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Abstract 35 

Many migratory insects rely on a celestial compass for spatial orientation. Several features of 36 

the daytime sky, all generated by the sun, can be exploited for navigation. Two of these are 37 

the position of the sun and the pattern of polarized skylight. Neurons of the central complex 38 

(CX), a group of neuropils in the central brain of insects, have been shown to encode sky 39 

compass cues. In desert locusts the CX holds a topographic, compass-like representation of 40 

the plane of polarized light (E-vector), presented from dorsal direction. In addition, these 41 

neurons also encode the azimuth of an unpolarized light spot, likely representing the sun. 42 

Here we investigate whether, in addition to E-vector orientation, the solar azimuth is 43 

represented topographically in the CX. We recorded intracellularly from 8 types of CX 44 

neuron, while stimulating animals of either sex with polarized blue light from zenithal 45 

direction and an unpolarized green light spot, rotating around the animal’s head at different 46 

elevations. CX neurons did not code for elevation of the unpolarized light spot. However, two 47 

types of columnar neuron showed a linear correlation between innervated slice in the CX and 48 

azimuth tuning to the unpolarized green light spot, consistent with an internal compass 49 

representation of solar azimuth. Columnar outputs of the CX also showed a topographic 50 

representation of zenithal E-vector orientation but the two compasses were not linked to each 51 

other. Combined stimulation with unpolarized green and polarized blue light suggest that the 52 

two compasses interact in a non-linear way. 53 

 54 

Significance statement 55 

In the brain of the desert locust, neurons sensitive to the plane of celestial polarization are 56 

arranged like a compass in the slices of the central complex. These neurons, in addition, code 57 

for the horizontal direction of an unpolarized light cue possibly representing the sun. We 58 

show here that horizontal directions are, in addition to E-vector orientations from dorsal 59 

direction, represented in a compass-like manner across the slices of the central complex. 60 

However, both compasses are not linked to each other but seem to interact in a cell specific 61 

non-linear way. Our study confirms the role of the central complex in signaling heading 62 

directions and shows that different cues are employed for this task. 63 

 64 

Introduction 65 

Many animals rely on visual cues for navigation. Some of them, including certain insects, 66 

exploit global compass cues of the sky to extract heading information and maintain directions 67 

during walking and flight (Wehner, 1984; Merlin et al., 2012; Homberg, 2015). Sky compass 68 
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cues are highly reliable due to their persistent presence during locomotion (Gould, 1998; Frost 69 

and Mouritsen, 2006). Besides direct sunlight, the polarization pattern and the chromatic 70 

gradient across the sky, both generated by scattering of sunlight in the atmosphere, provide 71 

reference to the position of the sun. In addition to sky compass cues, insects also rely on 72 

landmarks and perhaps even map-like mechanisms of orientation, especially in familiar 73 

terrain (Collett, 1992; Menzel et al., 2005; Zars, 2009; Wystrach and Graham, 2012). Large 74 

landscape features, like coastlines or mountain ranges may also serve as guiding cues for long 75 

distance migrators (Reppert et al., 2016). 76 

Several insect species show orientation behavior dependent on sky compass cues or, 77 

under laboratory settings, signals that mimic zenithal sky polarization or solar position. These 78 

include honey bees (Brines and Gould, 1997; von Frisch, 1949), desert ants (Wehner and 79 

Müller, 2006), dung beetles (Dacke et al., 2003; el Jundi et al., 2014b), fruit flies (Weir and 80 

Dickinson, 2012), field crickets (Brunner and Labhart, 1987), and locusts (Mappes and 81 

Homberg, 2004). All of these species possess specialized photoreceptors, working as E-vector 82 

analyzers, located in the dorsal rim areas of their compound eyes (Labhart and Meyer, 1999; 83 

Schmeling et al., 2014). 84 

Visual pathways from the dorsal rim areas of both compound eyes converge on the 85 

central complex (CX), a group of midline-spanning neuropils in the brain (Homberg et al., 86 

2011; Heinze, 2014). The CX consists of the upper and lower division of the central body 87 

(CBU, CBL), the paired noduli (NO) and the protocerebral bridge (PB; Fig. 1A). In the desert 88 

locust, the CBU, CBL and PB are structured in rows of 16 vertical slices. Many CX neurons 89 

arborize in adjacent bilateral structures, the lateral accessory lobes, and the medial and lateral 90 

bulbs. Several types of CX neuron are involved in the processing of polarized light. These 91 

include tangential neurons of the CBL (TL2) serving as input-neurons to the CX and 92 

contacting columnar neurons of the CBL (CL1; Fig. 1A). CL1 neurons arborize in distinct 93 

slices of the PB, where they might contact tangential neurons (TB1; Fig. 1B). Columnar 94 

neurons, termed CPU1, CPU2, CP1 and CP2 likely serve as output neurons of the network 95 

(Fig. 1B,C).  96 

Functional studies provide strong evidence for a role of the CX in navigational tasks 97 

(Ofstad et al., 2011; Varga et al., 2017). In locusts and fruit flies the CX holds an internal 98 

representation of head orientation relative to a visual reference. Whereas in fruit flies head 99 

orientation relative to bright landmarks is represented in the ellipsoid body (corresponding to 100 

the CBL in other species; Seelig and Jayaraman, 2013) and the PB (Green et al., 2017), a 101 

topographic representation of zenithal E-vectors is present in the PB of the locust (Heinze and 102 
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Homberg, 2007). In dung beetles, monarch butterflies and locusts CX neurons code for the 103 

orientation of zenithal polarized light as well as for the azimuth of an unpolarized green light 104 

spot, likely representing the sun (Heinze and Reppert, 2011; el Jundi et al., 2014a; el Jundi et 105 

al., 2015; Pegel et al., 2018). This raises the question, whether the azimuth of the sun, like the 106 

E-vector angle, is represented topographically in the slices of the CX. If so, an internal 107 

azimuth compass phase shifted by 90° to the E-vector compass would be expected, as this is 108 

the angular distance between zenithal E-vector and solar azimuth in the sky. We show here 109 

that several types of columnar neuron in the locust CX represent not only zenithal E-vectors, 110 

but also azimuth angles of unpolarized light cues in a compass-like manner. However, the two 111 

compasses are not simply connected by a 90° relationship. 112 

 113 

Materials and methods 114 

Animals and preparation 115 

Desert locusts (Schistocerca gregaria) were reared under crowded conditions in a 12:12 h 116 

light:dark cycle. Only sexually mature male and female animals, at least one week after final 117 

moult, were used for experiments. Animals were mounted onto a metal holder using dental 118 

wax, with their anterior-posterior body axis oriented vertically (Pfeiffer et al., 2005). Wings 119 

and legs were cut off. The head capsule was opened from anterior and fat tissue, tracheal air 120 

sacs, and gut were removed in order to reduce body movements. Mouthparts, leg stumps, and 121 

abdomen were immobilized by wax. Muscles close to the brain were cut for further 122 

stabilization. A small twisted metal wire was used to support the brain from posterior. The 123 

neural sheath covering the central brain was removed to allow access for the electrode. During 124 

preparation and intracellular recording the brain was immersed in locust saline (Clements and 125 

May, 1974) containing 0.09 mol l-1 saccharose. 126 

 127 

Electrophysiology and visual stimulation 128 

Sharp glass microelectrodes were drawn from borosilicate capillaries (Hilgenberg) using a 129 

Flaming/Brown horizontal puller (P-97, Sutter Instrument). Electrode tips were filled with 4% 130 

Neurobiotin (Vector Laboratories) diluted in 1 mol l-1 KCl. Electrode shanks were filled with 131 

1 mol l-1 KCl. Neuronal signals were amplified 10× by a custom-built amplifier (University of 132 

Regensburg), visualized by an oscilloscope (DS 1052Eh, Rigol Technologies), digitized by an 133 

analog-to-digital converter (CED1401 plus, Cambridge Electronic Design) at a rate of 20 134 

kHz, and stored on a PC using the software Spike2 (Version 6.02, Cambridge Electronic 135 

Design). Neuronal responses to polarized and unpolarized light stimuli were studied (Fig. 136 



 

5 
 

1D). Polarized light was generated by passing light of a blue LED (Oslon SSL 80, LDCQ7P, 137 

452 nm, Osram Opto Semiconductors, or LXML-PR01-0500, 447.5 nm, Philips Lumileds 138 

Lighting Company) through a polarizer (HNP’B, Polaroid). Both were positioned in the 139 

animal’s zenith (with respect to its natural head orientation) to stimulate the dorsal part of the 140 

eye. The polarized light stimulus covered a visual angle of 32.5° or 18.6° and had an intensity 141 

of 1.7×1013 photons cm-2 s-1. The polarizer was rotated at angular velocities of 40°/s or 36°/s. 142 

The unpolarized light spot was generated by light from a green LED (LED535-series, 535 nm, 143 

Roithner Lasertechnik, or Oslon SSL 80, LT CP7P, 528 nm, Osram Opto Semiconductors) 144 

passing through a diffusor. The unpolarized light stimulus appeared at a visual angle of 16.3° 145 

and had an intensity of 1014 photons cm-2 s-1. It was moved around the animal’s head at an 146 

elevation of 45° and an angular velocity of 40°/s or 36°/s. In experiments testing for 147 

elevation-dependent coding the elevation of the light spot could be changed to 20°, 30°, 40°, 148 

50° and 60° (Fig. 1D). At the end of the recording Neurobiotin was injected into the neuron 149 

by applying a positive constant current of approximately 1 nA for 1-4 min. 150 

 151 

Histology and image processing 152 

Brains were dissected in locust saline, immersed over night at 4°C in fixative containing 4% 153 

paraformaldehyde (PFA), 0.25% glutaraldehyde and 0.2% saturated picric acid diluted in 0.1 154 

mol l-1 phosphate buffered saline (PBS). Brains were stored for up to 2 weeks at 4°C in 155 

sodium phosphate buffer. Subsequently they were incubated in PBS with 0.3% Triton X-100 156 

and Cy3 conjugated streptavidin (1:1000) for three days, dehydrated in an ascending ethanol 157 

series (30%, 50%, 70%, 90%, 95%, 100%) with 15 min steps, and cleared in a 1:1 mixture of 158 

100% ethanol and methyl salicylate for 20 min, followed by 1 h in 100% methyl salicylate. 159 

Finally, brains were embedded in Permount (Fisher Scientific) between two cover slips. For 160 

synapsin immunostaining brains were rehydrated in a decreasing ethanol series (100%, 95%, 161 

90%, 70%, 50%, 30%) with 15 min steps, embedded in albumin/gelatin, fixed overnight in 162 

8% formaldehyde (FA) at 4°C, and sectioned in 130 μm slices using a vibrating-blade 163 

microtome (VT 1000S, Leica). Sections were preincubated overnight in PBS with 5% Triton 164 

X-100 and 5% normal goat serum (NGS) and then incubated for 5 days at 4°C in PBS with 165 

5% Triton X-100, 1% NGS and anti-synapsin antibody (1:50). The monoclonal anti-synapsin 166 

antibody was generated in mouse against fusion proteins consisting of glutathione-S-167 

transferase and the Drosophila Syn1 protein (Klagges et al., 1996). It was kindly provided by 168 

Drs. Erich Buchner and Christian Wegener (University of Würzburg). The antibody labels 169 

synapse-rich neuropils in various insect species (Brandt et al., 2005; Kurylas et al., 2008; 170 
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Held et al., 2016). Following incubation in anti-synapsin sections were incubated in PBS with 171 

5% Triton X-100, 1% NGS and the secondary antibody (goat anti-mouse) conjugated with 172 

Cy5 (1:300) for three days at 4°C. The sections were finally dehydrated in an increasing 173 

ethanol series (as described above), cleared in methyl salicylate (as described above) and 174 

mounted in Permount between two cover slips. For more detailed description of the protocol 175 

see Heinze and Homberg (2008). Preparations were scanned with a confocal laser scanning 176 

microscope (Leica) using a DPSS laser (561 nm) for detection of Cy3 and a He-Ne laser (633 177 

nm) for detection of Cy5. Scans were visualized in AMIRA (version 5.4.5, FEI Visualization 178 

Sciences Group). Images were processed in Adobe Illustrator CC (version 2017.1.0, Adobe 179 

Systems). 180 

 181 

Pre-processing of physiological data 182 

Recording traces were visualized using Spike2. Action potentials were detected as events with 183 

a threshold based mechanism. The data were exported to a mat-file. All subsequent analysis 184 

was performed using custom functions written in MATLAB (Version 2017a, The 185 

MathWorks). 186 

 187 

Experimental design and statistical analysis 188 

For each stimulus presentation a stimulus response curve was obtained by calculating the 189 

mean spiking activity in 10° bins. To assess the response of a neuron to a stimulus condition 190 

the stimulus response curves of all presentations were averaged. At least one clockwise and 191 

one counterclockwise rotation of the polarizer / unpolarized light spot were averaged. 192 

Responses to clockwise and counterclockwise tests were always pooled in equal numbers to 193 

avoid a shift in the preferred calculated angle due to rotation direction. A directed modulation 194 

of spike rate by the orientation of the E-vector or the azimuth of the unpolarized light spot 195 

was determined by an angular-linear correlation analysis (Zar, 1999). The responsiveness of 196 

the neuron to a stimulus was indicated by the significance (α=0.05) of the correlation 197 

coefficient (ral). The coefficient of determination (ral²) describes the strength of correlation 198 

between E-vector orientation or light spot azimuth and the spike rate (for detailed description 199 

see Pegel et al., 2018). To calculate the preferred E-vector or azimuth (Φmax) spike times were 200 

transformed into angles by multiplying them with the stimulus rotation velocity. From these 201 

angles the mean vector Φ was calculated (Batschelet, 1981) and defined as the preferred angle 202 

(Φmax). The anti-preferred angle (Φmin) was defined as the angle 180° to Φmax (azimuth tuning) 203 

or 90° to Φmax (E-vector tuning). For all analyses of axial data (E-vector stimulation) the 204 
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angles were doubled (Batschelet, 1981). Background activity was determined by selecting 205 

parts of the recording without any stimulation and dividing them into 1-s bins. In each bin the 206 

spikes were counted. Spike counts were used to calculate the median background activity. The 207 

correlation between the location of arborization in the PB and Φmax was assessed by a 208 

circular-linear correlation analysis as described by Kempter et al. (2012). Here the slice of PB 209 

arborization was used as the linear variable (values ranging from 0 to 15) and Φmax as the 210 

circular variable. A linear regression model was fitted to the circular-linear data by 211 

minimizing the circular error between measured and predicted angles (Kempter et al., 2012). 212 

The slope of the regression line was used to transform the linear variable into a circular one. 213 

Finally, a circular correlation coefficient (ρ) was calculated. No prior assumptions on the data 214 

are necessary, except for an estimate of  the range of reasonable slopes. It was determined as 215 

the slope α of the regression line with minimum mean circular distance from the data points 216 

within a reasonable range of  80° per PB column (Eq. 1 in Kempter et al., 2012). The 217 

circular-linear correlation coefficient is an analogue to the Pearson’s product-moment 218 

correlation coefficient for linear-linear data, but with higher validity when analyzing circular-219 

linear associations (Kempter et al., 2012). 220 

For figures 5 and 6 stimulus response curves were smoothed. The stimulus response 221 

curve was normalized to the median background activity of the neuron. A smoothing spline 222 

was fitted onto the curve using the MATLAB curve fitting toolbox (smoothing parameter set 223 

to 10-4, 360 array elements). For experiments with different light spot elevations additional 224 

characteristics of the stimulus response curve were calculated using the smoothed stimulus 225 

response curve: the tuning amplitude and the tuning width. The amplitude was determined by 226 

calculating the difference in normalized spike rate between the peak and the trough of the fit 227 

curve. The tuning width was defined as the angular difference between two points on the fit 228 

curve at half amplitude. 229 

For experiments with combined stimulation (Fig. 5) we calculated the relative impact 230 

of the green and polarized-light stimulation alone on the response to simultaneous stimulation. 231 

We followed the assumption that the tuning is constituted as 232 

, where  is the stimulus angle in °,  is the hypothetic tuning curve to 233 

simultaneous stimulation,  is the measured tuning curve to polarized-light stimulation,  is 234 

the measured tuning curve to green-light-spot stimulation and  are the respective 235 

weighting factors. Tuning curves were smoothed before calculations. We used an 236 

optimization approach to find the weighting factors where the summed absolute difference 237 

between the measured response to simultaneous stimulation and  is minimal. To this end, we 238 
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used the MATLAB built-in function fminbnd to minimize the function 239 

, where  is the measured tuning curve to simultaneous 240 

stimulation and  is the minimization parameter that was constrained to the 241 

interval . In each optimization iteration,  was calculated by solving  for  and 242 

inserting the measured tuning curve for the hypothetic one: , where  is the 243 

optimization parameter of the current iteration. At , the lowest absolute difference 244 

between measured and hypothetic tuning curve,  was taken as  and  was calculated as 245 

above. 246 

 247 

Results 248 

Most data analyzed here are from recordings presented previously (Pegel et al., 2018). In that 249 

study we analyzed basic response features of the neurons, including their tuning to the plane 250 

of polarized light, unpolarized green and UV light spots, response amplitudes, tuning widths, 251 

and tuning differences when comparing clockwise and counterclockwise rotations of the 252 

stimuli. Here we asked whether morphological characteristics of the neurons such as the 253 

innervated layer in the CBL and columnar domains in the PB, CBU and CBL correspond to 254 

tuning angles of the neurons in a topographic manner. 255 

 256 

Tuning angles of TL neurons innervating different layers of the CBL 257 

To investigate whether azimuthal preference is topographically represented in the layering of 258 

the CBL, we compared azimuthal tuning and innervated layer in 10 recorded TL neurons. Six 259 

types of tangential neuron termed TL1-TL6 have been distinguished in the CBL of the locust 260 

(Müller et al., 1997; Bockhorst and Homberg, 2015a). We recorded from seven TL2 and three 261 

TL3 neurons, invading different layers of the CBL. Five TL2 neurons invaded layer 2 of the 262 

CBL and are termed here TL2a (Fig. 2A). Two TL2 neurons invaded layer 3 and are termed 263 

here TL2b (Fig. 2A). The three TL3 neurons arborized in layers 4 and 5 (Müller et al., 1997). 264 

In the lateral bulb TL2 and TL3 neurons receive signals via microglomerular complexes 265 

(Träger et al., 2008). Whereas TL2a neurons innervated microglomeruli in dorsal parts of the 266 

lateral bulb, TL2b neurons innervated microglomeruli of more ventral parts (Fig. 2B). In TL3 267 

neurons arborizations were located in the medial bulb, but one neuron additionally invaded a 268 

few microglomeruli at the most medio-dorsal tip of the lateral bulb (Fig. 2B). All TL2 neurons 269 

responded with excitation at Φmax and inhibition at Φmin. TL3 neurons were generally tuned 270 

only weakly to the azimuth of the green spot and either showed exclusively excitation at Φmax 271 
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(Fig. 2C), inhibition at Φmin, or both. In all TL2a neurons the preferred azimuth of the green 272 

light spot was on the contralateral side (Fig. 2C,D). In contrast, in the two TL2b neurons, the 273 

preferred azimuth was on the ipsilateral side (Fig. 2C,D). The three TL3 neurons showed 274 

mixed responses, with Φmax on the ipsilateral side in two neurons, and on the contralateral side 275 

in the third neuron (Fig. 2C,D). 276 

 277 

Topographic representation of E-vector and azimuth angles in the PB 278 

In the PB zenithal E-vectors are topographically represented, indicating that the PB acts as an 279 

internal sky polarization compass (Heinze and Homberg, 2007). This representation was 280 

found for TB1, CPU1, CP1 and CP2 neurons (Heinze and Homberg, 2007), but not for CL1 281 

neurons (Heinze and Homberg, 2009). We asked here whether a topographic representation of 282 

azimuth of unpolarized light, respresenting the sun is, likewise, present across the PB. We 283 

recorded from CL1, TB1, CPU1, CP1 and CP2 neurons, and from an additional cell type, 284 

CPU2 neurons (Fig. 1A-C). Neurons were tested for E-vector coding by presenting polarized 285 

light from the zenith, and for azimuth coding by presenting an unpolarized green light spot, 286 

rotating at an elevation of 45° around the animals’ head. The preferred angles were plotted 287 

against the slice of arborization in the PB. Linear-circular regression analysis was performed 288 

for CL1, TB1 and CPU1 neurons because only for those cell types sample size was above the 289 

critical limit of n=10 recordings (Kempter et al., 2012). Because TB1 neurons have varicose 290 

arborizations in one PB slice of each brain hemisphere (separated by 7 slices), their preferred 291 

angles were plotted only for the left brain hemisphere. In CL1 neurons the preferred E-vector 292 

was not correlated with the slice of arborization in the PB (Fig. 3A). These observations are in 293 

line with previous results (Heinze and Homberg, 2009). TB1 neurons showed a correlation 294 

between preferred E-vector and slice of arborization (Fig. 3B). The data confirm the results of 295 

Heinze and Homberg (2007), who showed a topographic representation of E-vectors for TB1 296 

neurons. Like in Heinze and Homberg (2007) the fit line had a positive slope. However, it 297 

covered an angular range of 490° across one PB hemisphere, substantially larger than the 298 

range of 169.4° found by Heinze and Homberg (2007). In CPU1 neurons the preferred E-299 

vector angle was highly correlated with the slice of arborization in the PB (Fig. 3C), 300 

indicating an internal compass for zenithal E-vectors in the PB (Fig. 3C’’). The circular-linear 301 

fits covered an angular range of 307° in CPU1 neurons from L8 to R8. The steepness of the 302 

fitline was again different to that of Heinze and Homberg (2007), who reported a 303 

representation of 410° in CPU1 neurons. 304 
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A correlation between the slice of arborization in the PB and the preferred azimuth of 305 

the unpolarized light spot was found in CL1 and CPU1 neurons (Fig. 3A’,C’). This indicates 306 

that, in addition to the E-vector of polarized light, the azimuth of the green spot is 307 

topographically represented in the PB (Fig. 3A’’,C’’). However, in contrast to the positive 308 

correlation between E-vector and PB slice, the correlation between azimuth and PB 309 

arborization was negative in both cell types. The fits for the preferred azimuth of the 310 

unpolarized green spot covered 637.5° in CL1 neurons, and 463.5° in CPU1 neurons across 311 

the PB. Because CPU1 and CL1 neurons arborize not only in slices of the PB but also in 312 

distinct slices of the central body we transferred the mean preferred angle (i.e. the y-value of 313 

the fit line in the center of each slice) from the PB to the CB following the wiring scheme of 314 

the respective neuron type (Heinze and Homberg, 2008). In CL1 neurons mean preferred 315 

azimuth angles resulted in a representation of 277.1° across the CBL (Fig. 3A’’). CPU1 316 

neurons innervating PB slices L6-R6 arborize in two neighbouring slices of the CBU. For the 317 

PB slices L8, L7, R8 and R7, however, the wiring scheme is not known, because CPU1 318 

neurons arborizing in these slices have never been stained. By extrapolating the logic of 319 

connections from the central slices, Heinze and Homberg (2008) suggested that they invade 320 

corresponding outermost slices of the CBU. Following that scheme, mean E-vector angles 321 

across the eight double-slices covered a range of 127° in the CBU (Fig. 3C’’). Interestingly, 322 

the mean azimuth angles of CPU1 neurons in double-slices of the CBU were almost spatially 323 

opponent to each other, except for the outermost double-slices, where they were roughly 324 

parallel (Fig. 3C’’). 325 

 326 

Interaction between polarized and unpolarized light stimulus 327 

As the regression lines for preferred E-vectors and preferred azimuth angles have different 328 

signs we examined their relationship in more detail. First we asked whether the angular 329 

distance between the tuning to both stimuli (E-vector and green azimuth) and the slice of 330 

arborization in the PB were correlated in any way. Across all cell types distances were 331 

independent of the slice of PB arborization (Fig. 4) and varied greatly for a given slice. In 332 

CL1 neurons distances were widely dispersed from 0° to 180° (Fig. 4A). In contrast, in most 333 

TB1 neurons distances were smaller than 90° (Fig. 4B). In CPU1 neurons the distances 334 

clustered between 45° and 90° (Fig. 4C).  335 

Secondly, to test for a possible cue preference or linear relationship between the two 336 

cues, we presented the unpolarized light spot in combination with the zenithal E-vector (Fig. 337 

5). The relative angle between both stimuli was set to 90°, corresponding to the relationship 338 
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between solar azimuth and zenithal E-vector in the sky. We analyzed the responses of two 339 

TL2, three CL1, 4 TB1, 6 CPU1, two CPU2 neurons and one CP1 neuron. A hypothetical 340 

response curve to combined stimulation was calculated, to estimate the relative contribution 341 

of the single stimuli (E-vector or light spot) to the measured response to combined 342 

stimulation. The absolute values and the ratio of weighting factors varied from neuron to 343 

neuron and could not be related to cell type, slice of PB innervation, or distance between 344 

tuning to the E-vector and green light spot. Weighting factors for azimuth tuning ranged from 345 

0 to 1.7, and for E-vector tuning, from -2 to 1.2. Their ratio ranged from -1.1 to 11.5. Some 346 

neurons showed a strong preference in the combined response for the E-vector or the 347 

unpolarized light spot, as shown for a CPU1 neuron preferring the E-vector (Fig. 5A). Other 348 

cells showed a less pronounced preference for the E-vector as shown for a CL1 and a TB1 349 

neuron (Fig. 5B,C), or for the azimuth of the green spot, as shown for a CPU1 and a CPU2 350 

neuron (Fig. 5D,E). Some neurons showed responses to combined stimulation, in which the 351 

contribution of E-vector tuning and light spot tuning were similar (CL1, Fig. 5F). 352 

Nonetheless, in neurons not showing a strong preference the response to combined 353 

stimulation always revealed one higher peak or one deeper trough in spike rate modulation 354 

across 360°. 355 

 356 

Influence of elevation on azimuth tuning 357 

Besides its horizontal component (azimuth) the position of the sun has a vertical component 358 

(elevation). Although only the azimuth provides compass information, coding for solar 359 

elevation might provide daytime-dependent information and thus could aid in time 360 

compensated sun compass navigation. We, therefore, tested different elevations of the 361 

unpolarized green light spot in recordings of 4 CL1, 4 TB1 and 6 CPU1 neurons. Only few 362 

recordings showed an impact of elevation on the azimuth tuning. One CL1 neuron showed a 363 

second peak in azimuth tuning when stimulated at low elevations (Fig. 6A). At higher 364 

elevations of 50° or 60° the second peak disappeared, so that the tuning was more directed 365 

toward Φmax. Another phenomenon occurred in a CPU1 neuron. Here the tuning curve was 366 

flat at high elevations and of higher amplitude at low elevations (Fig. 6B). Of all recordings 367 

these two neurons showed the strongest influence of elevation on azimuth tuning. The general 368 

effects on the correlation strength of the tunings were small (Fig. 6C). Different elevations 369 

changed the significance of the correlation coefficient only in one CL1 (red), one TB1 (blue) 370 

and one CPU1 neuron (purple). All other neurons were either responsive to all tested 371 

elevations (n = 10) or to none of them (n = 1). Elevations different from 45° were often tested 372 
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later in the recording so that tuning parameters might have been altered by a change of 373 

neuronal background state. Across all cell types the correlation strength was most dispersed 374 

between elevations, whereas tuning amplitude and width were only slightly affected. 375 

Nonetheless, no common systematic change of tuning parameters occurred in any neuron 376 

type. 377 

 378 

Discussion 379 

 380 

Side specific azimuth representation in tangential inputs to the CBL 381 

In this study we analyzed the relevance of solar azimuth and elevation, and of the zenithal E-382 

vector for the internal representation of heading direction in locust CX neuropils. TL2 and 383 

TL3 neurons are the likely input elements of polarization and azimuth information to the CX 384 

(Pegel et al., 2018). We identified two TL2 subtypes arborizing in different parts of the lateral 385 

bulb and different layers of the CBL (Müller et al., 1997) preferring a bright light spot on 386 

either the ipsi- (TL2a) or contralateral side (TL2b) of the animal. Our findings are similar to 387 

characteristics of ring neurons (R neurons; equivalent to locust TL neurons) of Drosophila. R 388 

neurons arborizing in ventral parts of the bulb have contralateral receptive fields for visual 389 

cues and innervate outer layers of the ellipsoid body, while R neurons connecting 390 

microglomeruli in dorsal parts of the bulb to inner layers of the ellipsoid body respond to 391 

ipsilateral targets (Shiozaki and Kazama, 2017). The latter also encode the recent visual 392 

experience of targets. These data suggest that different layers of the CBL/ellipsoid body not 393 

only receive input from different parts of the visual field, but also different types of 394 

information related to memory and decision-making. 395 

 396 

Compass representations in CX slices 397 

A compass-like representation of zenithal E-vectors in the PB has been shown for TB1, CPU1 398 

and CP1/CP2 neurons (Heinze and Homberg, 2007). These findings are confirmed here for 399 

TB1 and CPU1 neurons. Like in Heinze and Homberg (2007), all regression lines had a 400 

positive slope and, in CPU1 neurons, covered roughly 360° of compass directions from L8 – 401 

R8. For TB1 neurons the slope of the regression line representing E-vectors differed from that 402 

shown by Heinze and Homberg (2007), but this may be owing to the low sample size for TB1 403 

neurons studied here. We found no correlation between preferred E-vector and PB slice in 404 

CL1 neurons, confirming the findings of Heinze and Homberg (2009).  405 
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While Heinze and Homberg (2007) calculated coefficients using a linear-linear 406 

correlation analysis, we used a circular-linear approach, which affects the results in a negative 407 

way: (1) With small sample size (n<10) the correlation has only low reliability (Kempter et 408 

al., 2012). Our sample size of TB1 neurons was just above this number. (2) For the analysis of 409 

axial data, like the preferred E-vectors, the angles need to be doubled to convert them into a 410 

circular variable. This artificially increases the dispersion of data, thus decreasing the 411 

likelihood of correlation or, in the case of correlation, its strength. Nonetheless, the circular-412 

linear analysis is highly superior to a linear-linear model. For the analysis of circularity, data 413 

points are already present multiple times on the y-axis. This eliminates the need to select the 414 

data points within the circular space to be used for the linear-linear correlation analysis which 415 

strongly influences its result. 416 

In addition to E-vector topography, we found a topographical representation of 417 

azimuth (green light spot) in CL1 and CPU1 neurons. In both cell types, the regression line 418 

had a negative slope from L8 – R8, opposite to that for E-vector coding. It covered a range of  419 

638° in CL1 neurons. This range is close to the twofold representation of 360° space of E-PG 420 

neurons (equivalents to locust CL1 neurons) in the fly (Green et al., 2017), which was also a 421 

necessary assumption for a computational model of path integration in bees (Stone et al., 422 

2017). In contrast, the CPU1 columnar output neurons represented only 464° of azimuthal 423 

directions. Because CPU1 neurons have so far not been found in the two outermost columns 424 

(R7/8, L7/8) and also appear to be absent in these columns in bees (Stanley Heinze, personal 425 

communication) this range might be further reduced to 340° from R6-L6. Being the output 426 

elements of the CX, CPU1 neurons, in contrast to CL neurons, may not show a purely sensory 427 

signal anymore, but rather a steering motor command signal. It is, therefore, reasonable that 428 

columnar outputs of the PB represent a range of just 180° in one PB hemisphere, as neurons 429 

from one hemisphere have their presynaptic arborizations in the same lateral accessory lobe 430 

so that they might elicit turning behavior either to the left or to the right. 431 

 432 

Elevation independence 433 

In Drosophila, R neurons have roughly circular receptive fields for a bright bar defined by a 434 

preferred azimuth and preferred elevation (Seelig and Jayaraman, 2013). In contrast, in the 435 

locust, elevation of the green light spot was not encoded by PB neurons, as most neurons were 436 

either responsive to all elevations or to none. Whether this difference is species-specific or 437 

results from the fact that we did not collect data from TL neurons but only from downstream 438 

columnar neurons that have not been studied in Drosophila, remains to be established. The 439 
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elevation independence in the tuning to the green light suggests that only the azimuth 440 

information is relevant for the coding properties of the neurons studied here. Theoretically, 441 

information on solar elevation could be useful for daytime estimation, but is apparently 442 

ignored in birds (Keeton, 1974; Wiltschko, 1980), honey bees (von Frisch, 1965), and desert 443 

ants (Duelli and Wehner, 1973) in favor of a circadian clock input for time-compensated sun 444 

compass orientation. 445 

 446 

Biological significance 447 

Honeybees, desert ants, and dung beetles are able to use both the sun and the polarization 448 

pattern of the sky as navigational cues (Brines and Gould, 1979; Wehner and Müller, 2006; el 449 

Jundi et al., 2015). Both signals are processed in the CX. In addition to encoding the plane of 450 

zenithal polarized light, CX neurons of dung beetles (el Jundi et al., 2015) and monarch 451 

butterflies (Heinze and Reppert, 2011) show azimuth-dependent responses to a bright light 452 

spot assumed to represent the sun. In Drosophila, azimuthal tunings to bright light spots are 453 

topographically represented in the ellipsoid body and PB (Seelig and Jayaraman, 2015; 454 

Turner-Evans et al., 2017). We show here that both, the representation of zenithal E-vectors 455 

and the azimuth of an unpolarized light spot, are mapped to the PB slices in a compass-like 456 

manner.  457 

The two internal compasses for E-vector orientation and azimuth angle, however, do 458 

not support each other, but differ not only in their orientation but also in the total angular 459 

range they represent across the PB. Moreover, there is no 90° distance between preferred E-460 

vector and preferred azimuth in any of the PB slices, so that the natural distance between 461 

zenithal E-vector and sun is not encoded. This raises the question, how the two compasses 462 

may interact in a natural setting. All data presented here were obtained from animals 463 

harnessed tightly for intracellular recordings. It is conceivable that the measured offset of the 464 

two compasses may be altered by active locomotion and turning movements of the locust. As 465 

shown in cockroaches (Varga and Ritzmann, 2016) and flies (Turner-Evans et al., 2017) 466 

certain CX neurons are tuned not only to heading direction but also to turning velocity of the 467 

animal and even to turning history. Addressing these effects in locusts would, likewise, 468 

require recordings during turning movements, ideally in freely moving animals.  469 

Confinement of polarized light stimulation to a small area in the zenith has probably 470 

also affected the E-vector representation in the CX. Bees and ants need to see a sufficiently 471 

large part of the sky polarization pattern to calculate solar position and make systematic errors 472 

when they observe only a small part of the blue sky (Rossel and Wehner, 1984; Rossel, 1993; 473 
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Wehner and Müller, 2006). Bech et al. (2014) showed that locust CX neurons encode sky-like 474 

patterns of differently oriented E-vectors. If the receptive fields of CX neurons are not zenith-475 

centered, the internal E-vector compass based on the zenithal E-vector may substantially 476 

differ from a polarization compass based on a complete Rayleigh sky. Support for this 477 

hypothesis comes from a computational model of an insect-inspired polarization compass 478 

(Gkanias et al., 2018). Signals from a fan-shaped arrangement of E-vector analyzers as 479 

present in the dorsal rim area of the eye were fed into an array of compass neurons covering a 480 

360° azimuth range. When stimulating the E-vector analyzers with a rotating polarizer instead 481 

of a Rayleigh pattern of E-vectors, the array of compass neurons showed a roughly 180°-482 

representation of directions instead of 360° and, moreover, a paradox mirror-symmetric 483 

topography compared to Rayleigh sky stimulation. Unfortunately, stimulation with a pattern 484 

of polarizers mimicking the Rayleigh sky is hardly possible in a laboratory setting. Therefore, 485 

the polarization compass in the CX based on matched-filter mechanisms for the Rayleigh sky 486 

may, indeed, be organized differently than revealed by the “single-polarizer” stimulation used 487 

here.  488 

In conclusion our results support the assumption that CX neurons are involved in 489 

navigation, not only by using a sky-polarization compass but also an azimuth compass, 490 

possibly representing the sun. Both internal compasses emerge in neurons of the PB and are 491 

present in columnar output neurons. Experiments under the open sky are likely to reveal, how 492 

both compasses interact with each other in a natural setting to produce a robust head-direction 493 

signal. 494 
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 639 

Figure legends 640 

 641 

Figure 1. Neuronal cell types and visual stimulation. A-C, Schematic illustration of tangential 642 

(red) and columnar (blue) neurons of the sky compass network in the locust central complex. 643 

Vertical lines mark the edges of slices occupied by arborizations of columnar neurons. Slices 644 

are termed R1-8 (right hemisphere) and L1-8 (left hemisphere). Fine processes illustrate likely 645 

dendritic input regions of the neuron, dots represent varicose arborizations und thus likely 646 

presynaptic output regions. The filled lateral and medial bulb (LBU, MBU) in A indicate 647 

input synapses arranged in microglomerular complexes. Neuropil abbreviations: CBL, central 648 

body lower division; CBU, central body upper division; LAL, lateral accessory lobe; LBU, 649 

lateral bulb; MBU, medial bulb; POTU, posterior optic tubercle. Abbreviations of neuron 650 

types: CL1, columnar neuron of the CBL type 1; CP1, columnar neuron of the PB type 1; 651 

CP2, columnar neuron of the PB type 2; CPU1, columnar neuron of the CBU and the PB type 652 

1; CPU2, columnar neuron of the CBU and PB type 2; TB1, tangential neuron of the PB type 653 

1; TL2, tangential neuron of the CBL type 2; TL3, tangential neuron of the CBL type 3. D, 654 

Schematic illustration of visual stimulation. The light of a blue LED, positioned in the zenith, 655 

was passed through a rotating polarizer. A green LED appeared to the animal as an 656 

unpolarized light spot. It rotated around the animal’s head (green horizontal arrow) at 657 

elevations ranging from 20° to 60° (green vertical arrow). 658 

 659 

Figure 2. Morphology and physiology of TL neurons. A-B, Cy3-stainings of TL neurons 660 

(magenta). Neuropils were visualized by synapsin immunostaining (cyan). Scale bars, 20 μm. 661 

A, Arborizations of a TL2a neuron (upper row), a TL2b neuron (middle row) and a TL3 662 

neuron (lower row) in the CBL; single optical sections. B, Arborizations of the neurons in the 663 

lateral (LBU) or medial bulb (MBU); projections of stacks of several optical sections. C, 664 

Circular histograms showing the average response of the TL2a (Φmax = 76°), TL2b (Φmax = 665 

284°), and TL3 (Φmax = 133°) neuron, presented in A and B, to a rotating green light spot 666 

(elevation = 45°). Green bars indicate mean spiking activity. Error bars show SD. Black 667 

circles indicate median background activity. N, number of stimulus presentations. D, 668 

Population vector averages for the green spot from the recorded TL2a, TL2b and TL3 neurons 669 

(means from 2 or 4 green light spot rotations) indicated by their preferred azimuth angle and 670 
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vector length. Vector length ranges from 0 to unity (outer circle). Open dots indicate a 671 

preferred azimuth on the ipsilateral side, filled grey dots indicate a preferred angle on the 672 

contralateral side. Asterisks indicate data from the histograms in C. 673 

 674 

Figure 3. Internal representation of zenithal E-vector and azimuth in the CX. Preferred E-675 

vector angles (A, B, C, blue markers) and preferred azimuth angles of the unpolarized light 676 

spot (A’, B’, C’, green markers) are plotted against the slice of arborization of the respective 677 

neuron in the PB. Data sets are plotted three times: ± 180° for preferred E-vectors and ± 360° 678 

for preferred azimuths. Data points are means from 2 or 4 stimulus presentations. n, number 679 

of recordings. Solid lines show the best fit line, only in cases for ρ > 0.25. Light spot 680 

elevation was at 45°. A’’, B’’, C’’, Mean E-vectors (blue double arrows) and mean azimuth 681 

angles (green arrows), taken from the circular-linear fits. For neurons arborizing additionally 682 

in the CB, the mean preferred angles were transferred from the PB to the CB, according to the 683 

wiring schemes as shown by Heinze and Homberg (2008). Wiring is indicated by shades of 684 

grey for the right brain hemisphere. Light grey indicates unknown and, thus, hypothetical 685 

connections. A, A’, Preferred angles of CL1 neurons. Circular-linear regression shows low 686 

correlation between innervated slice and preferred angles for polarized blue light (ρ = 0.11), 687 

but high correlation between innervated slice and unpolarized green light (y = -42.5x + 202.9, 688 

ρ = -0.72). B, B’, Preferred angles of TB1 neurons. Correlation exists for polarized blue light 689 

(y = 70.0x + 81.5, ρ = 0.60) but not for unpolarized green light (ρ = -0.04). Due to similar 690 

location of varicose arborizations of TB1 neurons in the left and right PB hemisphere, only 691 

data of the left hemisphere are shown. C, C’, Preferred angles of CPU1 neurons. Correlation 692 

exists for polarized blue light (y = 20.5x + 84.0, ρ = 0.33) and unpolarized green light (y = -693 

30.9x + 80.0, ρ = -0.54).  694 

 695 

Figure 4. Distances between preferred E-vectors and azimuth angles. A-D, Distances between 696 

preferred E-vector angles and preferred azimuth angles (black markers) plotted against the 697 

slice of arborization in the PB. Distances were calculated by subtracting the preferred E-698 

vector angle from the preferred azimuth of the green spot. Data points are means from 2 or 4 699 

stimulus presentations. A, Distances of CL1 neurons (n = 14). B, Distances of TB1 neurons (n 700 

= 11). C, Distances of CPU1 neurons (n = 14).  701 

 702 

Figure 5. Responses to combined stimulation with polarized light and an unpolarized light 703 

spot. A-F, Tunings of individual central-complex neurons to the E-vector (blue), the azimuth 704 
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of the unpolarized light spot (green), and to both stimuli presented simultaneously (black). 705 

Tunings are presented as smoothed stimulus response curves, based on means from 4 stimulus 706 

presentations except E-vector data in C,F (means from 2 stimulus presentations). During 707 

combined stimulation the E-vector was adjusted at 90° angular distance from the green light 708 

spot. Therefore, the x-axis shows the orientation of the E-vector (blue) separated from the 709 

azimuth angle (green). Responses to the E-vector alone are shifted by 90°. Solid red lines 710 

show the best fit curves resulting from summation of E-vector tuning and light spot tuning 711 

multiplied by a weighting factor (  for the E-vector tuning,  for the azimuth tuning). 712 

Dotted lines indicate background activity. A, Responses of a CPU1 neuron showing strong 713 

preference for the green light spot. E-vector tuning: Φmax = 40°; p = 6·10-5. Azimuth tuning: 714 

Φmax = 264°; p = 2·10-5. Combined response bidirectional tuning: p = 0.83. Combined 715 

response unidirectional tuning: Φmax = 249°; p = 1·10-3. B-F, Responses of CL1 neurons 716 

(B,F), a TB1 neuron (C), a CPU1 neuron (D) and a CPU2 neuron (E) to combined stimulation 717 

with less pronounced preference for the E-vector or the azimuth of the green spot. B, 718 

Responses of a CL1 neuron showing a preference for polarized light. E-vector tuning: Φmax = 719 

120°; p = 3·10-6. Azimuth tuning: Φmax = 261°; p = 2·10-6. Combined response bidirectional 720 

tuning: Φmax = 117°; p = 2·10-5. Combined response unidirectional tuning: p = 0.64. C, 721 

Responses of a TB1 neuron. E-vector tuning: Φmax = 39°; p = 2·10-5. Azimuth tuning: Φmax = 722 

285°; p = 4·10-5. Combined response bidirectional  tuning: Φmax = 36°; p = 2·10-4. Combined 723 

response unidirectional tuning: p = 0.2. D, Responses of a CPU1 neuron. E-vector tuning: 724 

Φmax = 152°; p = 2·10-7. Azimuth tuning: Φmax = 69°; p = 8·10-7. Combined response 725 

bidirectional tuning: Φmax = 154°; p = 3·10-3. Combined response unidirectional tuning: Φmax 726 

= 73°; p = 2·10-3. E, Responses of a CPU2 neuron. E-vector tuning: Φmax = 99°; p = 4·10-3. 727 

Azimuth tuning: Φmax = 145°; p = 2·10-4. Combined response bidirectional tuning: Φmax = 728 

116°; p = 1·10-2. Combined response unidirectional tuning: Φmax = 121°; p = 1·10-3. F, 729 

Responses of a CL1 neuron. E-vector tuning: Φmax = 104°; p = 2·10-5. Azimuth tuning: Φmax = 730 

92°; p = 5·10-3. Combined response bidirectional tuning: Φmax = 119°; p = 1·10-3. Combined 731 

response unidirectional tuning: Φmax = 117°; p = 3·10-3. 732 

 733 

Figure 6. Influence of stimulus elevation on tuning parameters of CL1, TB1 and CPU1 734 

neurons. A, B, Smoothed stimulus response curves of a CL1 neuron (A) and a CPU1 neuron 735 

(B) to rotation of the green light spot presented at different elevations. Number of trials: N = 4 736 

for all elevations in the CL1 neuron and the 45° elevation in the CPU1 neuron, N = 6 for all 737 

other elevations in the CPU1 neuron. C, Tuning parameters of all recorded CL1, TB1 and 738 



 

24 
 

CPU1 neurons. Tuning amplitude, tuning width and correlation strength (ral²) of the average 739 

stimulus response curve of each neuron plotted against the tested elevation. Colors code for 740 

individual neurons of the respective cell type. Open circles indicate data from significant 741 

responses, circles filled in grey indicate data from non-significant responses. Data from the 742 

CL1 neuron coded in red are from the same neuron as data in A, and data from the CPU1 743 

neuron coded in dark blue are from the same neuron as data in B. Number of trials ranged 744 

from N = 2 to N = 6 in all cell types. 745 














