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Every autumn, monarch butterflies migrate from North America to their
overwintering sites in Central Mexico. To maintain their southward
direction, these butterflies rely on celestial cues as orientation references.
The position of the sun combined with additional skylight cues are inte-
grated in the central complex, a region in the butterfly’s brain that acts as
an internal compass. However, the central complex does not solely guide
the butterflies on their migration but also helps monarchs in their
non-migratory form manoeuvre on foraging trips through their habitat. By
comparing the activity of input neurons of the central complex between
migratory and non-migratory butterflies, we investigated how a different
lifestyle affects the coding of orientation information in the brain. During
recording, we presented the animals with different simulated celestial cues
and found that the encoding of the sun was narrower in migratory com-
pared to non-migratory butterflies. This feature might reflect the need of
the migratory monarchs to rely on a precise sun compass to keep their direc-
tion during their journey. Taken together, our study sheds light on the neural
coding of celestial cues and provides insights into how a compass is adapted
in migratory animals to successfully steer them to their destination.

1. Introduction

Migration requires the use of a sophisticated form of orientation exhibited
widely across taxa, from birds and sea turtles to insects [1]. One of the most
well-known insect migrations is accomplished by monarch butterflies (Danaus
plexippus), which travel every autumn from North America to overwintering
locations in Central Mexico [2,3]. To maintain their migratory direction, these
butterflies rely on the sun as their main orientation reference [4]. In addition,
they integrate time of day information from circadian clocks in the antennae
[5,6] and perhaps also in the brain [7] into the compass network. This guaran-
tees that the butterflies can maintain a constant southerly direction even
though the azimuthal position of the sun changes over the course of a day
[4,8]. When the sun is occluded on overcast days, the butterflies may rely on
other orientation cues, such as the polarized skylight [9], and/or the Earth’s
magnetic-field [10] to maintain their course. In addition, the spectral gradient
present in the sky [11] could also serve as an orientation signal, as demonstrated
in other insects [12].

The neural network that processes sky compass information in monarch
butterflies has previously been described in detail [13,14]. While photoreceptors
of the butterfly’s dorsal rim area (DRA) detect the polarized skylight,
the remaining photoreceptors on the compound eye detect unpolarized light
[7,15]. The polarized and unpolarized signals converge in the same compass
network and are transferred to a region of the central brain, called the bulb
[16]. There, tangential (TL) neurons have their synaptic input and transmit
the information to the central body lower division of the central complex
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Figure 1. Neural responses of TL neurons to simulated celestial cues. (a) TL neuron (blue) visualized in the monarch butterfly central complex. Modified from [16].
(b) Top: schematic drawing of the celestial cues in nature. Concentric circles illustrate the polarization pattern around the sun (green), with the line thickness
denoting the degree of polarization. The colour gradient between the solar (green) and antisolar (magenta) hemisphere is shown. Bottom: schematic of the stimuli
used during recordings. The polarization stimulus was presented in the animal’s dorsal visual field (with the 0°-polarization angle aligned in parallel to the anterior-
posterior body axis). The green/UV light spot (set 180° apart) were moved on a circular path (both at an elevation of 30°) around the animal. (c) Intracellular
recordings from different TL neurons show the responses to polarized light (left), the green (middle) and the UV light spot (right). The schematic drawing (top)
indicates the initial positions of each stimulus. The preferred directions (¢ma,) Of the neuron are shown as red lines. (d) The responsiveness of the neurons to the
different light cues (polarized light (left), green light (middle), UV light (right)). Coloured bars indicate the percentage of responsive neurons. (¢) Modulation
strengths of the TL neurons that responded significantly to all tested light stimuli (n = 10). These neurons showed a higher modulation to UV and polarized
light compared to the green light (ppov versus Green = 0.01, Sign rank = 52; pyy versus 6reen = 0.002, sign rank = 0, n = 10; Wilcoxon-signed rank test). Individual
data points are shown as black dots. Boxes indicate interquartile ranges. Whiskers extend to the 2.5th and 97.5th percentiles. Black horizontal lines show the
median. (f) The modulation strength of the TL neurons to polarized and the green light correlated linearly with the background activity (Ppotarized right =
0.002, F=1232, RgdL = 0.27; Pgreen iight < 0.001, F=41.97, Rﬁdj' = 0.79), which was not the case for the UV light (p=0.072, pspearman= 0.35). The
linear regressions are shown as solid red lines and the 95% confidence intervals are shown as dashed lines. n.s., not significant (ef); *p < 0.05 (e), **p <
0.01 (ef); ***p < 0.001 (ef). (Online version in colour.)

(figure 1a). Recent studies have shown that the central com-
plex plays a key role in processing skylight information in
insects [13,17-19] and is involved in a variety of orientation
tasks [20,21]. While not explicitly demonstrated in monarchs,
the central complex probably functions as the internal com-
pass during the migration by matching the actual heading
direction with the desired southward direction [22].

While monarchs are best known for their autumn long-
distance migration, completion of the migratory cycle is
achieved by several generations. After overwintering in
Central Mexico, migratory monarchs return north in the
spring to southern states of the United States [23,24]. Recoloni-
zation of the breeding sites is not completed by the
overwintered butterflies, but requires at least two spring
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generations that continue travelling north until they reach
their summer habitat and produce non-migratory summer
generations [14,25]. Thus, North American monarch butter-
flies occur in either a migratory or non-migratory form [26].
While migratory butterflies are physiologically adapted
to effectively perform their long journey, non-migratory but-
terflies spend their time foraging in more restricted areas
[27]. The transition from a generation of non-migratory to
migratory butterflies significantly affects the volumes of com-
pass neuropils within the central complex [16]. While these
changes might be correlated with adaptations to the migration
of these butterflies, their physiological consequence on the net-
work remains unclear. To study this, we recorded the activity
of the TL neurons intracellularly, while simultaneously pre-
senting different simulated skylight cues to migratory and
non-migratory butterflies. We found that the tuning width of
the TL neurons to a green light spot representing the sun
was narrower in migratory butterflies. In addition, the neur-
ons in migratory butterflies exhibited a higher angular
sensitivity to the sun in their frontal visual field, which
matches the sun’s position during their southward migration.
Taken together, this supports the idea that the compass of
migratory butterflies is adapted for their long-distance
migration by allowing them to keep their flight direction
with high precision over the course of the day.

2. Methods
(a) Animals

Recordings from the non-migratory monarch butterflies (Danaus
plexippus) were performed from April to September 2018, 2019 in
Wiirzburg (Germany). The butterflies were obtained as pupae
from the Costa Rica Entomology Supply. After eclosion, the
adult butterflies were kept in an incubator (I-30 VL, Percival
Scientific) at 12L:12D condition, 25°C and at 50% relative
humidity. The animals” diet consisted of 15% sugar water sol-
ution ad libitum. Migratory animals were collected in College
Station, TX, USA from October to November in 2018, 2019
and recordings were performed at this location. Wild-caught
animals were kept in glassine envelopes and the incubator
(I-30 VL, Percival Scientific) was adjusted to an 11 L:13D cycle
with 23°C set during light and 12°C during dark phases to
simulate the conditions during the autumn season. Animals
were fed every other day with a 20% honey solution.

(b) Electrophysiology

Although the recordings were performed on two different elec-
trophysiology set-ups (one at the University of Wuerzburg and
one at Texas A&M University), both the equipment used and
procedures for recordings from migratory and non-migratory
animals were similar. To ensure stable recordings, the legs and
wings were clipped off and the animals were fixed on a metal
holder. After opening the head capsule, the neural sheath was
removed using fine tweezers to expose the brain. At least one
of the antennae remained intact to prevent the loss of time
compensation [6]. During recording, the head capsule was
filled with ringer solution (150 mM NaCl, 3 mM KC], 10 mM
TES, 25mM sucrose, 3 mM CaCl,). Electrodes (50-200 MQ)
were drawn from borosilicate glass (inner/outer diameter:
0.75/1.5mm, inner filament diameter: 0.2 mm; Hilgenberg)
using a Flaming/Brown puller (P-97, Sutter Instruments) and
were filled with 1 M KCl and loaded with 4% Neurobiotin
(Vector Laboratories). In addition, a silver wire was immersed
in the head capsule as a reference. A micromanipulator (Leica

Microsystems) was used to position the electrode in the brain. n

Action potentials of single neurons were amplified using
an intracellular amplifier (BA-03X, npi Elelctronic). The signals
were digitized (Power1401, CED) with a resolution of 1-20 kHz
and recorded using the Srike2.9 software (CED). After recording,
the Neurobiotin was iontophoretically injected with 1-3.5nA
into the neuron for about 3-5 min and the brain was dissected
out of the head. To identify the recorded neuron, we followed
the immunohistochemical protocol described in [17] (for details,
see the electronic supplementary methods, Histology and ima-
ging). During cell injections, we often co-labelled several TL
subtypes (electronic supplementary material, figure Sla). We
were therefore not able to define from which TL subtype
(TL2a/b or TL3, [16]) exactly our recordings were obtained.
The similarity in the general tuning characteristic between
migratory and non-migratory TL neurons suggests that, even if
different TL subtypes may have different functional roles in mon-
arch butterflies, this did not affect our comparisons between
migratory and non-migratory TL neurons.

(c) Visual stimulus

To stimulate the butterflies with simulated skylight cues during
recording, UV (365 nm, OSRAM) and green (520 nm, OSRAM)
LEDs were mounted on a rotation stage (DT-50, PI miCos). The
rotation stage was positioned dorsally to the animal. As the butter-
fly’s DRA is sensitive to UV light [7,15], a UV-LED was mounted at
the centre of the rotation stage. The light of the LED was passed
through a diffuser (quarter white diffusion, LEE Filters) and a UV
permeable polarizer (Bolder Vision Optik). Additionally, four
arms were attached perpendicular to each other to the rotation
stage. One arm was equipped with a green and the arm opposite,
witha UV LED at the head of the arms. The stimulus was positioned
in such a way that both LEDs were set at an elevation of 30° to the
animal. All LEDs (unpolarized and polarized light) were adjusted
to the same photon flux of about 1.4 x 10" photons cm™>s™"
using a spectrometer (Maya200 Pro, Ocean Optics) and measured
in the position in which the animals would be facing the stimuli
during the experiments. The angular extent of the polarization
stimulus at the butterfly eye was 10.42° in non-migratory and
9.55° in migratory butterflies owing to slight differences in the set-
ups. The angular size of the unpolarized light spots were 1.44° in
non-migratory and 1.32° in migratory butterflies. The motions of
the rotation stage were controlled via a custom-written Matlab
script (v.R2019b, MathWorks). Similar to previous experiments
[13], the polarizer orientation was changed with an angular velocity
of 60° s™". Likewise, the unpolarized light spots were moved on a
circular path around the animal at a velocity of 60° s™". The rotation
stage was turned clockwise and counterclockwise while the tested
cue (either the polarized or unpolarized light) was turned on.

(d) Data analysis
Neurons were included in the analysis if they fulfilled the follow-
ing criteria: (i) stable baseline throughout the whole recording,
(ii) consistency in shape of action potentials, (iii) spiking ampli-
tude above the noise ratio, and (iv) neuron identifiable based
on the tracer injection. The data were exported from Sprike2 for
further evaluation in Matlab using a custom-written script that
included the CircStar toolbox [28] and the CircHisT function [29].
Action potentials were detected using a manually set
threshold. Background activity was evaluated based on a 3-6s
section of the recording prior to light stimulation. As the record-
ing quality can affect the observed background activity (a lower
electrode resistance can lead to more spikes s '), we ensured that
the background activity did not correlate with the electrode
resistance (electronic supplementary material, figure S1b). The
same segment as for the background activity was used to deter-
mine the background variability [30]. Sliding averages of the

88670707 ‘88T § 05 Y 20id  qdsi/jeunol/bio buiysigndAianosiefol



(@)

~
S
~

P @ *
Wiy 3171417
100 .
80
60
40
20
0

30°

responsiveness (%)
migratory
number of cells

EN - SN

° 240\

21()

10 150

"5"50 ——30°

number of cells

N -l S

non-migratory
responsiveness (%)
non-migratory

100

i 12()

Yo @ 180°
16ji7 5171317

preferred direction (°)

e 3009 / / \6() 300/

° 270° }\ | 907 270°] j\

120 240\ f/ /120°
150°

3009,

\60
Q 90 270° !

240o

—~
o
~
'S
S

)
S

(spikes s7)
1S
(=]

jzlﬁo 0

S

background activity
background variability

210°

180°

v (d) n.s. n.s. n.s.
0° 120
‘f,,,ﬂ,,, 30° ‘ o
\\ o 10073 Bt K (13)
’;v;\ \Esw '
[ &t o 256 (16) ®)
\/ /12()( iEawd a7 ® D .,
L Toade dp = &
o 20
210° 1500

Figure 2. Comparison of the general tuning characteristics of TL neurons in migratory and non-migratory butterflies. (a) Responsiveness to the different light stimuli
(polarized light (left); green light (middle); UV light (right)) did not differ between the migratory and non-migratory TL neurons (Ppolarized light = 1.00, ;(2 =0.00;
Pareen light = 0.48, ;(2 =0.50; puy iight = 1.00, ;(2 =0.00; ;{2 test). (b) The preferred directions to polarized light (left), the green light (middle) and the UV light
(right) in migratory (top; n = 17) and non-migratory (bottom; n = 17) TL neurons. The preferred directions did not differ between the forms for the polarized light
(p=0.57, W=1.13, Mardia—Watson—Wheeler test), but for the UV light (p = 0.01, W = 8.62, Mardia—Watson—Wheeler test). Owing to the low sample size, a
statistical analysis of the distributions was not performed for the preferred directions to the green light. (c) Background activity (left, p = 0.35, Z= —0.94, Wilcoxon
rank-sum test) and background variability (right, p = 0.21, Z= —1.25, Wilcoxon rank-sum test) did not differ between migratory (M) and non-migratory (N) neur-
ons. (d) Maximum spiking rates did not differ between the forms (ppoarized fight = 0.73, 2= 0.34; Pgreen tight = 0.83, rank sum = 54.00; pyy jighe = 0.87, Z=0.17;
Wilcoxon rank-sum test). Sample size is shown in brackets. Individual data points are shown as black dots. Boxes indicate interquartile ranges. Whiskers extend to
the 2.5th and 97.5th percentiles. Black horizontal lines show the median. n.s.: not significant (a—d), *p < 0.05 (b). (Online version in colour.)

responses were obtained by applying a low-pass filter to the
inter-spike-intervals. The maximum spike rate during stimu-
lation was calculated by defining the highest action potential
rate for each rotation and averaging it across all rotations. To cal-
culate the neuron’s preferred directions (¢max) for each light
stimulus, each action potential was assigned to a degree accord-
ing to the stimulus position. The preferred direction was then
determined based on a circular unimodal (unpolarized light) or
bimodal (polarized light) distribution. The modulation strength
of each neuron, which contains information about the response
strength to a light cue (a higher modulation value indicates a
stronger response), was calculated in 20° bins according to [17].
To obtain the tuning curves, spike frequencies were calculated
in 5° bins and the preferred direction (@max) of each rotation
was shifted to 0°. The firing rates from all rotations were aver-
aged to obtain mean tuning curves for each neuron. The
resulting curves were then normalized by the area below the
curve. The tuning width for each cell was determined by calcu-
lating the full width at half maximum. The angular sensitivity
(change of firing rate) of the neurons was calculated by determin-
ing the difference in the spike rate between adjacent bins.
To analyse the distribution and compare the data statistically,
we used linear and circular statistics (for details, see the elec-
tronic supplementary material, Statistics). All data are reported
as mean =+ standard deviation (s.d.).

3. Results

(a) General tuning characteristics of tangential neurons
We recorded from 34 TL neurons: 17 from migratory and
17 from non-migratory monarch butterflies. In many insects,
a green light spot is interpreted as the sun’s direction
[17,31,32]. During recordings, a green light spot was therefore
moved on a circular path around the butterfly to simulate
a rotation of the animal under the sun (figure 1b). To test if the
neurons encode the celestial spectral gradient, we observed
the neural response to a moving UV light spot. A rotation
of the butterfly under the polarization pattern was simulated

through a full rotation of a zenithal polarizer. TL neurons
typically exhibited a bimodal response to the polarizer
(figure 1c, left) and a unimodal response to the unpolarized
light spots (figure 1c; middle, right). However, not every
neuron showed a significant modulation to the tested stimuli;
33 of the 34 recorded neurons showed a significant response
to the polarization stimulus (figure 1d; p < 0.05; Rayleigh test).
Out of the 34 tested neurons, 13 (38.23%) TL cells responded
to the green light spot (figure 1d; p <0.05; Rayleigh test).
Interestingly, the neurons’ responsiveness to the UV light
was much higher (79.41%). Ten of the tested TL neurons
responded to all three stimuli with a significant modulation
of the firing rate (figure 1e). In these cells, the modulation
strength was higher to the polarization (105.22 +49.65,
mean =+ s.d.) and the UV stimulus (133.37 + 67.08) than to the
green light (76.26 +39.53). Hereby, the modulation strength
increased with the background activity when the neurons
were stimulated with polarized light or the green light
(figure 1f; electronic supplementary material, figure S2).
A similar trend towards higher modulation strengths at
higher background activities was also observed for the UV
light spot. Taken together, our results show that TL neurons
code for different skylight cues in monarch butterflies.

(b) Comparison of the responses in migratory and
non-migratory butterflies

Next, we compared the TL-neuron responses of migratory and
non-migratory butterflies. The responsiveness of the TL neur-
ons to the presented stimuli did not differ between migratory
and non-migratory monarchs (figure 2a), suggesting that
skylight cues are equally relevant for the functioning of TL
neurons in both forms. The stimulus position that evokes the
strongest average response of a neuron is referred to as the
preferred direction (@ma; figure 1c). In general, the preferred
directions of the TL neurons to polarized light and the UV
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Figure 3. Comparison of the tuning shapes between migratory (M) and non-migratory (N) animals to polarized light (top), UV light (middle) and the green light
(bottom). (a) Averaged tuning curves (bin size 5°) of the TL cells in migratory (left) and non-migratory animals (right). The n-size refers to the number of analysed
cells. The error bars indicate the standard deviations. (b) While the tuning widths (full width at half maximum) of the responses to polarized light (p = 0.41,
t-distribution = —0.84) and the UV light (p = 0.37, t-distribution = —0.92, unpaired t-test) were similar between the forms, a difference was found for the green
light (p = 0.004, t-distribution = —3.66, unpaired t-test). (c) The modulation strengths to polarized light (p = 0.99, Z=0.02), the UV light (p =0.79, Z=0.27)
and the green light (p = 0.4, rank sum = 50.00) did not differ between migratory and non-migratory butterflies. Individual data points are represented by black
dots. Boxes of the box plots display the interquartile ranges. Whiskers extend to the 2.5th and 97.5th percentiles. Black horizontal lines indicate the median. Sample
size is shown in brackets (c). n.s., not significant (b,c)., **p < 0.01 (b). (Online version in colour.)

light covered all possible directions, while the preferred direc-
tions to the green light were clustered around 0° (electronic
supplementary material, figure S3a). The preferred directions
of the TL neurons to polarized light did not differ significantly
between the forms (figure 2b, left plots). We could also not
detect any obvious difference in the preferred directions to
the green light between the migratory and non-migratory TL
neurons (figure 2b, middle plots). However, the distribution
of the UV preferred directions differed significantly between
the two forms (figure 2b, right plots) because there were
more migratory ones tuned to the left and more non-migratory
ones tuned to the right visual field of the animals. We also
calculated the angular differences between the preferred direc-
tions (A@may; electronic supplementary material, figure S3b). In
TL neurons of both forms, the spatial relationship between the
responses to polarized light and the green/UV light spot
deviated from the natural 90°-relationship. In most of the TL
cells, the relationship between the green and UV light was
clustered between 0-90°, irrespective of the butterflies’
form (electronic supplementary material, figure S3b). Taken
together, the preferred directions did not show any obvious

differences between migratory and non-migratory butterflies
to polarized light and the green light, suggesting that
the recorded neurons were representing a wide range of the
classical TL neuron population.

(c) Comparison of general physiological properties

We next compared the basic physiological properties of the
TL neurons between the forms. On average, the background
activity of the TL neurons in migratory butterflies was 9.25 +
5.8 spikes s™'; n=15), which was not different from the
background activity observed in non-migratory TL neurons
(11.61 + 6.75 spikes sLn=17; figure 2c, left plot). Similarly,
the background variability did not differ either between
groups (figure 2c, right plot). In addition, we investigated if
the butterflies’ form could influence the neurons’ response
to the tested skylight cues by comparing their maximum
spike rate during stimulation (figure 2d4). The maximum
spike rate of the migrants TL neurons to polarized light
was on average 19.67+8.08 spikess™' (n=17) and was
comparable to the TL neurons of non-migratory butterflies
(19.61 = 11.29 spikes s'; 1=16). Similarly, the responses to
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the green (max. spike ratemigratory=20.00 £10.78 spikess™; The precision of a compass increases by a high alteration
n=8; max. spike rate,on-migratory = 24.26 + 14.4 spikes s7h of the neurons’ spiking rate as the animal rotates around its
n=>5) or UV light (max. spike ratemigratory=20.92+ body axis [12]. To test if the different tuning widths affect
9.53 spikes sl n=14; max. spike ratenon-migratory = 24.77 = the rotational sensitivity of the TL network, we also com-
21.57 spikes s~L: n=13) did not differ between the two mon- pared the angular sensitivity, i.e. the change of firing rate,
arch forms (figure 2d). Together with our findings that TL of the neurons between migratory and non-migratory butter-
neurons display similar background activity/variability in flies (figure 4a). Interestingly, the angle relative to the
migratory and non-migratory monarchs, these data suggest preferred direction at which the neurons exhibited the highest
that the butterfly’s form does not influence the general sensitivity differed between the forms: while the angular sen-
physiological properties of TL neurons. sitivity to the green light was significantly higher in the sector

around the preferred direction in the migratory TL cells, the
angular sensitivity of the non-migratory cells was higher in

(d) (omparigon of functional tuning characteristics the sectors that were about 120° away from the preferred
We next compared the tuning curves of the responses to the direction (figure 4b). As expected, these differences in the
presented stimuli between the migratory and non-migratory angular sensitivity were not observed when stimulating
TL neurons (figure 3a). For each TL cell, we generated indi- with polarized light or the UV light (electronic supplemen-
vidual tuning curves and shifted the preferred directions to tary material, figure S5). Thus, although the tuning curves
0° (electronic supplementary material, figure S4). The average in response to the green light were broader in non-migratory
tuning width of migratory TL neurons to polarized light butterflies, the TL neurons in both forms have the angular
(82.94 +19.93°) was similar to the tuning width observed in sensitivity to code for the sun. To investigate how the spatial
non-migratory butterflies (88.13 +15.04°; figure 3a,b). Simi- difference in the angular sensitivity affects the precision of the
larly, the tuning width of the TL neurons to the UV light compass, we analysed the angular sensitivity of each TL cell
spot did not differ between migratory (140.71 +44.41°) and with respect to the position of the green light stimulus
non-migratory (159.62 +61.56°) butterflies (figure 3a,b). By (figure 4c). In contrast to the TL neurons in non-migratory
contrast, while the tuning curve in migratory butterflies butterflies (p=0.91; V-test, n=5), in migratory TL neurons
was relatively narrow (106.88 +67.61°), the tuning curve in the highest angular sensitivities were significantly centred in
response to the green light in non-migratory butterflies was the animals’ anterior visual fields (p <0.001; V-test, n=8).
consistently broader (222.00+19.87°; figure 3a,b; electronic Interestingly, this increased sensitivity in the front of the ani-
supplementary material, figure $4). To exclude the possibility mals correlated with the sun azimuth during their southward
that the narrower tuning curves could result from stronger migration (figure 4c). In summary, the TL neurons in migrants
responses to the green light in TL neurons of migratory mon- are well suited to maintain the sun in front of the animal and
archs, we also compared the modulation strength of the might help the butterflies to keep their southerly direction
responses. Neither the modulation strength to polarized light with a high precision during their long-distance migration.

(Mimigratory =89.68 £ 45.72, 11=17; Mionmigmtory = 88.64 £42.72,
n=16), to the UV light Mmigrtory=107.9455.01, n=14;

Mhon-migratory = 103.31 £64.49, n=13), or to the green light 4. Discussion

(Mimigratory = 7212 £ 42.94, 11=8; Myon migratory = 93.20  25.81,

n = 5) differed between migratory and non-migratory butterflies (a) General characteristics of ta ngential neurons

(figure 3c) suggesting that the narrower tuning to the green light We showed that monarch TL neurons encode different

in migrants does not arise from differences in response strength. skylight cues, which is in line with previous findings [13].
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Each TL neuron is tuned to a specific polarization angle
as observed in TL neurons in locusts, crickets, beetles
[17,19,33], and butterflies [13], and may additionally encode
the sun. Interestingly, the TL neurons, preferred directions to
the green light were directed towards the animal’s frontal
visual field. Currently, we do not know what causes this bias
or if it has any functional implication. The observed differ-
ences in the cells’ responsiveness to polarized light/UV light
versus green light is most likely a bias in the way of detecting
the neurons during experiments. The polarization response
helped in identifying a compass neuron and this was then
tested using the green and UV light spot. Interestingly, the
neurons showed higher responsiveness and modulation
strength to the UV light than to the green light. This indicates
that the UV photoreceptors in the butterflies’ eye are either
more sensitive than the green photoreceptors or that the UV
light information is integrated over a larger array of ommatidia
than the green light information.

Heinze et al. [16] divided the monarch TL neurons anato-
mically into three subtypes that innervate different layers in
the central body lower division. We were not able to find
any physiological differences between TL subtypes and, as
we often co-labelled several TL subtypes (electronic sup-
plementary material, figure Sla), were not always able to
define from which subtypes our recordings were obtained.
All three subtypes of monarch TL neuron are GABA-ergic
[34] and inhibit the downstream heading-direction network,
termed CL1 (E-PG in fruit flies) neurons, in the central
body lower division (ellipsoid body in fruit flies [35]).
Our results here show that the background activity of
the TL neurons correlates with the modulation strength
to polarized light and the green light spot. Thus, the
sensitivity could be altered by changing the background
activity of individual TL cells and with it, the inhibitory
input on the CL1 network. Interestingly, TL neurons also
receive circadian [36] and self-motion signals [37] in fruit
flies. These inputs could modify the background activity of
individual TL neurons in monarch butterflies and change
the sensitivity for coding heading-direction information
in a time-of-day or context-dependent (walking versus
flying) manner.

(b) Integration of different celestial cues

The skylight polarization angles vibrate at 90° to the sun’s
position in nature. This spatial relationship, however, is not
reflected in the TL cells in our study, in line with previous
results from TL neurons in monarch butterflies [13]. This
deviation originates in the DRA, which is not centred in the
zenith in monarchs [15]. Compass neurons in the brain
need to match the relationship between polarized light and
the sun in a time-of-day dependent manner owing to the
change of the sun’s elevation over the course of the
day [38]. Although such a time-dependent ‘elevation-
compensation” has previously been reported in the monarch
TL neurons [13], our TL recordings were too limited in
terms of number of cells tuned to the simulated sun, to
fully re-evaluate this.

Most of the TL cells’ preferred direction was not affected
by the spectral content of the light spot which is in line
with previous reports in monarchs [13]. We found one
migratory TL neuron that exhibited a 180° relationship
between the green and UV light (electronic supplementary

material, figure S2b). Such a neuron would help monarchs [ 7 |

distinguish between solar and antisolar hemisphere based
on spectral information. However, responses of compass
neurons to spectral cues strongly depend on the light inten-
sity [39]. Thus, more TL neurons might be detected that
encode the celestial spectral information if tested at the
correct light intensities.

(c) Behavioural context and neural plasticity

The volume of brain regions differs dramatically between the
non-migratory and migratory forms in monarch butterflies
and desert locusts [16,40]. In both species, this does not
affect the general tuning properties of compass neurons [41,
this study]. We here observed that the tuning width of the
TL neurons in response to the simulated sun was narrower
in migratory monarchs than in non-migrants, which led to
a higher angular sensitivity in the frontal visual field. While
the detailed neural mechanisms are unclear, this higher
sensitivity may allow the migratory butterflies to precisely
maintain the sun in their frontal visual field during their
southward migration. This is essential during their long
journeys in which an accumulation of even small deviations
from the optimal course could lead to energetically costly
detours. Despite being able to maintain a constant direction
using a sun stimulus indoors [42], non-migratory butterflies
do not show a group orientation to the south [26]. In line
with this, we did not find any obvious bias in the spatial
distribution of the TL neurons’ angular sensitivity in
non-migratory butterflies.

The TL neurons’ input regions, the bulb, is highly
conserved among insects and consists of large synapses
[37,43-45]. This region has been shown to be highly plastic
in Cataglyphis ants with the number of large synapses increas-
ing in ants that change from workers to foragers [44]. Thus,
the bulb represents an attractive candidate site where the
differences in the tuning width might be established in the
butterfly’s brain. Future anatomical experiments comparing
the large synapses of migratory and non-migratory butterflies
may reveal differences depending on the behavioural context
of the butterflies. Combined with a behavioural assay
in which the butterflies maintain constant headings to a
simulated sun [42], we will next be able to quantify the
narrower tuning in migratory TL neurons on the precision
of the butterflies compass.
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