugates of syn-
thetic Uca pugilator/Cancer magister 3-PDH and bovine thyroglobulin.
Its specificity was demonstrated by Dircksen et al. (1987) and Homberg
etal. (1991).

Results
Descending POL-neurons in the locust nervous system
Through intracellular recordings combined with dye fills, we
identified three types of descending POL-neurons in the nervous
system of the desert locust. In total, 26 intracellular recordings
were obtained from axons in the neck connectives or from neu-
ronal processes in the posterior protocerebrum of the brain. Dye
injections were successful in 17 neurons, belonging to three mor-
phological types. Nine neurons that could not be stained were
assigned to the three types based on their physiological response
properties. Two of the three neuron types had descending axons
from the brain, one descended through the ipsilateral and the
other through the contralateral connective. The third type had no
arborizations in the brain but was a contralaterally descending
neuron from SOG. In some preparations, more than one cell was
stained. In these cases, one of the neurons, interpreted as the
recorded cell, was stained more intensely, whereas others ap-
peared less strongly fluorescent. The most likely reason for these
colabelings is dye leakage through injury of neighboring axons.
The responses of the descending neurons to polarized light
were highly variable. In some recordings, the responsiveness var-
ied in relation to arousal of the animal, characterized by sponta-
neous activity bursts of the animal correlated with high spiking
frequency of the recorded neuron; a previously quiescent animal
suddenly began a series of vigorous movements that quickly sub-
sided, leaving the animal as quiet as before. In other recordings,
spontaneous activity changes of the recorded neuron occurred
without observable movements of the animal. In some cases,
neural activity changes were correlated with stimulus presenta-
tion, but in most cases, they occurred apparently independent of
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visual input. Changes in arousal or spontaneous activity often
corresponded with shifts in baseline and usually affected the re-
sponsiveness of the neurons. In extreme cases, neurons switched
from highly polarization-sensitive to polarization blind after a
change in background activity and baseline. Spike traces during
E-vector rotations that were accompanied by increased arousal,
as indicated by movements of legs, wings, or antenna, were there-
fore notincluded in the analysis. Similar variability in responsive-
ness has also been observed in other locust visual interneurons
and was particularly noted for the descending deviation detector
interneuron with input from the contralateral ocellus (Kien,
1976; Rowell and Reichert, 1986). In the central complex, certain
cell types were, likewise, highly polarization sensitive in some
recordings but polarization blind in others (Heinze and
Homberg, 2009). Release of the neuromodulator octopamine has
been proposed frequently to affect state-dependent sensory re-
sponsiveness and arousal in insects (Bacon et al., 1995; Longden
and Krapp, 2009) and may possibly underlie the effects seen here.

Ipsilaterally descending brain neurons

Stable recordings from ipsilaterally descending POL-neurons
were obtained in six experiments with successful staining in three
cases. The morphologies of the stained neurons were indistin-
guishable, suggesting that all recordings were from the same neu-
ron. Their somata were located near the posterior brain surface
medioventrally from the calyces of the mushroom body (Fig. 1A).
Fine and, therefore probably dendritic, arborizations were con-
centrated in the posterior protocerebrum near but not within the
posterior optic tubercle (Fig. 1G) and close to the posterior surface
of the brain. Beaded ramifications, suggesting neuronal output re-
gions (Strausfeld, 1976; Peters et al., 1986), occurred in the antennal
mechanosensory and motor center (Fig. 1 H). An axonal fiber de-
scended through the ipsilateral connective into the SOG and all tho-
racic ganglia and terminated with a few small side branches in the
metathoracic ganglion. Arborizations in the SOG and prothoracic
ganglion had bleb-like and, therefore presumably presynaptic, end-
ings (Strausfeld, 1976) in dorsal parts of the ganglia. All arborizations
were restricted to the ipsilateral hemispheres of the ganglia.

The ipsilaterally descending neurons (n = 6) had highly vari-
able background activity ranging from <1 spike per second up to
47 impulses per second (mean * SE, 17.8 & 6.8 impulses per
second). All neurons showed polarization opponency (Fig.
1B,C), i.e., they were maximally excited by a particular E-vector
(®,,.) and were maximally inhibited by an E-vector perpendic-
ular to ®,,,.. This is particularly obvious when plotting normal-
ized mean activities of the six neurons for all polarizer rotations
after adjustment to identical @, (Fig. 1D). Corresponding to
the large variation in background activity (background variabil-
ity, 64 = 12.1%), the activity during stimulation with polarized
light was also highly variable (r = 78.2 = 16.6). The preferred
E-vector orientations (®,,,,) were higher during counterclock-
wise rotations of the polarizer than during clockwise rotations
(AD, .. = 36.3° = 13.0°, mean = SD, n = 6 neurons). The
average ®@ _ orientations calculated from equal numbers of
clockwise and counterclockwise rotations of the polarizer were
14°, 149°, and 176° (data not shown) and 128° (Fig. 1) for four
neurons with somata in the left brain hemisphere and 36° and 70°
for two neurons with somata in the right brain hemisphere (data
not shown). In one recording (data not shown), we measured the
polarization tuning along the right-left meridian over a range of
180° and found the neurons sensitivity to polarized light to fully
extend into the ipsilateral and contralateral visual field. One neu-
ron, recorded in the left hemisphere, was tested for motion sen-



Tréger and Homberg e Polarization-Sensitive Descending Neurons

A_——_B . c D

—~ 40 30 330 3

. .

9 A S L By

£ 20 ool il > Q\‘w 3°° 205 & \ !!/Q

z Y0 ﬁé\{\ ;{é//j;a 270 90 %}'g,/%% 2102 °* o €§ %}{%%.3 P
biai £ 20| 1200 U Yos0 120 NN os0 § 05 1IN
o N e N

180 180 Drnax
clockwise both

(impulses/s)
[
o

2mv.
(IJI o

SOG

|

360° o o 360°

m

(impulses/s)
w
o

o

CEPE D> € P PEDED>

Meso-TG

Meta-TG

Figure1. Morphology and response characteristics of ipsilaterally descending brain neurons. A, Reconstruction of arborizations
in the brain (posterior view), SOG, and the three thoracic ganglia (dorsal view). Arborizations in all ganglia are confined to the
ipsilateral hemispheres. Dendritic ramifications are in the posterior protocerebrum at the level of the posterior optic tubercle
(arrow; POTu, gray shaded; see also G). The antennal mechanosensory and motor center (dotted line, asterisk; see also H) is
invaded by beaded arborizations. An axonal fiber descends through the SOG with ramifications extending laterally and medially
around the axon. In the Pro-TG, two characteristic areas of ramification extend laterally. The axon passes through the mesothoracic
(Meso-TG) and metathoracic (Meta-TG) ganglion, with only sparse side branches, and could not be traced beyond the fused first
abdominal ganglion. B, C, Circular diagrams of mean frequencies of action potentials plotted against £-vector orientation during
dorsal stimulation with a rotating polarizer. Background activity is indicated by a black circle within each plot. B, During counter-
clockwise rotations of the polarizer, £-vector tuning (P,,,,) was at 142° (n = 7; error bars indicate SD; bin size, 10 p = 1.9 X
10 ~ ). C, The preferred F-vector orientation during clockwise rotations (n = 7; error bars indicate SD; bin size, 10°% p = 2.2 X
10 % hada ®,,,, of 111°and differed significantly from &, during counterclockwise rotations (n = 7; p = 0.009, Student’s
ttest for paired probes). D, Circular diagram showing normalized mean activities from all recordings (n = 6) to dorsal stimulation
through arotating polarizer with @, ., setto 0°. Background activity is indicated by a black circle. E, Spike train (bottom trace) and
mean spiking frequency (top trace; gliding average with bin size of 15) from the same neuron as in B and € during a counterclock-
wise (360 —0°) and a clockwise (0—360°) rotation of the polarizer. F, Responses to a moving black and white grating presented in
front of the animal. A small cardboard with black and white stripes was moved by hand from left to right and vice versa under
unpolarized light condition (black bar). Black arrows indicate movement direction of the pattern as seen by the locust. The neuron
with the soma in the left brain hemisphere was excited by movement from right to left and shows inhibition to moving bars from
left toright. G, H, Morphological details in the brain. Maximum intensity views of optical sections (frontal plane; thickness, 2 pm)
from confocal image stacks showing anti-synapsin staining (blue), anti-PDH immunostaining (green), and ramifications of the
Neurobiotin-stained neuron (red). G, Maximum intensity projection of 78 optical sections showing ramifications around the
posterior optic tubercle (POTu), which is marked with the anti-PDH antiserum. H, Maximum intensity projection of two
combined stacks (76 optical sections), showing varicose arborizations in the antennal mechanosensory and motor center
(AMMC). Some dendriticarborizations are visible dorsally from the antennal mechanosensory and motor center. Scale bars:
A, 200 wm; G, H, 40 pm.
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sitivity. The neuron was highly excited by
the grating moving from right to left in
front of the animal but remained silent
during movement in the opposite direc-
tion (Fig. 1 F).

Contralaterally descending

brain neurons

Four contralaterally descending POL-
neurons were recorded and stained. Again,
the morphologies of the neurons were in-
distinguishable, suggesting that record-
ings were from the same neuron. Their
cell bodies were located in the posterior
median pars intercerebralis at the level of
the central body (Fig. 2A). Protocerebral
ramifications were concentrated in the
posterior protocerebrum near the poste-
rior surface of the neuropil. The main
axonal fiber crossed the midline and de-
scended through the contralateral con-
nective to the SOG, all thoracic ganglia,
and to the free abdominal ganglia, but
their projections in the abdominal ganglia
could not be revealed. Terminals in the
SOG and Pro-TG had a bleb-like struc-
ture, suggesting output sites, and beaded
endings were also found in the contralat-
eral antennal mechanosensory and motor
center in the brain. One neuron was re-
corded from the left connective and had
its soma in the right brain hemisphere.
The other three neurons were recorded
from the input regions in the left brain
hemisphere and descended through the
right connective.

Responses of the contralaterally de-
scending neurons (n = 4) to polarized
light were weak compared with those of
the ipsilaterally descending neurons and
did not show large interindividual differ-
ences in response amplitude (r = 38.3 *=
11.8). The average response of normalized
mean activities, nevertheless, shows clear
E-vector tuning, but without polarization
opponency (Fig. 2D). The background
activity varied between 0.6 and 16 im-
pulses per second (3.5 = 1.2 impulses per
second; n = 4). The variability in back-
ground spiking activity was 45% (n = 1).
It could not be calculated for the other three
neurons because of lack of recording inter-
vals without visual stimulation. As found for
the ipsilaterally descending neurons, the
neurons showed higher ®@ . values during
counterclockwise rotations of the polarizer
than during clockwise rotations (A®,,,,. =
41.3° + 12.7°, mean * SD, n = 2). Average
preferred E-vector orientations (®,,,,) cal-
culated from clockwise and counterclock-
wise rotations were at 70°, 87°, and 102°
(data not shown) for the three neurons de-
scending through the right connective and
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130° (Fig. 2) for the fourth neuron descend-
ing through the left connective. Motion
stimuli were tested in one recording. The
neuron showed strong responses with acti-
vation to moving black and white bars in
front of the animal from left to right and vice
versa (Fig. 2F). The motion response
showed considerable adaptation.

SOG neurons

Neurons descending from the SOG were
recorded in 16 experiments. Ten of these
neurons were labeled. The somata of the
stained neurons were located anterolater-
ally in the labial neuromere. Their ar-
borizations in the SOG were restricted to a
small tree lateral to the ipsilateral dorsal
intermediate tract and beaded contralat-
eral branches leaving the axon and ar-
borizing in the labial neuromere dorsal
and lateral to the dorsal intermediate and
ventral lateral tract. Neurons of this type
had been described by Kien et al. (1990) as
a cluster of three neurons. Their cell bod-
ies, arborizations, and axons lie closely to-
gether at the labial-maxillary junction in
the SOG, and at least one, but more likely
two, of the axons terminate in the Pro-TG
(Kien et al., 1990). The descending POL-
neurons stained here (Fig. 3D) shared all
morphological features within the SOG
with the neurons described by Kien et al.
(1990). All neurons ramified with beaded
endings in a narrow area of the contralat-
eral Pro-TG close to the dorsal neuropil
surface.

The descending SOG neurons re-
sponded with polarization opponency to
dorsally presented polarized light, illus-
trated by the spindle-shaped circular plot
of the normalized mean activities of rota-
tions from the 16 recordings (Fig. 3C).
The neurons had a mean background ac-
tivity of 4.9 = 1.4 impulses per second
(n = 15). Most SOG neurons showed
strong modulation during stimulation
with a rotating polarizer (r = 57.0 = 4.9).
They were activated up to peak frequen-
cies of 20.2 * 8.3 impulses per second at
@, .« and were usually totally silenced at
D, i (Fig. 3A, B,E). The background vari-
ability of these neurons was similar to that
of the ipsilaterally descending neurons
(61 = 7.2%). The ratio of response ampli-
tude versus firing rate was clustered rather
than linearly correlated (data not shown).
D, . values ranged from 3° to 137° and
covered three-quarters of the total possi-
ble range of E-vectors (see Fig. 6C). The

D, . distribution appeared to be clustered around 42° and 116°
but was not significantly different from randomness (Rao’s spac-
ing test, p > 0.1). Like the descending brain neurons, the SOG
neurons showed higher @, values during counterclockwise ro-
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Figure2.  Morphology and response characteristics of a contralaterally descending brain neuron (4—C, E, F) and normalized average

response of all recordings (D). 4, Reconstruction of arborizations in the brain (posterior view), S0G, and the three thoracic ganglia (dorsal
view). The neuron has its soma and presumably dendritic arborizations in the ipsilateral posterior median protocerebrum. The axon crosses
the midline of the brain (arrow) and descends through the contralateral connective. Presumably presynaptic endings with beaded termi-
nalsarein the antennal mechanosensory and motor center (asterisk). The neuron descends through the SOG and thoracic ganglia and sends
a fiber, which could not be traced further, into the connective toward the free unfused abdominal ganglia. All ramifications in the ventral
nerve cord are confined to the contralateral hemisphere and have beaded, presumably presynaptic, terminals in dorsal aspects of the
ganglia. Meso-TG, Mesothoracic ganglion; Meta-TG, metathoracic ganglion B, C, Circular diagrams of mean frequencies of action potentials
of the neuron against £-vector orientation during dorsal stimulation with a rotating polarizer. Each rotation direction is shown separately.
Background activity is indicated by a white circle within each plot. B, During counterclockwise rotations of the polarizer, the neuron had a
preferred E-vector orientation (,,,,) of 157° (n = 5; error bars indicate SD; bin size, 10 p = 7.38 X 10 ~*). C, The preferred E-vector
orientation during clockwise rotations (n = 5; error bars indicate SD; bin size, 10% p = 5.74 X 10 ~*) had a ®,,,, 0f 103° and differed
significantly from &, during counterclockwise rotations (n = 5; p = 0.002, Student’s t test for paired probes). D, Circular diagram
showing normalized mean activities from all recordings (n = 4) to dorsal stimulation through a rotating polarizer with @, set to 0°.
Background activity is indicated by a white circle. E, Spike train (bottom trace) and mean spiking frequency (top trace; gliding average with
bin size of 1 s) of the neuron during a counterclockwise (360—0°) and a clockwise (0—360°) rotation of the polarizer. F, Responses to a
moving black and white grating presented in front of the animal. A small cardboard with black and white stripes was moved by hand from
left to right and vice versa under unpolarized light condition (black bar). Black arrows indicate movement direction of the pattern as seen by
the locust. The neuron was activated during movements in both directions. The response decreased with repetition of stimuli. Scale
bar, 200 wm.

tations of the polarizer than during clockwise rotations (Fig. 3).
The AD, . values of the SOG neurons (48.4° = 7.4°, n = 15)
differed significantly from those of the two brain neurons (p =
0.014, one-way ANOVA).
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Figure 3.  Response characteristics and morphology of descending neurons from the SOG. A, B, Circular diagrams of mean frequencies of action potentials of the neuron against £-vector
orientation during dorsal stimulation with a rotating polarizer. Each rotation direction is shown separately. Background activity is indicated by a black circle within each plot. 4, During counter-
clockwise rotations of the polarizer, the neuron had a preferred E-vector orientation (d,,,) of 70° (n = 11; error bars indicate SD; bin size, 10% p < 10 ~12). B, The preferred F-vector orientation
(®,,,,) during clockwise rotations (n = 11; error bars indicate SD; bin size, 10° p << 10 ~ '2) was at 27° and differed significantly from @, ., during counterclockwise rotations (n = 11;p << 0.001,
Student’s t test for paired probes). C, Circular diagram showing normalized mean activities from all recordings (n = 16) to dorsal stimulation through a rotating polarizer with &, set to 0°.
Background activity is indicated by a black circle. D, Horizontal superimposed reconstructions (dorsal view). The red neuron is mirrored. Both neurons differ slightly in morphology. They have their
somata and presumably dendritic arborizations in posterior partsin the ipsilateral hemisphere of the SOG. Axons cross the midline (arrow), give rise to presumably presynaptic endings with bleb-like
structures that partly overlap with the input region of the contralateral homolog, and descend through the contralateral connective. The neurons have axonal beaded ramifications that differ slightly
between the two cells in a narrow dorsal part of the Pro-TG. E, Spike train (bottom trace) and mean spiking frequency (top trace; gliding average with bin size of 1's) of the same neuron asin A and
Bduringa counterclockwise (360 — 0°) and a clockwise (0 —360°) rotation of the polarizer. F, Responses to a moving black and white grating presented in front of the animal (red neuron in D). A small
cardboard with black and white stripes was moved by hand from left to right and vice versa under unpolarized light condition (black bar). Black arrows indicate movement direction of the pattern
as seen by the locust. The neuron showed weak activations to movements in both directions. Scale bar, 200 m.

Eight neurons were tested for motion sensitivity but showed
only weak bidirectional responses to the moving grating (Fig.
3F). Polarization tuning along the right-left meridian was tested
in 10 recordings (Fig. 4A). The response strength to laterally
presented polarized light (0° elevation) was as strong as the re-
sponse to zenithal stimulation (90°), and all neurons were polar-
ization sensitive over the tested range of 180° along the right-left
meridian (Fig. 4B). In these neurons, @, . increased signifi-
cantly when moving the polarizer from ipsilateral positions to
positions in the contralateral hemisphere (R_,, = 0.53; t test
against the slope of zero, p = 0.00453) (Fig. 4C).

The SOG neurons showed no colabeling with antisera against
the inhibitory neurotransmitter GABA, serotonin, and the neu-
ropeptides FMRFamide, Lom-TK II, and allatostatin-A, indicat-

ing that the neurons use a neurotransmitter/modulator different
from the immunocytochemically tested substances (Fig. 5).

Distribution and daytime dependence of @, orientations

Judged by the striking morphological similarity in all stained prepa-
rations, the ipsilaterally and contralaterally descending POL-
neurons from the brain probably exist only once per hemisphere.
D, .« values calculated from the different recordings from descend-
ing brain neurons covered the full 180° range of possible E-vectors
(data not shown; Rao’s spacing test, p > 0.95). When neurons with
axonsin the left (Fig. 6 A) and right (Fig. 6 B) connective were plotted
separately, @, .. distributions appeared to be clustered around 154°
(Fig. 6 A, left connective) and 74° (Fig. 6 B, right connective) respec-
tively, but in both cases, the distributions were not significantly dif-
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ferent from randomness (Rao’s spacing test,
p > 0.1). Likewise, when @, orientations
from ipsilaterally and contralaterally de-
scending neurons were analyzed separately,
the distributions were not significantly dif-
ferent from randomness either (Rao’s spac-
ing test, p > 0.1; data not shown).

All recordings were performed be-
tween 9:00 A.M. and 6:00 P.M. (Central
European Time). Figure 7 shows the ® .
values of all recordings in relation to the
time of recording. A linear correlation ex-
ists between the time of recording and
E-vector tuning (®,,,,) for the descending
neurons from the brain if considered as a
functional unit of ipsilaterally and con-
tralaterally descending POL-neurons (R,
= —0.9, t test against the slope of zero, p =
0.00039) (Fig. 7A). The slope of the regres-
sion line indicates a shift in @, tuning of
21.5°h, covering 516° in 24 h. No correla-
tion between daytime and E-vector tuning
was found in the SOG neurons (R_,. = 0.11,
p = 0.97) (Fig. 7B).

cor

Discussion

We have characterized three types of de-
scending neuron in the desert locust that are
sensitive to the E-vector orientation of dor-
sally presented polarized light. Based on
morphological similarities, we suggest that
the recordings were from two bilateral pairs
of descending brain neurons, one with ipsi-
laterally and the other with contralaterally
descending axon, and from two bilateral
pairs of descending SOG neurons. Addi-
tional POL-neurons may exist but were not
encountered. Given the established role of
dorsal eye regions in detecting the polariza-
tion pattern of the sky (Labhart and Meyer,
1999), the neurons are likely to be involved
in behavioral responses to sky polarization
such as sky compass orientation. The ipsilat-
erally descending neuron and the SOG neu-
rons showed polarization opponency. The
polarization tuning through a range of up to
180° along the right-left meridian and the
high background variability of the neurons
continue trends in the central-complex net-
work toward increasing receptive field
size and decreasing signal-to-noise ratio
(Heinze et al., 2009), suggesting that the
neurons are at a later stage of processing
than the outputs of the central complex. All
neurons were multisensory and responded,
in addition, to horizontal motion along the
eye equator in the frontal to frontolateral vi-

sual field.

POL-neurons descending from
the brain

Both brain neurons responded with sinusoidal activity changes to
arotating polarizer. Whereas the ipsilaterally descending neuron
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Figure 4. Polarized-light sensitivity and £-vector tuning of the descending SOG neurons when stimulated with polarized light

from different elevations along the right—left meridian. A, Response amplitudes from individual recordings, distinguished by
different colors, plotted against elevation of polarized-light stimulus. Elevation is plotted with respect to the location of the soma
(0i—60i in the ipsilateral and Oc— 60c in the contralateral hemisphere of the S0G) and was sampled along the right—left meridian
with respect to the locust. Values were normalized to the largest R value of each neuron (i.e., the receptive field center). Data points
are connected by lines for better visibility. Dotted line indicates background variability for the neuron type, which has been
renormalized with respect to the mean receptive field center. B, Average receptive field for the examined SOG neurons. Dotted line,
Background variability. Values are means = SE. €, Deviations of @, ., values at different elevations from zenithal @, values.
Differences in @, values are plotted against the elevation. A significant correlation was observed (R.,, = 0.53, p = 0.00453).
Colors of data points correspond to the colors in A.

Figure5.  Confocalimages of 130 m sections showing parts of Neurobiotin-stained descending SOG neurons (red) combined
with immunostaining using antisera against FMRFamide, serotonin, Lom-TK II, AST-A, or GABA (green). The Neurobiotin-stained
somata and ramifications are shown in A-E, the immunostainings are shown in A’~E’, and the combined illustrations are shown
inA”-E" . None of the tested neuroactive substance s localized in the stained neurons. 4, Soma and part of the primary neurite in
the SOG. FMRFamide immunostaining is not present in the soma or axon of the neuron. B, Dendritic ramifications in the SOG and
presynaptic terminals from the Pro-TG (inset). The labeled neuron does not show serotonin immunostaining. C, D, In the Pro-TG,
presynaptic terminals with bleb-like endings do not show immunostaining for Lom-TK 11 (C) or AST-A (D). E, The soma of the SOG
neuron does not exhibit GABA immunostaining. Scale bars, 40 pm.

showed considerable variations in the responses, the contralater-
ally descending neuron in general had lower background activity
and responded less strongly to polarized light. Both descending
neurons were strongly driven by horizontal motion presented in
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A

Figure 6. Distribution of &, values in the three types of descending neuron. A, ®,, values from brain POL-neurons with
descending axons in the left connective. E-vector orientations (ipsilaterally descending, black; contralaterally descending, red)
seem to be clustered around 154°, but the distribution is not significantly different from randomness (Rao’s spacing test, p > 0.01).
B, @, values from brain POL-neurons with descending axons in the right connective. &, values are clustered around 74°, but
the distributionis notsignificantly different from randomness (Rao’s spacing test, p > 0.1; same color code asin A). ¢, ®,,,,, values
of all SOG neurons (the red value is mirrored) descending through the left connective. @, values are clustered around 42° and
116°, but the distribution is not significantly different from randomness (Rao’s spacing test, p > 0.1).
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sensitive input from the LAL-pPC neuron
described by Heinze and Homberg
(2009). The LAL-pPC neuron receives in-
put in the lateral accessory lobe (LAL) and
gives rise to bilaterally symmetric output
ramifications in the posterior protocere-
brum (pPC). Therefore, the ipsilaterally
and contralaterally descending POL-
neurons  might receive identical
polarized-light input signals. Addition-
ally, both neurons are sensitive to hori-
zontal motion. In free flight, changes in
yaw would create both a polarization sig-
nal from the sky and a yaw motion signal
from the surrounding landscape. Both
signals apparently converge on the brain
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Figure 7.  Daytime-dependent preferred £-vector orientations (®,,,,) in descending POL-

neurons. ®, .. values of the three descending neuron types are plotted against standard time
(Central European Time) of recording. A, A correlation was observed for the combined values
from the two types of brain descending neuron (R.,, = —0.9, t test against the slope of 0,p =
0.00039; y = —515.91x + 387.37), indicated by the regression line with 95% confidence
intervals. Data from ipsilaterally descending neurons (triangles) and contralaterally descending
neurons (dots) are included. Neurons with axons in the left connective are shown in red and
those with axons in the right connective in blue. B, No correlation was observed for the descend-
ing S0G neurons (R, = 0.11, p = 0.97). Most S0G neurons were recorded from the left
connective (red squares); only one recording was from the right connective (blue square).

the frontal visual field. The ipsilaterally descending brain neuron has
remarkable anatomical and physiological similarities with the de-
scending direction-selective motion-detecting neuron (PDDSMD
neuron) (Rind, 1990). The PDDSMD neuron is sensitive to motion
stimuli signaling yaw deviations as suggested by directional prefer-
ences for front-to-back motion across the ipsilateral and back-to-
front motion across the contralateral eye, respectively.
Correspondingly, the ipsilaterally descending neuron studied here
was excited by horizontal motion in front of the animal only when
movement occurred toward the ipsilateral but not toward the con-
tralateral eye. The contralaterally descending POL-neuron was de-
scribed by Williams (1975) as one of a pair of neurons with somata in
the pars intercerebralis termed PI(2):5 and P1(2):6. In contrast to the
PI(2):5 neuron, PI(2):6, recorded here, has no processes extending
to the lateral ocellar tract and a less pronounced anteroventral
branch. Both neurons share extensive superficial arborizations in the
posteroventral brain (Williams, 1975). The PI(2):5 neuron was
physiologically characterized as one of several descending deviation
detector neurons in flying locusts (Hensler, 1988; Hensler and Row-
ell, 1990), but PI(2):6 has not been studied physiologically before.
The two descending brain neurons characterized here extend
the hitherto known polarization vision pathway from the brain to
thoracic motor circuits. Judged by their ramifications in the pos-
terior protocerebrum, both neurons might receive polarization-

descending neurons studied here and
might result in robust coding of changes
in head orientation under various sky and ground contrasts.
Testing both stimulus modalities in the same recording will show
how both inputs exactly interact and complement each other.

The putative output ramifications of the descending POL-
neurons are concentrated in dorsal parts of the thoracic ganglia in
which thoracic motor neurons receive their input (Siegler et al.,
1991; Schlurmann and Hausen, 2007). Hence, the descending
POL-neurons are likely to provide direct input to thoracic motor
centers and might be the final interneurons of the polarization
vision pathway from the receptor cells in the dorsal rim area of
the eye to motor neurons controlling gaze, gate, and flight.

Polarization vision and time compensation

A crucial requirement for a sky compass that controls migratory
directions is to achieve time compensation, i.e., to continuously
adjust the E-vector tuning of the neurons as the sun moves across
the sky during the day. Because the polarization pattern of the
blue sky is generated by sunlight, it moves across the sky during
the day with an average change in solar azimuth of 15°/h. Time
compensation accounting for this shift has been shown in behav-
ioral experiments in honeybees, ants, and monarch butterflies
(Lindauer, 1960; Wehner, 1992; Mouritsen and Frost, 2002; Rep-
pert et al., 2010). Pfeiffer and Homberg (2007) suggested that a
daytime-dependent compensation for changes in solar elevation
operates in the anterior optic tubercle of the locust, an input stage
to the central-complex network. How and at what stage of the
polarization vision pathway solar azimuth compensation is
achieved is currently unclear. El Jundi and Homberg (2010) pro-
vided evidence for the existence of a second polarization vision
pathway in locusts that connects the accessory medulla to the
central complex. In the fruit fly Drosophila melanogaster and the
cockroach Leucophaea maderae, the accessory medulla is the site
of the circadian clock controlling circadian changes in locomo-
tion and other behaviors (Helfrich-Forster et al., 1998; Homberg
et al., 2003, Helfrich-Forster, 2004 ), but whether this is also true
for locusts remains to be seen.

The two descending brain neurons show E-vector tunings that
are linearly correlated with time of day. Convergent information
from the internal sky compass and the circadian clock therefore
occurs in the brain at or upstream of the dendritic ramification of
the descending neurons. For a compensation of solar azimuth
changes, the @ . values of time-compensated POL-neurons
should change by ~15°h, which accounts for 360° azimuth
changes in 24 h. The slope of the regression curve (21.5°/h) is
close to this relation. Because all locusts used here were reared
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under laboratory conditions, the diurnal shift in E-vector tuning
we see might represent a default state that is determined geneti-
cally and might require environmental cues for adjustment to
local sky conditions. The data implicate that, at any given day-
time, the two pairs of descending neurons have the same E-vector
tuning. This is at present difficult to explain, but again, E-vector
tuning and daytime dependence may be strongly influenced by
environmental conditions.

POL-neurons of the SOG

The descending POL-neurons of the SOG responded with polar-
ization opponency to the rotating polarizer. The recordings did
not provide evidence for time compensation and showed only
weak unidirectional responses to moving stimuli. Based on @,
distribution (Fig. 6C), which shows two possible subclusters, the
SOG neurons might consist of two bilateral pairs of neurons. This
assumption is supported by Kien et al. (1990) who suggested a
pair of these neurons per SOG hemisphere.

Hensler (1989) recorded from the neuron under tethered fly-
ing conditions. The neuron responded to simulated roll devia-
tions and was rhythmically excited during flight. Electrical
stimulation of the neuron resulted in head rolling to the con-
tralateral side (Hensler, 1989). We therefore suggest that the SOG
neurons do not take part in the polarization vision pathway used
for navigation but may be involved in the control of flight stabi-
lization as proposed by Hensler (1989). The neurons might inte-
grate sky polarization input with horizon detection to control
head orientation during flight, but how both inputs interact with
each other in a biological meaningful way will have to be deter-
mined in future experiments.

Comparison to head direction cells

When stimulating with a rotating polarizer, shifts in ®,,, would
be expected to account for differences in latencies of the response
during clockwise and counterclockwise rotations. As a conse-
quence of the delayed response to the preferred orientation, ®, .
should have higher values for clockwise and lower values for
counterclockwise rotations. Furthermore, the A® __ - value
should increase with increasing numbers of intercalated neurons
between photoreceptors and the neuron of interest. Interestingly,
however, @, shifts in the opposite direction were observed. In
all neurons, @, ., values for counterclockwise rotations were
higher than @, values for clockwise rotations, and these differ-
ences were larger in the SOG than in the brain neurons. Similar
shifts in directional tuning have been observed in head direction
cells in the anterior dorsal thalamic nucleus and other areas in-
volved in spatial orientation of rats (Blair and Sharp, 1995;
Taube, 2007). Heinze and Homberg (2007) emphasized the sim-
ilar biological roles of zenithal E-vector-coding neurons in lo-
custs and head direction cells in rats for spatial orientation. Just as
proposed for tuning shifts in head direction cells during clock-
wise and counterclockwise rotations of rats, the E-vector tuning
shifts in POL-neurons observed here might signal anticipatory
head direction in the near future (Blair and Sharp, 1995). At
present, however, both the neural mechanisms and the func-
tional roles underlying anticipatory firing of these neurons in rats
are poorly understood (Taube, 2007). With recordings from
identifiable neurons, the locust may be a good model to analyze
the mechanisms and benefits of anticipatory head direction sig-
naling in future experiments.
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