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Abstract

Many insects use the polarization pattern of the sky for spatial orientation. Since flying
insects perform rapid maneuvers, including saccadic yaw turns which alternate with
translational flight, they perceive highly dynamic polarization input to their navigation
system. The tuning of compass-neurons in the central complex of insects, however, has been
mostly investigated with polarized-light stimuli that rotated at slow and constant velocities,
and thus were lacking these natural dynamics. Here we investigated the dynamic response
properties of compass-neurons, using intracellular recordings in the central complex of
bumblebees. We generated naturalistic stimuli by rotating a polarizer either according to a
sequence of head orientations that have been reported from freely flying bumblebees, or at
constant velocities between 30°/s and 1920°/s, spanning almost the entire range of naturally
occurring rotation velocities. We found that compass neurons responded reliably across the
entire range of the presented stimuli. In their responses, we observed a dependency on
spiking history. We further investigated this dependency using a rate code model taking
spiking history into account. Extending the model to a neuronal population with different
polarization tuning, which mirrored the neuronal architecture of the central complex,
suggests that spiking history has a directly impact on the overall population activity, which
has two effects: First, it facilitates faster responses to stimulus changes during highly
dynamic flight maneuvers, and increases sensitivity for course deviations during straight
flight. Second, population activity during phases of constant polarization input is reduced,
which might conserve energy during straight flight.

Significance Statement

Many insects use the pattern of polarized light, which arises from scattering of sunlight, for
spatial orientation. Neurons in the central complex, a brain structure, which governs spatial
orientation, encode the orientation of the insect’s head with respect to polarized light. To
investigate the dynamic properties of these neurons, we recorded intracellularly in the
central complex of bumblebees and stimulated with naturalistic polarized-light stimuli. We
found that neuronal activity was not only dictated by the angle of polarization, but also by
the amount of previous activity. Using a modelling approach we show, that this dependency
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on spiking history can facilitate faster adjustment of the heading signal and leads to reduced
overall activity and therefore reduced energy consumption during straight flight.

eLife assessment

This valuable study combines electrophysiology experiments and modeling to
investigate the encoding of dynamic patterns of polarized light by identified neurons
of the bumblebee central complex. The scientific question and methodology are
compelling. However, the evidence supporting the authors' conclusions is
incomplete without more comprehensive statistical analyses.

https://doi.org/10.7554/eLife.101956.1.sa3

Introduction

For accurate spatial orientation many insects use a polarized light-based compass (desert ant:
Wehner, 2003     , dung beetle: Birukow, 1953     ; Dacke et al., 2003     ; el Jundi et al., 2015     ,
monarch butterfly: Heinze and Reppert, 2011     , locust: Heinze and Homberg, 2009     ; Homberg et
al., 2022     , cricket: Labhart, 1988     ). Remarkable progress has been made over the last decades in
understanding the use and the neuronal processing of the sky’s polarization pattern in insects
(Wehner and Labhart, 2006     ; Srinivasan, 2011; Hardcastle et al., 2021     ). Polarization
information, emanating from scattered sunlight in the atmosphere, is processed in the sky-
compass pathway, which receives light information from specialized dorsally directed,
polarization-sensitive photoreceptors in the dorsal part of the compound eye (dorsal rim area:
DRA, Labhart, 1980     ; Wehner and Strasser, 1985     ; Labhart and Meyer, 1999     ; Wehner and
Labhart, 2006     ) and relays it to neurons in the medulla, the anterior optic tubercle and
eventually to the core compass network in the central complex (CX, Müller et al., 1997     ; Blum and
Labhart, 2000     ; Vitzthum et al., 2002     ; Homberg et al., 2003     ; Pfeiffer et al., 2005     ; Heinze and
Homberg, 2007     ; Pfeiffer and Kinoshita, 2012     ; Zeller et al., 2015     ; Held et al., 2016     ; Sayre et
al., 2021     ). The CX is a group of midline-spanning neuropils of the insect brain and serves as an
internal compass in bees and other insects including flies, locusts, crickets, butterflies, and beetles
(Heinze, 2014     ; Pfeiffer, 2023     ). The network of CX neurons encodes an internal representation
of the animal’s heading direction relative to its environment (Collett and Collett, 2002     ; Seelig
and Jayaraman, 2015     ; Kim et al., 2017     ). This neuronal representation of heading direction
must be constantly updated during active locomotion. Studies in a variety of insect species,
targeting the physiological properties of polarization sensitive CX neurons, have been using
simplified stimuli. Usually, a backlit polarizer was presented in the dorsal visual field of the
animal. The polarizer was then rotated at a constant angular velocity (usually between 30°/s and
90°/s) to present the different angles of polarization (AoP) that are present in the polarization
pattern of the sky (e.g. Labhart, 1988     ; Pfeiffer et al., 2005     ; Pegel et al., 2019     ). These stimuli
are suitable to probe the overall response properties and the angular tuning of the neurons, but
they teach us very little about the neurons’ dynamic properties and their coding properties in
response to naturalistic input as it occurs during flight. Previous efforts towards gaining a better
understanding of what polarization-sensitive neurons might signal under natural circumstances
included presentation of different degrees of polarization (Pfeiffer et al., 2011     ; Hensgen et al.,
2022     ), or successively stimulating the entire receptive fields of the neurons (Bech et al., 2014     ;
Zittrell et al., 2020     ) but no attempts have been made to explore the influence of the temporal
properties of the stimulus. The flight trajectory of many insect species is composed of straight
segments combined with fast turns about their vertical body axis (Riabinina et al., 2014     ;
Boeddeker et al., 2015     ). For the visual system, these rapid changes of gaze direction are
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analogous to the human eye movements and are therefore called saccades (Collett and Land,
1975     ). Saccades can reach peak velocities ranging from below 250°/s to 2000°/s (Riabinina et al.,
2014     ; Boeddeker et al., 2015     ). When animals move through the world, they experience a
continuously changing retinal image which leads to a highly dynamic input into the visual system,
with spatiotemporal properties that differ fundamentally from those of the sky-compass stimuli
used in previous studies.

To explore the dynamic properties of CX neurons, we performed intracellular recordings in
compass neurons of the CX of B. terrestris, using naturalistic stimuli simulating the perception of
free-flying bumblebees. To better understand the measured responses, we designed a rate-code
model of neuronal activity. The model calculations show that spiking history is an important factor
that shapes the dynamic response properties of central-complex neurons.

Material and Methods

Animals and preparation
Bumblebee (Bombus terrestris) colonies were obtained from two commercial suppliers (Biobest
NV, Belgium and Koppert B.V., Berkel en Rodenrijs, NL). Animals were kept in two-chambered
wooden boxes in a climate chamber at 25 °C and 55% rH under “white” light (12:12 LD) and
provisioned ad-libitum food. For experiments, the animals were immobilized in the freezer for 5–
20 min, then mounted onto a custom-built metal holder using dental wax (Omnident, Rodgau,
Germany). A window was cut frontally into the head capsule and the gut, tracheal air sacs, glands
and muscles in the head capsule were carefully removed to get access to the brain and to reduce
movements. Finally, the neural sheath of the brain was partly removed using fine tweezers, to
allow penetration of the recording electrode. The brain was kept submerged in bee ringer (in mM:
NaCl, 130; KCl, 5; MgCl2, 4; CaCl2, 5; HEPES, 15; Glucose, 25; Sucrose, 160) during preparation and
recording.

Intracellular Recordings
We measured neural activity with sharp microelectrodes drawn from omega-shaped borosilicate
glass (inside diameter: 0.75 mm, outside diameter: 1.5 mm, Hilgenberg, Malsfeld, Germany), with a
Flaming/Brown filament puller (P-97, Sutter Instrument, Novato, CA, USA). The electrode tips were
filled with 4% Neurobiotin tracer (Vector Laboratories; Burlingame, CA, USA) in 1 M KCl and
backed up with 1 M KCl. Signals were amplified 10 × with a BA-03X amplifier (npi electronic,
Tamm, Germany), visualized with a digital oscilloscope (Hameg Instruments GmbH, Frankfurt,
Germany) and made audible with a custom-built audio monitor. Data were low pass filtered at 2.5
kHz, digitized with a Power1401-mkII (Cambridge Electronic Design, Cambridge, UK) at a sampling
rate of 20 kHz and stored on a PC using Spike2 (Cambridge Electronic Design, Cambridge, UK).
After the recording, Neurobiotin was iontophoretically injected into the neuron by applying a
positive current of 1.5 nA for 1 – 3 minutes.

Histology and Image Acquisition
Brains were fixed in Neurobiotin-Fixative (4% Paraformaldehyde (PFA), 0.2% saturated picric acid
and 0.25% glutaraldehyde in 0.4 g/l NaH2PO4 * H2O, 0.815 g/l NaH2PO4 * 2H2O,) overnight at 4 °C
and afterwards dissected. Following rinses (4 × 15 min) in PBS (phosphate buffered saline,
containing (in mM): NaCl, 137; KCl, 2.7; Na2HPO4, 8; KH2PO4, 1.4) brains were incubated with
Alexa568-conjugated Streptavidin (1:1000 in PBS 0.1 M plus 0.5% Triton X-100 (PBT)) at 4 °C for
three days. After incubation, the brains were rinsed in PBT (2 x 30 min) and PBS (3 x 30 min).
Brains were dehydrated in an increasing ethanol series (30%, 50%, 70%, 90%, 95%, 100%, 100% 15
min each) and cleared in a 1:1 mixture of 100% ethanol and methyl salicylate (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany) for 20 min and in pure methyl salicylate overnight. Finally, the brains
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were covered in Permount (Fisher Scientific, Schwerte, Germany) between two cover slips. Twelve
hole-reinforcement rings (Avery Zweckform, Oberlaindern, Germany), stacked on top of each
other were used as spacers.

Samples were scanned with a confocal laser scanning microscope (Leica, TCS SP8, Leica
Microsystems, Wetzlar, Germany) with a 10 x water-immersion (HCX POL) or 20 × multi-
immersion objective (HC PL APO 20 ×/0.75 Imm Corr CS2, Leica) with either water or oil as
immersion medium.

Stimulation
Experiments were carried out in the dark. Dorsal polarized-light stimuli were generated by
passing the light of a UV-LED (Nichia NVSU233A-D1, peak wavelength 365 nm, intensity: 1013

photons cm-2 s-1, visual angle: 10°) through a polarizer (BVO UV, Bolder Vision Optik Inc., Boulder,
CO, USA) that was mounted to a hollow shaft stepper motor (M013022, NEMA 23, Koco Motion
GmbH, Dauchingen, Germany). The stepper motor was powered through a digital stepping drive
(DM442, Leadshine Technology Co., China) that was controlled by an Arduino Mega 2560
(Funduino, Germany) using custom written code. The angle of polarization was monitored using a
custom-built polarimeter, located behind the animal.

For the experiments, the polarizer was either rotated clockwise (cw, 0°-180°) or counter-clockwise
(ccw, 180°-0°) in an ascending sequence of constant angular velocities (30°/s, 60°/s, 120°/s, 240°/s,
480°/s, 960°/s, 1440°/s, 1920°/s; 12 s each) or using a naturalistic stimulus sequence derived from
head yaw angles that were measured in freely flying bumblebees by Boeddeker et al. (2015)     .
The naturalistic stimulus sequence was repeated 10-15 times for each recording. To test for
spiking-history-effects after stimulation with the preferred and anti-preferred angle of
polarization, we first rotated the polarizer by 360° at a velocity of 60° cw and ccw. Using a custom-
written spike2 script we calculated the preferred and anti-preferred angles of polarization on-line.
The polarizer was then first turned to the preferred AoP, which was presented for 10 s, followed by
a 10 s period of darkness. Afterwards the polarizer was rotated to the anti-preferred AoP, the light
was turned on for 10 s, followed by a 10 s period of darkness.

Preprocessing of physiological data
Recordings were visualized and preprocessed using Spike2 (Cambridge Electronic Design,
Cambridge, UK). Times of action potentials were extracted based on crossing of a manually set
threshold using a custom written script. Raster plots and peristimulus time histograms (PSTHs)
were created using the Stimulus Histogram function with a bin size of 0.01 s. All data were
exported as .mat files and all subsequent analyses were performed using custom written scripts in
MATLAB (version 2020b, The MathWorks).

Calculating preferred AoP
Every action potential during each 360° rotation was assigned the corresponding orientation of the
polarizer at the time of the action potential. The preferred AoP (Φmax) was then calculated as the
average of these angles. Circular histograms for responses at each rotation velocity and rotation
direction were created with the CircHist package (Zittrell, 2020     ). Circular statistics (average
angle, 95 % confidence interval, resultant vector length, Rayleigh test of uniformity and circular-
linear correlation) were calculated using the Circular Statistics Toolbox (Berens, 2009     ).

Circular linear correlation
To quantify the dependency between the preferred angle of polarization and the rotation velocity,
we calculated the circular-linear regression between the two variables (Kempter et al., 2012     ). To
this end we separated the neuronal responses to each rotation velocity into a first and second half
of 6 s each, calculated the preferred angle of polarization for each segment and plotted it against
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the corresponding rotation velocity. For both cw and ccw rotation the circular-linear regression
was calculated for the five highest rotation velocities. The absolute value of the slope of the
regression line gave the delay of the system.

Mean spike rate
Mean spike rate was calculated for each rotation velocity as the number of spikes divided by the
duration of stimulation. It was calculated and plotted separately for the two rotation directions
(clockwise and counter-clockwise).

Computational Model
To dissect the components underlying the neurons’ responses to naturalistic stimuli, we designed a
rate-code model of neuronal activity. The neuronal response (R) over time (t) to the angle of
polarization (AoP) was implemented as a cos2-function:

where A is the response amplitude, del is the system’s delay and Φmax is the preferred angle of
polarization of the neuron. The subtraction of 0.5 accounts for polarization-opponency, i.e. the
neuron is excited at Φmax and inhibited at Φmax – 90°.

Both during naturalistic stimulation and during stimulation with stationary polarization stimuli,
we noticed a dependency of neuronal activity on spiking history. This effect led to increased
activity after inhibition and to decreased activity after excitation. To accommodate for this
observation, spiking history (‘his’) effects were implemented into our model as

where thisis the length of a rectangular window preceding the current stimulus over which past
responses are averaged and Ahis is a scaling factor for the spiking-history-effect.

The total response rate was then calculated as:

As our model was intended to represent spike rates, negative values were replaced by zeros. To
compare the model to our measured neuronal data, we used PSTHs from neuronal responses to 7-
15 repetitions of the naturalistic stimulus. The PSTH data were smoothed over 5 bins using the
smooth function in Matlab and resampled at 1 kHz. We then used fminsearchbnd (D’Errico,
2023     ) in Matlab to minimise the sum of squared errors between the measured response and the
model. The parameters Φmax (preferred AoP), del (delay), A (response amplitude), this (length of
history window) and Ahis (amplitude history response) were used as free parameters within the
following boundaries: Φmax, 0° –180°; del, 0 s –0.3 s; A, 0 – 200; this, 0 s –1.5 s; Ahis, 0 –1. To avoid the
convergence of the fit to local minima, we repeated the fitting procedure 50 times for each of the
recordings and initialized the fitting parameters each time with random start values. The fitted
parameter values were then obtained from the best of the 50 fits. To assess the quality of the fit,
we implemented a bootstrapping method. We repeated the fitting procedure 1000 times, but
instead of fitting the model to the original PSTHs, we randomly permuted the bins of the PSTHs
before the fit. For each permutation we calculated the sum of squared errors between the PSTH
and the fit resulting in a distribution of sums of squared errors (Supplemental Figure 2     ). We
then compared the sum of squared errors obtained from the fit to the original data to the sum of
squared errors of the permuted data. We considered the fitted model objectively good, if the sum
of squared errors of the original data was smaller than that of the lowest 5% of the permuted data.
This was the case for 18 out of 24 recordings. Only these recordings were considered for further
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analyses. To check if the model that included spiking history indeed represented the measured
data better than the model without spiking history, we repeated the fitting procedure for each
neuron without the parameters this, and Ahis. By eliminating spiking history from the model, we
also reduced the number of model parameters from five to three. To account for this difference in
parameters, we calculated the Akaike information criterion (AIC) to compare the different model
candidates. This is based on the value of the log-likelihood, which is greater the better the model
explains the dependent variable. In order to not classify more complex models as consistently
better, the number of estimated parameters is also included as a penalty term in addition to the
log-likelihood.

where K is the number of model parameters and logL is the log-likelihood

where N is the number of data points, e are the residuals (i.e. the difference between the data and
the model) and σ is the standard deviation of the residuals.

The preferred model is the one with the lowest AIC value. AIC thus rewards the accuracy of fit of a
model on the one hand, but penalizes an excessively high number of parameters.

Population analysis
Neurons in the CX usually exist as isomorphic populations. Directional information is then jointly
coded through the activity of such a population. We therefore extended our model to represent a
population of CX neurons. To create a population of “standardized” neurons, we calculated the
median values of the fitted parameters from the recorded TL3 neurons, except for the preferred
AoP. This parameter was systematically changed from 0° to 179° in 1° increments throughout the
population of neurons. We then calculated the response of this neuronal population to a 70 s series
of naturalistic stimuli obtained from Boedekker et al. (2015), as well as to a series of step stimuli.

Results

To characterize the compass neurons’ dynamic response properties, we recorded intracellularly
from 37 polarization sensitive neurons (tangential neurons of the lower division of the central
body: TL3=15, TL2=2, unidentified subtypes=5; columnar neurons=3; unknown=12) in the
bumblebee central complex (CX). We stimulated the neurons with UV-light that was passed
through a polarizer which was rotated either clockwise or counter-clockwise at velocities ranging
from 30°/s to 1920°/s. Additionally, we used a naturalistic stimulus sequence generated from head
orientations recorded from freely flying bumblebees (Figure 1     ; Boeddeker et al., 2015     ).

Most recorded neurons (n=15) were TL3 neurons (Figure 2a     ), which received input in the
medial bulb and projected to the lower division of the central body (CBL). During stimulation with
a continuously rotating polarizer, TL3 neurons, like most other polarization sensitive neurons,
exhibited spiking activities that roughly followed a sinusoidal function with a periodicity of 180°,
alternating between excitation and inhibition as shown in the example recording trace (Figure
2b     ). The maxima (preferred angle of polarization (AoP)) and minima (anti-preferred AoP) were
separated by 90°. These typical sinusoidal responses could be observed at lower rotation velocities
(Figure 2b     ; 30°/s and 120°/s). At 480°/s, the sinusoidal response characteristics started to break
down, and were not present at 1440°/s anymore. However, while this neuron did not fire action
potentials during each individual rotation of the polarizer, the spikes that were generated were
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Figure 1

Illustration of research question, experimental setup, and stimuli. A) Bumblebees experience rapid changes in the angle of
polarization as they fly under natural skies. Left: polarization pattern of the sky. Angles of polarization are oriented along
concentric circles around the sun. While direct sunlight is unpolarized, the degree of polarization, indicated by the thickness
of the bars, increases with increasing angular distance from the sun. Right: naturalistic flight trace with saccadic yaw turns
alternating with translational flight. B) Schematic illustration of intracellular recordings from compass neurons in the central
complex of Bombus terrestris during stimulation with a rotatable polarizer backlit by a UV-LED (365 nm). C) Counter-clockwise
rotation (180°–0°) of the polarizer at discrete angular velocities between 30°/s and 1920 °/s. Each rotation velocity was
presented for 12 s. D) Upper panel: naturalistic stimulus sequence reproducing the dynamics of an actual flight (original
flight data from Boeddeker et al., 2015     ). Lower panel: rotation velocities of the naturalistic stimulus used in this study.
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significantly phase locked to the stimulus angle as tested by circular-linear correlation (Figure
2c     ). This means that for each rotation velocity the majority of the spikes occurred around a
specific AoP.

Analyzing all recordings (n=24, with clockwise (cw) and counter-clockwise (ccw) rotation
directions taken together: N=48) showed that depending on rotation velocity between 50% and
93.8% of the responses were significantly phase-locked to the stimulus (Figure 2d     ; 30°/s: 85.4%,
60°/s: 93.75%, 120°/s: 87.5%, 240°/s: 85.4%, 480°/s: 72.9%, 960°/s: 62.5%, 1440°/s: 58.3%, 1920°/s:
50%). However, the preferred AoP, differed for the different rotation velocities, and between
rotation directions (Figure 2c     ). The changes in preferred AoP were systematic, such that the
faster the polarizer was rotated the further the preferred AoP was shifted to higher angular values
for cw (0°-180°) rotation or lower angular values for ccw (180°-0°) rotation (Figure 2c     ).

The average spiking rate during stimulation with a constantly rotating polarizer was correlated
with the rotation velocity. It peaked at a rotation velocity of 60°/s and continuously decreased to
either side of the peak with the lowest average activities occurring at the highest rotation velocity
(Figure 2e     ).

The experiments with different rotation velocities showed that the CX-neurons responded with
spiking patterns, that were significantly phase-locked to the stimulus and that they were capable
of responding to very high rotation velocities. We next asked how the response properties we
observed during stimulation with constant rotation velocities translate to a more naturalistic
stimulus situation. To test this, we used a naturalistic stimulus based on a sequence of head yaw
angles from a bumblebee flight (Boeddeker et al., 2015     ). This sequence included saccadic yaw
turns and translational flight sections (Figure 2f     ) to simulate the temporal structure of
polarization angles a bumblebee would experience while flying under the polarized sky.

Despite the rapid changes in both AoP and rotation velocity, the neurons showed very clear
responses to the stimulus, which were consistent during repeated presentation of the same
stimulus sequence (Figure 2f     ). We also noticed that during presentation of the naturalistic
stimulus, identical AoPs during different parts of the stimulus lead to different levels of activity
(Figure 2f     ; red line for preferred AoP and blue line for anti-preferred AoP), suggesting that
spiking activity did not only depend on the current stimulus, but also on the spiking history.

To investigate the influence of spiking history, we analyzed the relationship between the preferred
AoP and the rotation velocity of the continuously rotating stimulus. To this end, we calculated
circular linear regressions (Kempter et al. 2012     ) between the higher rotation velocities (240°/s-
1920°/s) and the corresponding preferred AoPs (separately for cw and ccw rotation; Figure 3a     ).
The circular linear correlation analysis showed that at high rotation velocities, activity was
systematically phase-delayed (indicated by the black regression line). This phase-delay was
exclusively dependent on the time-delay between the stimulus and the encoding of the stimulus in
the central complex. The time delay was equivalent to the absolute value of the slope of the
regression line. If the delay of the system was the only factor shaping the neuronal responses, one
would expect that the lower the rotation velocity, the more similar the preferred AoP for cw and
ccw rotation would get, i.e. at very slow rotation velocities the preferred AoP for cw and ccw
rotation should be identical. This was, however, not what we observed. Instead, we found that at
low rotation velocities (30°/s-120°/s), the phase of the firing was advanced as if the delay of the
system had become negative (Figure 3a     ). This suggests that a second mechanism, must have
contributed to shaping the neuronal responses. The effect of this mechanism was directed in the
opposite direction as the delay and even overrode the delay at low stimulus velocities, effectively
creating a phase-advancement.

https://doi.org/10.7554/eLife.101956.1
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Figure 2

CX neurons can reliably encode naturalistic stimuli. A) Direct volume rendering of dye-injected TL3 neuron. B) Neuronal
responses of TL3 neuron to selected rotation velocities (30°/s, 120°/s, 480°/s, 1440°/s) of a counter-clockwise rotation
stimulus. Grey areas show responses to 480°/s and 1440°/s at a stretched timescale. C) Circular response histograms for
clockwise (cw; purple) and counter-clockwise (ccw; turquoise) rotation for all presented velocities showing the preferred
firing directions of the tested TL3 neuron. The mean preferred firing directions and the mean vector length are indicated by
the golden/black lines. The 95% confidence intervals are given by the black arcs. D) Proportion of significantly directed
responses for all recordings at the different rotation velocities (cw and ccw plotted together; n=24, N=48). E) Normalized
mean spike rate for all recordings at the different rotation velocities (cw and ccw plotted together; n=24, N=48). Boxplots
show median, interquartile range (IQR), whiskers with 1.5 x IQR and outliers greater than 1.5 x IQR. F) Upper panel:
Naturalistic stimulus sequence according to head orientations obtained from freely flying bumblebees (Boedekker et al.,
2015). Red line shows the preferred angle of polarization (AoP), the blue line the anti-preferred AoP of this neuron. Middle
panel: Intracellular recording trace of the same neuron as above responding to the naturalistic stimulus sequence. Lower
panel: Raster plots of five consecutive trials of stimulation with the naturalistic stimulus sequence.
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Figure 3

Measured and modeled TL3 neuron responses to continuously rotating and naturalistic stimuli. A) Preferred angle of
polarization (AoP) for every velocity and direction (cw: lilac, ccw: turquoise) plotted against rotation velocity. The individual 12
s rotations were divided into two segments of 6 s (first segment, light circles; second segment, dark circles) to illustrate
reproducibility of the responses. Circular linear regression analysis (Kempter et al., 2012     ) was carried out on the five
highest rotation velocities. The absolute value of the slope of the regression indicates the delay of the neuron. Dashed line
indicates extrapolation of regression towards slow rotation velocities. The stars symbolize the preferred AoP values obtained
from the response of the mathematical model using the same stimuli and model parameters as obtained from fit to
naturalistic stimulation of the same neuron. The close-up of the low-velocity range on the right shows deviation of the
preferred AoPs from the extrapolated regression line (dashed line). Note that ccw values (lilac) in this velocity range are
smaller than cw values (turquois), whereas they are bigger at higher velocities. B) Bumblebee CX-neurons show spiking
history dependent responses like post-excitatory inhibition (left panel, after presenting preferred AoP for 10 s) and post-
inhibitory rebound excitation (right panel, after presenting anti-preferred AoP for 10 s). Recorded data were digitally
highpass-filtered using a 0.1 Hz first order Bessel filter. C) Upper panel: naturalistic stimulus sequence, lower panel: recorded
neuronal responses (grey, peristimulus time histogram of all 8 stimulus repetitions) and fitted model with spiking history
(orange) and without spiking history (blue). D) The difference of Akaike’s information criterion (AIC) for model with history
and model without history calculated for each of the recordings (n=18). A value less than 0 indicates that the model with
history fits better. E) Comparison of preferred AoP values that were recorded (dots in A), with those calculated from the
model parameters that were fitted to the naturalistic stimulus response (stars in A) of the same neurons (n=5, N=10). The
absolute difference between these values was calculated and plotted. Boxplots show median, interquartile range (IQR),
whiskers with 1.5 x IQR and outliers greater than 1.5 x IQR.
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A possible mechanism that may explain the phase-advanced responses at low rotation velocities
are spiking-history-effects such as post-excitatory inhibition and post-inhibitory excitation (Figure
3b     ). In 5 recordings we were able to directly test if polarization-sensitive CX-neurons exhibit
such spiking-history-effects. To this end, we calculated the preferred AoP from a cw and a ccw
rotation of the polarizer at 60°/s during the recording. Then we presented either the preferred or
the anti-preferred AoP for 10 s. Upon termination of the static stimulation with the preferred AoP
we observed post-stimulus inhibition whereas the anti-preferred AoP was followed by post-
stimulus excitation (Figure 3b     ).

To test, if phase-advanced firing during continuous slow rotation of the polarizer and the
asymmetric responses to the naturalistic-stimulus could indeed be facilitated by spiking-history-
effects, we designed two models that simulate spiking activity of polarization-sensitive neurons
based on specific stimuli. The first model predicted the spike rate based solely on the AoP of the
stimulus and a time delay, while the second model additionally implemented spiking-history-
effects (for details see Material and Method and supplementary Figure S1).

To assess which of the models represents the spiking activity of CX neurons more faithfully, we
fitted each of them to the measured firing rates in response to the naturalistic stimulus. We used
the preferred AoP, the time delay, and the response amplitude, as free parameters in both fits. In
the second model, we additionally used the duration of the spiking history that affects the current
response, as well as the amplitude of the spiking-history-effects as free parameters (Figure 3c     ,
supplementary Figure S2).

To check which of the two models fitted our data better, we calculated the difference of the Akaike
Information Criterion (AIC) values for the model that included spiking history and the one that did
not (Figure 3d     ). Any value of this difference smaller than 0 indicated that the model that
included spiking history was favorable. This was the case in 16 out of 18 recordings (88.8%)
suggesting that the influence of spiking history can explain the effects we observed in the
recordings.

In 5 out of 37 recordings we were able to present both the naturalistic stimulus and the constantly
rotating stimuli. This allowed us to test if the same parameter values can be used in the model to
describe both the neuronal responses to the naturalistic and to the constantly rotating stimuli. To
this end, we first fitted the model to the data obtained during naturalistic stimulation to obtain the
specific model parameters for each individual neuron. Using these parameters, we then calculated
the response of the model to constantly rotating stimuli with the same angular velocity as the ones
tested in the recordings. We then compared the preferred AoPs that resulted from this simulation
to the values that were measured during the recordings. An example of this can be seen in Figure
3a     , where the circles indicated measured values and the star symbols indicated model data
based on the parameters obtained from fitting the model to the naturalistic stimulus. To quantify
the agreement between the measured data and the model, we calculated the absolute difference
between the preferred AoP (Figure 3e     ) for each neuron. At lower and medium high rotation
velocities (30°/s-240°/s) the median deviation between modelled and measured preferred AoP was
between 10.93° and 16.93°, with the smallest value (10.93°) occurring at a rotation velocity of
120°/s. At rotation velocities between 480°/s 1920°/s, the median deviation was between 37.8° and
59.47°.

So far, our results show that spiking activity in CX-neurons in response to polarized-light stimuli
depended both on the current stimulus and on spiking history. This means that the spike rate of an
individual neuron in response to a specific AoP would be different, depending on its spiking
history. Consequently, it would not be possible to infer the AoP of a stimulus from the spike rate of
an individual neuron.

https://doi.org/10.7554/eLife.101956.1
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To understand how the CX, nevertheless, extracts directional information from the spike rate of
polarization-sensitive neurons, we expanded our single-neuron model to a population of neurons.
To create a neuronal population with representative model parameters, we averaged the fitted
parameters from all recordings of TL3 neurons (n=8; delay, 0.17 s; this, 0.88 s; A, 43.46; Ahis, 0.5; see
Methods for model details). TL3 neurons were chosen, because they represented by far the largest
group of recordings in our data set. We created a population of 180 neurons with identical
parameters, except for the preferred AoP, which was varied between 0° and 179° in 1° increments.
We created a 70 s naturalistic stimulus by concatenating the head-orientation data from all tracked
bumblebee flights that were published by Boeddeker et al. (2015)     . The population model was
then run both with (Figure 4a     ) and without the effect of spiking history (Figure 4a     ’). For
better visibility, Figure 4a     /a’ show only 20 s out of 70 s (for the full trace see supplementary
Figure 3). When including the spiking history, we noticed that the average activity of the
population was very variable and depended on the stimulus dynamics. Less dynamic stretches of
the stimulus, corresponding to a straighter flight usually led to a decrease in the average spiking
activity of the population (Figure 4b      and supplementary Figure 4d). This was not the case for
the population model without the spiking history. Here, the average population response was
always the same, irrespective of the stimulus (Figure 4b     ’). For the chosen stimulus, the average
population activity was slightly smaller for the model which included spiking history (Figure
4b     ; 6.4 APs/s) than for the model without the spiking history (Figure 4b     ’; 6.9 APs/s). It should
be noted that the flight data from Boeddeker et al. (2015)     , were obtained around the nest
entrance either during turn-back and look behavior or after returning from a foraging trip before
entering the nest. It can therefore be expected that during a vector-based outbound or return
flight, which is less tortuous, the overall spiking activity of the population is also lower, because of
the effects of spiking history on the current spike rate.

To assess, how well the AoP of the stimulus can be extracted from the activity of the population
model, we calculated the population vector average (PVA), i.e. the average vector direction that is
collectively signaled by the neuronal population. For the model without spiking history, the PVA
(Figure 4c     ; blue line) followed the stimulus (Figure 4c     ; grey line) perfectly, it was just shifted
in time because of the neuronal delays. When spiking history was included in the model (Figure
4c     ; orange line), the PVA sometimes showed shorter delays (Figure 4c     ; pink circles) and
sometimes overshot the stimulus (Figure 4c     ; red circles). Nevertheless, when comparing the
heading errors, i.e. the difference between the stimulus angle and the PVA, between the two
models, the distributions were almost identical (Figure 4d     ).

To further analyze the population’s response properties, we compared the dynamics of the
stimulus to the dynamics of the PVA of both models. Figure 5a      shows a part of the stimulus
(grey) and the PVAs of the two models (with history: orange; without history: blue), Figure 5b     
the first derivative of the curves in Figure 5a     , i.e. the angular velocities of the stimulus and the
PVAs. For easier comparison between the curves, the PVA values (and their derivatives) here were
shifted to the left by the delay of the system. For the model without history, the angular velocity
profiles of saccadic turns (Figure 5b     ) were mostly identical to those of the stimulus, whereas
this was not the case for the model that included history. For the latter, during many of the
saccades, the rate at which the PVA changed (i.e. the PVA velocity) was often larger than the rate at
which the stimulus orientation changed (i.e. stimulus velocity). Transferred to a behavioral
situation this means, that the rotation velocity that would be signaled by the CX would be larger
than the actual rotation velocity of the animal. This seemed to occur particularly often when a cw
saccade was followed by a ccw saccade and vice versa, and after longer periods of translational
movement. To numerically evaluate this effect, we calculated the ratio between the PVA velocity
and the stimulus velocity for each saccade, i.e. values > 1 mean that the PVA changed faster than
the stimulus angle during the corresponding saccade. The data were then separated into two
groups. Group one included saccades that were preceded by a saccade in the opposite direction,
group 2 included saccades that were preceded by a saccade in the same direction. We found that
for saccades that were preceded by a saccade in the opposite direction the median ratio between
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Figure 4

Model of neuronal population responses. The simulation was run using the averaged model parameters from all fitted TL3
neurons n=8 modelling a population of 180 neurons with preferred AoPs between 0° and 179°. A) and A’) Heat maps
represent model responses including the spiking history (A) or without spiking history (A’) of the population model to the
first 20 s of the stimulus (white) from Boeddeker et al. (2015)     . The response of each individual neuron in the population
corresponds to the response profile along a horizontal line at each preferred AoP. B) and B’) Mean spiking activity of the
model population including the spiking history (orange; B) excluding spiking history (blue; B’). Grey line shows average over
time. C) Population Vector Average (PVA) with spiking history (orange) or without spiking history (blue). Grey shows the
stimulus. Red circles: PVA overshoots the stimulus. Pink circles: PVA from model with history has decreased delay. D)
Histogram of heading errors calculated as: heading error = AoPstimulus – PVA. Orange: with spiking history, blue: without
spiking history.
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the PVA velocity and the AoP velocity was 1.14 (n = 138), while the median for the other saccades
was 1.01 (n = 315). This difference was significant (Mann-Whitney U test, p = 1.3*10-11, Figure 5c     
left). Similarly, during saccades that occurred after at least 200 ms of stationary, i.e. non-rotating
AoP, the median ratio between PVA velocity and AoP velocity was significantly elevated to 1.17 (n =
99) compared to 1.02 (n = 354) for the other saccades (Mann-Whitney U test, p = 2.3*10-11, Figure
5c     , right). Neither of these effects was observed for the model without history, where PVA
velocity was always identical to AoP velocity, yielding always a ratio of 1.00 (Figure 5c     ’). We
further evaluated the effect of the duration of stationary AoP before a saccade on the PVA change
rate. We found that, for the model with spiking history, the longer the stationary period between
two saccades lasted, the bigger the average ratio between PVA velocity and stimulus velocity
whereas this had no effect in the model without spiking history (Figure 5d      and 5d     ’). In other
words, the neuronal population responded especially fast to angular changes after longer
stretches of stationary stimulation. In a behavioral situation this would mean, that the neuronal
population becomes more sensitive to angular deviations during straight flight.

For a flying animal it might be especially important to have a precise knowledge about its heading
direction during course corrections, i.e. saccades. Therefore, we wondered if the average spiking
rate of the population is related to the dynamics of the stimulus. To test this, we calculated the
cross-correlation between the mean activity of the population and the angular velocity of the AoP.
The cross-correlation of the population with spiking history (Figure 5e     ; orange) increased after
a delay of roughly 170 ms (the delay implemented in the model), had a plateau between 200 ms
and 300 ms and then slowly declined over the next 200 ms. This indicated, that on average
saccades were followed by an increase in the population’s activity in the model that included
spiking history. No correlation was found for the model without spiking history (Figure 5e     ’;
blue). Since the lowest activity in the population is always 0 spikes/s and the width of the activity
“bump” is always the same, a higher mean of the population activity is consistent with a higher
signaling contrast.

Taken together our model suggests that polarization-sensitive CX-neurons dynamically adjust their
spiking according to spiking history, such that the overall activity of the population decreases
during translational flight. Furthermore, spiking-history-effects enable faster signaling of a new
heading orientation.

Discussion

Our new stimulus method allowed us to use naturalistic stimuli to investigate the response
dynamics of central complex (CX) neurons during stimulation with polarized light. We show that
the responses of these neurons are strongly influenced by the spiking history. As a consequence,
the spike rate of an individual neuron is not sufficient to infer the current stimulus. However,
using a modelling approach, we show that a population of neurons can reliably encode the angle
of polarization (AoP). Furthermore, our model shows that inclusion of spiking history has two
beneficial effects on stimulus encoding: 1. Under specific circumstances it allows for faster
responses to stimulus changes and 2. it leads to a lower total activity of the population and
therefore might enable the system to save energy, especially during straight flight.

The selection of sensory stimuli is crucially important for both physiological and behavioral
experiments. Simple, well-defined stimuli are often favored, because they allow to focus on
specific aspects of sensory processing by systematically altering just these aspects. Such stimuli
can, for example, have sinusoidal characteristics like luminance gratings in visual research. In a
more complex form, Gaussian white noise stimuli, i.e. stimuli that contain the same power at all
frequencies within a certain frequency band, have been widely used. However, natural visual
stimuli are rarely sinusoidal or of Gaussian noise nature, but have specific, non-random statistics,
that depend on the habitat and the behavior of the animal (Tolhurst et al., 1992     ; van Hateren and
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Figure 5

Dynamic properties of neuronal population model. A) Angle of Polarization (AoP; black line), population vector average with
history (orange) and without history (blue) for the first 20 s of the naturalistic stimulus (black) created from all flights from
Boeddeker et al. (2015)     . B) First derivative of A), i.e. angular velocity. C) and C’) First and second boxplot: PVA change
rate/AoP change rate either after a change of rotation direction (n = 138) or after no change of rotation direction (n = 315).
Medians in (C) are significantly different (Mann-Whitney U test, p = 1.3*10-11). Third and fourth boxplot: PVA change rate/AoP
change rate either after at least 200 ms of translation (n = 99) or after less than 200 ms of translation (n = 354). Medians in (C)
are significantly different (Mann-Whitney U test, p = 2.3*10-11). Ratio in (C’) is 1 for all data points. Boxplots show median,
interquartile range (IQR), whiskers with 1.5 x IQR and outliers greater than 1.5 x IQR. D) and D’) Influence of the duration of
translational flight before a saccade on the PVA change rate. This is expressed as the ratio between the peak values of the
PVA change rate and the AoP velocity. E) and E’) cross-correlation between mean activity of the population and absolute
angular velocity of the AoP (C: with spiking history, C’: without spiking history).
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van der Schaaf, 1996     ; Dyakova et al., 2019     ; Nilsson and Smolka, 2021     ). Studies that used
naturalistic stimuli often revealed phenomena that could not be characterized or functionally
interpreted with artificial stimuli (Rieke et al., 1995     ; Felsen and Dan, 2005     ; Pfeiffer and French,
2015     ; Dyakova and Nordström, 2017     ). Likewise, naturalistic stimulation in this study allowed
us to quantify and functionally interpret the spiking history dependence of CX-neurons, and to
estimate the population responses to behaviorally relevant stimuli.

A particularly interesting aspect of our data were the systematic shifts of their tuning to the AoP
depending on rotation velocity and direction. While the shift at high velocities was expected and is
a consequence of delays in the system, the preferred AoP at low rotation velocities was shifted in
the opposite direction i.e. against the rotation direction. Although this phenomenon has been
briefly mentioned in the literature before (Sakura et al., 2008     ), it has not been systematically
investigated. Interestingly a similar phenomenon has been described in the primary visual cortex
of vertebrates. Orientation selective neurons in V1 change their preferred orientation tuning
towards the orientation of an adapting stimulus if it is presented for a longer duration, while they
change it away from it during shorter presentation (Ghisovan et al., 2009     ). It is assumed, that
this so called “attractive shift” facilitates orientation discrimination around the area of the
adapting stimulus. This interpretation is consistent with our data. Longer periods of stationary
polarized light stimuli lead to both stronger and faster responses when the stimulus changed.

What are the possible mechanisms underlying the spiking-history-effects we observed? There are
at least three mechanisms that might explain our observations: 1. Adaptation at the level of the
polarization-sensitive dorsal rim area (DRA) of the compound eye, 2. Neuronal adaption within the
polarization-vision pathway, and 3. Effects of neuronal plasticity within the network. These
possibilities are not mutually exclusive, and it is possible that all three contribute to the observed
effects. The DRA of insects is organized such that individual ommatidia are specialized to sense
two orthogonal AoP. Across the entire DRA, the preferred AoP systematically shifts, such that all
possible orientations are covered. Therefore, during slow rotation or stationary presentation of
the polarized-light stimulus, the photoreceptors that align with the current AoP will inevitably
adapt while those that are oriented perpendicularly will recover from adaptation, thus creating an
imbalance in the inputs to the polarization pathway. This likely shifts the percept of a polarized-
light stimulus. While slowly rotating through the anti-preferred AoP of the neuron, photoreceptors
that are tuned to this angle will become more adapted, while those that are tuned to the
perpendicular angle will become less adapted. As a result, when rotating towards the preferred
AoP of a neuron, its peak activity will be reached faster. The second possibility, adaptation at the
neuronal level, could happen, because TL neurons in insects exist as a set of cells that are each
tuned to different angles of polarization. Similar to the receptor layer, a stationary stimulus could,
depending on its AoP, adapt individual neurons of the population of TL neurons, or neurons along
the polarization pathway (Pfeiffer and Kinoshita, 2012     ), while others recover from previous
adaptation. TL neurons in many insect species respond both to polarized light and a simulated sun
stimulus (monarch butterfly: Heinze and Reppert, 2011     , dung beetle: el Jundi et al., 2015     ,
locust: Pegel et al., 2018     ). Since these two stimuli are perceived by different parts of the
compound eye, future experiments could use a simulated sun stimulus to disentangle possibility 1
and 2. If adaptation happens mainly in the neurons, it should be strongly dependent on the
dynamics of the stimulus and less dependent on the nature of the stimulus (unpolarized or
polarized light). If adaptation in the receptors (or their synapses) is more relevant, bigger
differences should be seen between unpolarized and polarized-light stimulation. The third
possibility, i.e. changes within the compass network, could happen at any stage of the polarization
vision pathway. However, studies in Drosophila show, that all R-neurons (the Drosophila
homologues of TL neurons) of a specific type are connected to all other individual neurons of the
same type, as well as to all EPG neurons, which are regarded as head-direction neurons (Seelig and
Jayaraman, 2015     ; Hulse et al., 2021     ). It has further been demonstrated that this connection is
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highly plastic and can establish a heading representation that may be anchored to different visual
environments within minutes (Fisher et al., 2019     ; Kim et al., 2019     ). It is conceivable, that this
network is also capable of short-term plastic changes that contribute to the observed effects.

The ability of the central complex neurons to dynamically adjust their properties according to the
spiking history allows for a more flexible coding. Because phototransduction and neuronal
transmission require time, compass neurons can never signal the current heading direction
instantaneously. The overall error of the heading signal, which arises from this delay does not
differ between the model that implements spiking history and the one that does not, at least for
the stimulus sequence that was used in this study. However, under specific circumstances, such as
longer durations of stationary stimulation, or switches between clockwise and counter-clockwise
rotations, the angular heading signal of the population model changed faster than the stimulus
angle. In a behavioral context, this could be used to anticipate future head directions as has been
suggested for some head direction cells in rats (Blair and Sharp, 1995     ). Such an anticipatory
signaling could be used to allow the bees to induce the end of a saccadic sequence before a desired
heading is reached to compensate for their moment of inertia. The mechanism could also be an
important factor in shaping the capabilities of bumblebees to maintain a straight course: During
translational flight the system would become specifically responsive to deviations from the
current heading direction and therefore allow for quicker course corrections.

Another advantage of the spiking history dependent properties of central complex neurons is that
during straight flight, the overall spiking activity of the neuronal population is strongly decreased,
therefore reducing the energy consumption of the system. It is well documented, that the nervous
system consumes considerable amounts of energy and that energy consumption is a driver in the
evolution of sensory systems (Niven and Laughlin, 2008     ). The naturalistic stimuli we used to
probe the CX-neurons during the recordings were derived from bumblebees that were either
leaving the hive or returning to it (Boeddeker et al., 2015     ). In these situations, the animals
perform stereotypical behaviors to either memorize or find the entrance of the hive. These flight
patterns are usually rather tortuous containing many saccades, which made them particularly
useful as a stimulus to probe the dynamic properties of the neurons. However, a considerable
fraction of foraging, consists of shuttling between the hive and a food patch - a part of the flight
which is less tortuous. In our model, stationary stimuli, reduced the average spiking activity of the
neuronal population almost by a factor of 3 (Supplemental Figure 4     ), suggesting that during
straight flight, the entire neuronal population reduces its spiking activity and thus conserves
energy.

Taken together, our study shows that populations of polarization-sensitive CX-neurons in the brain
of the bumblebee are able to signal heading direction based on naturalistic inputs, with responses
that strongly depend on spiking history. Moreover, the dynamic properties of the neurons lead to a
decrease in overall activity during periods of straight flight and allow for a faster adjustment of
directional coding.
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Supplemental Figure 1

Graphical illustration of model calculations. Neuronal firing rate (R) over time (t), elicited by the stimulus was modeled as a
cos2 function of the angle of polarization (AoP). Where A is the response amplitude, del is the system’s delay and Φmax is the
preferred angle of polarization of the neuron. To accommodate for spiking-history-effects, a spiking history (Rhis) was
implemented into the model. Spiking history was defined by two parameters: the length of a rectangular window, over which
past responses are averaged and Ahis, a scaling factor for the spiking-history-effect. Rhis was then subtracted from the
response to the current stimulus (R), to give the total response Rtot. Since the model calculates spike rate, negative values
were replaced by zeros.
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Supplemental Figure 2

Starting parameter and Bootstrapping for model fit. The parameters preferred AoP, delay, response amplitude, history
duration (length of memory window), and amplitude of spiking history were used as free parameters. To avoid the detection
of local minima in the fitting procedure, we repeated the fitting procedure 50 times for each recording and initialized the
fitting parameters each time with random start values. The fitted parameter values were then obtained from the best of the
50 fits. To assess the quality of the fit, we used a bootstrapping method. We repeated the fitting procedure 1000 times, but
instead of fitting the model to the original PSTHs, we randomly permuted the bins of the PSTHs before the fit. We then
compared the sum of squared errors of the fit to the actual data to the sum of squared errors of the permuted data.
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Supplemental Figure 3

Results for concatenated flight tracks of all recorded bumblebee flights from Boeddeker et al. 2015     . A) grey: Angle of
Polarization (AoP), orange: Population vector average (PVA) for model with spiking history, blue: Population vector average
(PVA) for model without spiking history. B) First derivative from the track from A showing angular velocities. The PVA values
and their derivatives are shifted by the delay of the system for better comparison to the stimulus. C) The heatmap represents
the response of the modelled population of neurons (with spike history) to the stimulus (white line). D) Grey shows the
stimulus, orange the population vector average (PVA) shifted to the left by the neuronal delay and calculated from the
responses in C. E) Heading Error calculated as AoP – PVA. F) Orange: Population mean activity from the responses including
models spiking history, grey: averaged activity over time. G) The heatmap represents the responses for population of
neurons to the stimulus (white line) without the models spiking history. H) Grey shows the stimulus, blue the population
vector average (PVA) shifted to the left by the neuronal delay and calculated from the responses in G. I) Heading Error
calculated as AoP – PVA. J) Blue: Population mean activity from the responses including models spiking history, grey:
averaged activity over time.
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Supplemental Figure 4

Population model response to stimulus with sparse rotations. A) and A’) The heatmaps represent the responses for a
modelled population of neurons to an artificial stimulus with sparse rotations (white line) including the models spiking
history (A) or without the spiking history (A’). Note that population activity (with history) declines over time and is higher, the
larger the rotation angle. B) Grey shows the stimulus, orange the population vector average (PVA, light orange) shifted to the
left by the neuronal delay (dark orange) and calculated from the responses in A. B’) Grey shows the stimulus, blue the
population vector average (PVA, light blue) shifted to the left by the neuronal delay (dark blue) and calculated from the
responses in A. C) and C’) Heading Error calculated as AoP – PVA, in orange for model with (orange) and without (orange)
spiking history. D) and D’) Population mean activity from the responses including models spiking history (orange) or without
spiking history (blue), grey: averaged activity over time.
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Reviewer #1 (Public review):

Summary:

The authors of this valuable study use linearly polarized UV light rotating at different angular
velocities to stimulate photoreceptors in bumblebees and study the response of TL3 neurons
to polarized light. Previous work has typically used a single constant rotation velocity of the
polarized light, while the authors of this study explore a range of constant rotational
velocities spanning from 30deg/s to 1920deg/s. The authors also use linearly polarized UV
light rotating at continuously varying velocities following the angular velocity of the head of
a flying bumblebee.

Strengths:
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The authors investigate the neuronal responses of TL3 neurons to a variety of rotational
velocities. This approach has the potential to reveal the neuronal response to dynamically
changing stimuli experienced by the animal as it moves around its environment.

The authors make good use of physiology and modeling to validate their hypotheses and
findings. If done right, this line of investigation has the potential to provide a very useful
methodology for utilizing more complex stimuli in studies of the visual pathway and central
complex than traditionally.

Weaknesses:

The attempt of the authors to use more naturalistic stimuli than previous studies is very
important, but the stimulus they use, i.e. linearly polarized UV light projected on the whole
dorsal rim of the animal's eyes, is very different from the circular pattern of UV light
polarization coming through the sky. In particular, as a bumblebee turns under the sky, the
light projected on each ommatidium of the dorsal rim area will not smoothly change like the
rotating linearly polarized light used in the experiments. The authors need to discuss this and
other limitations of their study.

The authors should also commend the light intensity confound common in polarized light
setups as discussed by Reinhard Wolf et al, J. Comp. Physiol. 1980 and in the thesis of Peter
Weir, California Institute of Technology, 2013. It is unclear whether the authors performed
measurements to quantify the intensity pattern and if they took measures to compensate and
make the polarized light intensity uniform.

The authors show that the neuronal responses of TL3 neurons depend on the recent history
of the polarized light stimulus. They use as evidence, the different neuronal firing rates
measured when arriving at the same polarization stimulus by following two different
preceding stimulus sequences. It would have been worthwhile to investigate to what extent
the difference in neuronal response is due to the history alone and to what extent it is due to
spike timing stochasticity inherent in the neurons. According to the raster plots in Figure 2F,
there is substantial stochasticity in the timing of the action potential firing events.

The authors appear to base their delay calculations and analysis on the response of one single
neuron (Figures 2 and 3) even though they have recorded the responses of several TL3
neurons. There is no reason for the authors not to use all neuron recordings in their
calculations and analysis.

Another concern is that while the authors make good use of modeling, like any model, the
presented models only partially explain the observed phenomena. However, a discussion
about the limitations of their model needs to be provided. Actually, observing the
discrepancies between the model's output and the intracellular recordings reveals what the
model is missing. That is, careful consideration of the discrepancies would have led the
authors to try adding some noise in their model, which would partially resolve the
differences observed at the lower rotational speeds (see stars deviating from the fitted line in
Figure 2A) and to consider that introducing an asymmetry between the post-stimulus
inhibition and excitation time constants could result in a model not deviating as much at the
higher rotation velocities during counter-clockwise rotation of the polarized light (see stars
deviating from the fitted line in Figure 2A).

In the end, the authors use the observation that during saccades, the average activity in their
model-with-history increases to claim that when the animal does not turn, it uses less
neuronal activity and energy. This is not a convincing line of reasoning. To make a claim
about energy efficiency, the authors must instead compare their model with alternatives and
show that the neuronal activity of their model during straight flight is indeed lower than
those alternative models. Note that such a comparison would be meaningful only if the

https://doi.org/10.7554/eLife.101956.1
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alternative models compared against capture physiology equally well in all other respects.
However, the evident deviations of the presented model from the physiology measurements
and the short duration of the test stimulus used would make any such claims difficult to
substantiate.

Finally, for most experiments, the models are stimulated with a single short yaw sequence
lasting a few seconds to measure responses. Given the dependence of the model on history,
using such a small sample, we cannot see how generalizable the observations are. The
authors need to show that the same effect is produced using multiple different trajectories.

https://doi.org/10.7554/eLife.101956.1.sa2

Reviewer #2 (Public review):

Summary:

The compass network is a higher-order circuit in insects that integrates sensory cues, like the
angle of polarized light, with self-motion information to estimate the animal's angular
position in space. This paper by Rother et al. uses share electrode recordings to measure
intracellular voltage activity from individual compass neurons while polarization patterns
are presented to the bee. They present patterns that rotate with variable speed or simulate
the sensory experience created by a flight trajectory. The authors discover that at low
rotational speeds, TL neuron responses diverge from the tuning expected from a systematic
synaptic delay, suggesting that recent experience (history) impacts TL responses. A
population model of 180 TL neurons is then used to argue that having cells that are impacted
by spiking history could be advantageous for estimating heading. The model activity showed
an anticipation of polarization angle for rapid turns that followed prolonged straight flights
or turns in the opposite direction. The model also had reduced spiking activity during
translational straight flight.

Strengths:

One strength of this paper is that it focuses on a question that is underexplored in the field:
How does the compass network handle the processing delay caused by multi-synaptic relay
from the DRA to the sensory input neurons (TL) to the compass network why the insect is
turning rapidly and thus sampling distinct polarization angles in rapid succession? Another
strength is the fact that they were able to present neurons with both simulated naturalistic
polarization patterns that could occur during flight and synthetic stimuli with a range of
rotational velocities. This provides an important data set where these responses can be
compared. Another strength is the exploration of how adding a history term to a model of a
population of TL neurons can lead to the population coding of polarization angle to vary in
how delayed it is from changes to the sensory stimuli. They find that angular coding is more
anticipatory (shorter delay) following prolonged periods of fixating a single angle, such as
what occurs during translation movement, or following turns in the opposite direction of the
current turn.

Weaknesses:

A challenge for this experimental approach is the relatively low power for data sets in some
of the experimental conditions. Low throughput is expected for this experimental approach,
as intracellular recordings are a challenging and time-consuming method. A weakness of the
manuscript in its current form is that the data from all cells that were able to be recorded is
not always presented or quantified. For example, only a single neuron example is used to
show the impact of history on preferred polarization and how this tuning varied with
rotation velocity. This is also true for the claim that TL3 neurons exhibit post-inhibitory
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excitation and post-excitatory inhibition. Another concern is regarding the use of the term
"spiking-history" as potentially confusing to readers who might assume this process is cell
intrinsic. The authors presented data shows evidence of an effect of stimulus history on the
responses of the neurons. However as the authors describe in the discussion this current data
set does not distinguish between an effect that occurs in the recorded neurons (e.g. an effect
of intrinsic excitability) vs adaptation elsewhere in the circuit or DRA photoreceptors. A final
challenge for this approach, shared with other studies that measure neural responses from
an insect fixed in place, is that it assumes that these TL neurons are purely sensory and that
their response properties (or those upstream of them) do not change when the bee performs
a motor action or maneuver. This caveat should be considered when interpreting these data,
however these data still represent novel information and important progress in exploring
this question.

https://doi.org/10.7554/eLife.101956.1.sa1

Reviewer #3 (Public review):

This manuscript reports the temporal history dependence of central complex TL/ring neuron
spiking activity to polarized light patterns. Using sharp recording in tethered bumblebees
with synthetic and natural visual stimulation, the authors nicely measured activities to
rotating polarized UV light, and made the interesting finding that spiking activity depends on
not just current stimulus but also recent activity.

(1) History dependence has been reported before in ring neurons in Drosophila (Sun et al.,
Nature Neuroscience, 2017; Shiozaki et al., Nature Neuroscience, 2017). While there are
differences in the nature of the visual stimulation used, the basic phenomenology of temporal
history dependence bears some resemblance. Where are the differences in the physiological
properties of ring/TL neurons between different insect species in relevance to history
dependence? What are the structural similarities and differences in the circuits that may help
to explain history dependence? Just to name a few. To gain further insight into this question,
the manuscript may benefit from putting the findings here into context.

(2) Figure 3b serves as a critical evidence for history-dependence. However, it is unclear from
this data if this is history dependence, or other physiological processes such as OFF response
to sensory stimulation, or sensory adaptation. One way to test this is to examine whether
such an effect can be detected after a delay period. For example, history dependence in fly
ring neurons is mediated by delay period activity present for several seconds. This can be
easily tested here as well.

(3) The properties of the history dependence can be better characterized to help understand
its nature. What are the statistical characteristics of post-stimulus inhibition to preferred AoP
and post-stimulus excitation to anti-preferred AoP? What are the temporal dynamics of such
an effect, e.g., how long does it take to return to baseline? Are the differences in these
properties recorded across the TL neuron population? Is it possible to categorize these TL
neurons based on these properties and morphology? These properties are important to under
the physiological basis of such effect. The authors only presented two traces in Figure 3b,
beautiful example traces, but without any further population data and statistical analysis.

(4) A major point of the manuscript is energy efficiency via reduction of firing rate. However,
the only evidence comes from simulation, and it seems to be a weak effect of 0.5 APs/s.

(5) Another major point of the manuscript is "increases sensitivity for course deviations
during straight flight". However, this again is supported by simulation only. To validate these
claims, empirical support of behavioral experiments is highly desired. Otherwise, it is
recommended to minimize emphasizing such behavioral predictions.
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(6) A substantial portion of the text emphasizes the importance of natural stimulation. While
natural stimulation is indeed a desirable experimental approach, it is unclear if natural
stimulation is exploited to its full in this manuscript. History dependence can be explored
with synthetic stimulation.

(7) A phenomenological model was used to account for the history effect, by assuming a
linear integration process and a linear history effect. However, such an assumption is not
adequately backed up by rigorous statistical analysis of experiment data or at least proper
conceptual discussion.

(8) Population responses, as in Figure 4, are based on strong assumptions of neuronal
properties without clear experimental support, thus seeming to be quite a stretch.

(9) There are interesting observations in simulation results from Figure 5; it would be nice to
experimentally test at least some of these ideas.

(10) "anticipate future head directions" seems to be quite a stretch to me without mechanistic
explanations.

(11) The visual stimulation design used can be improved and expanded. The synthetic
stimulation used in Figure 1c follows a stereotyped order, according to angular velocities. As
the focus of the manuscript is to probe the history effect and to test again the findings made
with this stimulation, randomized stimulation should ideally be examined.

(12) State dependence was observed in ring neurons in Drosophila (Sun et al., Nature
Neuroscience, 2017) which might be related to ongoing neural activity and history
dependence. While I realize that the animal is tethered, I was wondering if there was any
signature of neural activity state dependence observed in this study.
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