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entire nodulus. However, it is intriguing that the cells that

arborize only in the medial half of the nodulus arise from

even glomeruli (with 8/13 arising from G6), and that the

three cells that arborize only in the lateral NO1 all arise

from G5. While the significance of the predisposition for

the medially arborizing subset of cells to arise from even

glomeruli, with a majority from G6, and the laterally arbo-

rizing cells to arise from G5 is unclear, these observa-

tions suggest that at least in most cases communication

from G5 and G6 is restricted to either the medial or lat-

eral half of NO1 as part of a functional plan.

In addition to this mediolateral compartmentalization

of information within NO1, an unusual feature of this

nodulus adds further support to the argument that it is

compartmentalized: nc82 signal in NO1 sometimes

appears divided into medial and lateral halves, a phe-

nomenon not seen in the other noduli (not shown).

While the identification of additional cell types that

show a medial-lateral preference within NO1 is neces-

sary to confirm such compartmentalization of NO1, a

selective distribution of information seems likely.

NO2

NO2 comprises two subcompartments, a large dorsal

(NO2D) and a smaller, ventral (NO2V) domain (Fig. 12B–

G, Movie 7). NO2V resembles a pancake-like pedestal

Figure 11. The EB comprises eight tiles. A–D: MCFO-labeled protocerebral bridges and corresponding ellipsoid bodies from four brains

from line [R37F06]. The cell type labeled is PBG2–9.s-EBt.b-NO1.b; the noduli are not shown. The unlabeled gap in the center of the PB

reflects the fact that this cell type does not arborize in G1. Note that the colors in the PB are not always preserved for a given cell in the

EB due to laser adjustment (ramping) through a confocal stack. For example, in B the cell that arborizes in G2R is purple in the PB and

blue in the EB. In this same brain, G9L is pink in the PB due to the presence of two labeled cells, one green and one blue (see inset of

PB, in which the green and blue channels were independently toggled off to demonstrate the presence of the two neurons); the bouton

arbors from these two cells are clearly blue and green in the EB. The eight tile volumes are evident in the EB; the glomeruli from which

they originate are indicated next to each EB tile. In panel A, the EB is shown twice, the second time with the green channel turned off to

reveal arbors that are obscured by the green channel (i.e., the red arbor from 4R).

Drosophila central complex anatomy and neurons
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angular velocity should be in register. That is, for any given heading, 
plasticity should ensure that inhibitory ring neurons create a position 
of decreased inhibition in the ellipsoid body that coincides with where 
the P–EN input moves the bump—essentially a self-consistent mapping 
of visual cues onto the bump.

We first tested the model for a simple scene with a single vertical 
stripe (Extended Data Fig. 1b–e), simulating the fly turning through 
the scene (Fig. 2e–g, Supplementary Video 2; a complex scene is shown 
in Extended Data Fig. 2a–c). These rotations ensured both that the 
bump travelled around the ellipsoid body and that ring neurons cor-
responding to all visual-feature positions were selectively co-activated 
at appropriate angular orientations. Starting with random synaptic 
weights, Hebbian plasticity produced a spatially consistent mapping 
and stable offset between the heading representation and the angular 
position of the single visual feature (Fig. 2e). Simulating optogenetic 
manipulation as a current injection into model compass neurons repro-
duced the remapping phenomenon (Fig. 2h, Extended Data Fig. 2d, e). 
These results account for the varying offsets observed across flies3, 
the persistence of an offset for a given scene in a single fly and the flex-
ibility that allows the ellipsoid body to track heading within different 
visual scenes.

Optogenetic inversion of the map
In further simulations, the natural concurrence between scene move-
ment and bump position during turns could be inverted, with visual 

cues overriding self-motion input to drive the bump backwards (Fig. 3a, 
b). In optogenetic offset-induction experiments, we found that the 
actual network was indeed flexible enough to induce an inverted remap-
ping in which visual input drove the bump around the ellipsoid body 
in the opposite direction than would be expected (Fig. 3c, d, Supple-
mentary Video 3). In the model, the inversion was eventually corrected 
after prolonged ring attractor dynamics driven by self-motion (Fig. 3b 
rightmost panel), but the short trial duration in our physiological 
experiments probably limited our ability to observe such a correc-
tion in vivo. Thus, although self-motion exerts a strong influence over 
bump movement, network plasticity allows for a strong and notably 
flexible driving role for visual cues.

Remapping after experiencing ambiguity
Ring attractor dynamics ensures a single heading representation at any 
given time even for complex scenes, but under some circumstances 
this can be unstable4. For example, a scene with two identical stripes at 
diagonally opposite locations (Extended Data Fig. 3a) makes orienta-
tion within the scene inherently ambiguous3. Our model predicts that, 
upon prolonged exposure to this two-stripe scene, the plasticity mecha-
nism creates a visual map with two potential offset angles. If a single-
stripe scene is then presented, this results in two competing heading 
representations, with the ring attractor network selecting one of them 
at any particular time (Extended Data Fig. 3b, c). We found a similar 
effect experimentally in some probe trials after just 5 min of in vivo 

θ

Fig. 2 | Manipulation of heading representation pinning offset. a–d, Activity 
snapshots of compass neurons before (a), during (b) and after (c) optogenetic 
manipulation in an open loop (imposed natural-scene orientations at the top, 
with vertical red lines emphasizing the relative orientations). Extended Data 
Figure 1a provides details of the optogenetic stimulation (opto-stim) protocol. 
a, Original pinning offset (arrow in d, top, shows the time of this snapshot).  
b, Optogenetic imposition of new offset. b, Top left, bump imposed on left side 
of the ellipsoid body (below, red rectangle) when scene oriented as at the top. 
b, Top right, 45° counter-clockwise rotated scene and bump with offset as in 
left. b, Middle, sequence of optogenetically imposed ellipsoid-body offsets (d, 
middle) (Methods). b, Bottom, expanded view of same sequence as shown in b 
(middle). c, After manipulation. The bump position relative to the same visual 
scene orientation as in a, shifted by offset imposed in b (compare d, top and 
bottom). d, Compass neuron activity before (top), during (middle) and after 
(bottom) optogenetic manipulation (Supplementary Video 1). Arrow in the top 
panel corresponds to a; arrows in the middle panel correspond to the left and 

right panels of b (top); and arrow in the bottom panel corresponds to c. e, 
Simulation snapshots. Time-varying synaptic weights between ring and 
compass neurons (Extended Data Fig. 2). Simulation begins with random 
synaptic weights (left). Synapses between coactive ring and compass neurons 
are weakened. Synapses from inactive ring to active compass neurons are 
potentiated (see Supplementary Information for different plasticity rules). The 
weight matrix stabilizes over time (right) (Supplementary Video 2). Vertical 
purple rectangle, sample mapping from ring neuron 16 to all compass neurons. 
f, Simulated compass neurons when ring neuron 16 is active. g, Distribution of 
bump offsets across 500 simulations. h, Simulated optogenetic bump shift. 
Left, weight matrix before manipulation. Second and third from the left, a new 
map develops while the existing map weakens. Rightmost two panels, 
consolidation of the new map during a probe trial. Dashed red rectangle, initial 
synaptic weights from ring neuron 9 to compass neurons. Solid red rectangle, 
same weights after consolidation; offset shifted.

<latexit sha1_base64="0hdAazsyknfFAKYgdq6tQDkpbgs="></latexit>

H



Vm

1 cm





Seelig, Jayaraman (2015)









ARTICLESNATURE NEUROSCIENCE

air-supported ball at the center of a cylindrical light-emitting diode 
(LED) arena and presented them with a bright vertical bar whose 
position on the LED display rotated in closed loop with the fly’s yaw 
(left/right) rotations on the ball (Fig. 1a)12–16. This closed-loop con-
dition simulates the fly walking in a visually barren landscape with 
a single stable landmark located very far away, at visual infinity (like 
the moon), which the flies can use for inferring their angular orien-
tation. To promote robust walking, we studied food-deprived flies 
heated to 34 °C, conditions that likely motivated dispersal from the 
current (virtual) location. Under these conditions, we found that, 
without training, flies walked forward on the ball for hundreds of 
body lengths while maintaining a relatively stable angular bearing 
relative to the vertical bar (Fig. 1b). The specific angle at which each 
fly stabilized the bar differed across individuals. Single flies also 
spontaneously changed the stable heading they kept in relation to 
the bar, either abruptly or gradually over time.

To quantify these data, we treated each 20-ms angular heading 
measurement in a walking fly as a unit vector, computed the mean 
of unit vectors over 60-s windows (Fig. 1c) and visualized the distri-
bution of 60-s mean vectors over the 1-h-long experiment in a polar 
plot (Fig. 1d; see Supplementary Fig. 1 for methods). As expected 
from the virtual 2D trajectories (Fig. 1b), these polar plots revealed 
flies to be walking in a relatively constant direction with respect to 
the bar over 1-min-long time windows (data points near the edge of 
the circle, Fig. 1c,d).

Because we performed 1-h-long behavioral measurements from 
each fly, and flies dispersed for many meters along stable (or very 
slowly changing) angles relative to the bar, the flies were likely using 
the visual stimulus as a landmark to help them maintain a stable 
orientation. Formally, however, it remained possible that flies were 
largely ignoring the visual stimulus and maintaining stable trajec-
tories via proprioceptive feedback from their legs, for example. 
We therefore measured the orientation behavior of the same flies 
in complete darkness and found that they did not walk nearly as 
straight over 60-s windows (data points near the center of the polar 
plot, Supplementary Fig. 1b–d), even though their first-order walk-
ing statistics over shorter timescales were quite similar in the dark 
and with the bar (Supplementary Fig. 1e). Thus, visual feedback is 
necessary for flies to stably maintain their direction. Beyond 60 s, 

flies often continued to maintain a consistent heading relative to the 
bright bar for many minutes (Supplementary Fig. 1d), but were not 
able to do so in the dark (Supplementary Fig. 1d).

Previous studies have noted that flies orient directly toward 
(front fixation) or away (antifixation) from simple visual stimuli17–22. 
The behavior we observed, which we call ‘arbitrary-angle fixation’, 
is different in that flies stabilize a stimulus at seemingly arbitrary 
angles relative to their body axis. In control experiments, we found 
that tethered, walking Drosophila indeed tend to front-fixate or 
rear(anti)-fixate vertical dark bars, but they maintain bright bars–
the principal stimulus used in this paper–at stable, but arbitrarily 
chosen angles relative to their body axis (Supplementary Fig. 2). 
Orienting directly toward or away from a dark bar is consistent 
with the flies interpreting the dark stimulus as an object to either 
approach or avoid. Arbitrary-angle fixation of bright bars in walk-
ing flies (Fig. 1) instead resembles previous reports of tethered, fly-
ing flies maintaining an arbitrary heading relative to certain visual 
stimuli (menotaxis)9,10 or to the angle of polarized light23,24 and is 
most readily interpreted as an attempt by the flies to disperse along 
a specific, but randomly chosen, bearing for a long distance, with 
the bright bar serving as a distant beacon to help maintain a straight 
trajectory. Although more work will be required to fully delineate 
the conditions that promote front and rear fixation versus arbi-
trary-angle fixation, all genotypes we studied reliably performed 
arbitrary-angle fixation with bright bars, even while imaging neural 
activity, allowing us to examine how this behavior is implemented 
at the neural level.

Flies maintain a goal heading. The dark experiments demonstrate 
that visual feedback is generally important for observing effective 
long-range dispersal, but how do flies use the bar to walk straight? 
One possibility is that flies stabilized only the left and right move-
ments of the bar, while ignoring its angular position. Alternatively, 
the flies might have maintained a specific angular bearing rela-
tive to the landmark. To distinguish between these options, we 
measured the flies’ behavioral responses to abrupt, experimen-
tally introduced rotations in the visual scene (that is, the blue bar) 
(Fig. 2). Specifically, we discontinuously rotated (or ‘jumped’) the 
bar ±90° or 180° relative to its current angular position while flies 
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Fig. 1 | Tethered flies walk forward while maintaining a stable heading at an arbitrary angle relative to a visual landmark for minutes. a, Tethered fly walking 
on a ball at the center of a 270° LED arena. b, 2D virtual trajectories of wild-type flies walking with a bright bar in closed loop. Red dots indicate the starting 
point. Trajectories headed up on the page represent the flies walking toward the bar. c, Left: heading relative to bar over 3!min for a sample fly. Right: we slid a 
60-s analysis window over each heading trace and calculated the mean heading vector in each window (black circles; see Supplementary Fig. 1 for methods). 
d, Polar distributions of mean heading vectors taken over 60-s windows (slid by 1-s increments) for the flies shown above in b. Time points in which flies were 
standing still (that is, forward velocity <0.5!mm!s–1) were ignored because heading values during such time points are stable for the trivial reason that the fly is 
not moving. Gray areas in c and dashed lines in d highlight the 90° gap of the LED display in which the bar is not visible. Dens., sample density.
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(reviewed in refs. 37,38). Other work has highlighted the role of the 
central complex in general locomotor control39 and in the regula-
tion of more sophisticated navigational tasks, such as oriented navi-
gation9,40,41 and place learning42 (reviewed in ref. 38). Our work here 
begins to bridge these two lines of research by characterizing how 
a central complex heading signal influences moment-to-moment 
actions during goal-directed navigation.

A limitation of the current study is that we do not explicitly 
identify a neural substrate for the fly’s goal heading angle, but only 
infer its existence from other behavioral and neural measurements. 
As such, explicit models for how the goal-directed behavior we 
describe is implemented by the fly brain must remain necessarily 
speculative. Fig. 8 presents two high-level, tentative models for how 
this computation could be performed and whose validity should be 
evaluated in future work.

One possibility is that the fly pattern-matches visual features on 
its retina to a reference or ‘goal’ visual pattern43, allowing it to walk 
at a consistent angle relative to the bright bar (Fig. 8a). This model is 
generally consistent with the behaviors observed in Figs. 1–3–where 
a visual stimulus was present–but it would not account for the neural 
stimulation results in Figs. 6 and 7, which were performed in dark-
ness. It is possible that the fly uses an entirely different (nonvisual 
pattern-matching) mechanism that relies on E-PG neurons in the 
dark. However, the fact that normal E-PG activity is also required 
for flies to keep to a straight heading with visual feedback (Fig. 5) 
argues against this interpretation. Moreover, that the flies’ behavior 
in response to a rotation of the visual scene mirrors their response 
to a chemogenetically induced rotation of their E-PG heading signal 
in the dark suggests that a common computation may underlie the 
flies’ behavior in the dark and with a closed-loop bar.
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Fig. 5 | E-PG-impaired flies do not maintain a stable heading at an arbitrary angle. a, Do flies maintain a stable heading when E-PG synaptic output is 
impaired? b, Heading of sample control and E-PG-impaired flies walking with a bar in closed loop. c, Maximum z-projections of UAS–GFP expression 
in three different E-PG-expressing Gal4 lines (data from http://www.virtualflybrain.org/ (refs. 44,45) with permission; expression patterns confirmed by 
us). GFP expression is in green and neuropil is in gray. d, Polar distributions of 60-s mean heading vectors (see Supplementary Fig. 1 for methods). e, 
Magnitude of 60-s mean heading vectors averaged for each fly (dots). Mean and 95% bootstrap confidence intervals across flies (daggers). Comparing 
UAS-shits with X>shits: P!=!4!×!10−4 (60D05), P!=!3!×!10−3 (77E05) and P!=!4!×!10−3 (27F02); comparing X-Gal4 with X>shits: P!=!5!×!10−4 (60D05), 
P!=!8!×!10−2 (77E05) and P!=!1!×!10−2 (27F02), two-sided Wilcoxon rank-sum test. X>shits indicates a genotype in which the X-Gal4 and UAS-shibirets 
transgenes are both present. ‘X’ represents the Gal4 line indicated in parentheses for each P value. shits-expressing flies are highlighted in red. Time points 
where the flies were standing still (that is, forward velocity!<!0.5!mm!s−1)–which yield stable headings, trivially–were ignored. P values were not adjusted for 
multiple comparisons. UAS, upstream activating sequence. GFP, green fluorescent protein. Dens., sample density.
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(reviewed in refs. 37,38). Other work has highlighted the role of the 
central complex in general locomotor control39 and in the regula-
tion of more sophisticated navigational tasks, such as oriented navi-
gation9,40,41 and place learning42 (reviewed in ref. 38). Our work here 
begins to bridge these two lines of research by characterizing how 
a central complex heading signal influences moment-to-moment 
actions during goal-directed navigation.

A limitation of the current study is that we do not explicitly 
identify a neural substrate for the fly’s goal heading angle, but only 
infer its existence from other behavioral and neural measurements. 
As such, explicit models for how the goal-directed behavior we 
describe is implemented by the fly brain must remain necessarily 
speculative. Fig. 8 presents two high-level, tentative models for how 
this computation could be performed and whose validity should be 
evaluated in future work.

One possibility is that the fly pattern-matches visual features on 
its retina to a reference or ‘goal’ visual pattern43, allowing it to walk 
at a consistent angle relative to the bright bar (Fig. 8a). This model is 
generally consistent with the behaviors observed in Figs. 1–3–where 
a visual stimulus was present–but it would not account for the neural 
stimulation results in Figs. 6 and 7, which were performed in dark-
ness. It is possible that the fly uses an entirely different (nonvisual 
pattern-matching) mechanism that relies on E-PG neurons in the 
dark. However, the fact that normal E-PG activity is also required 
for flies to keep to a straight heading with visual feedback (Fig. 5) 
argues against this interpretation. Moreover, that the flies’ behavior 
in response to a rotation of the visual scene mirrors their response 
to a chemogenetically induced rotation of their E-PG heading signal 
in the dark suggests that a common computation may underlie the 
flies’ behavior in the dark and with a closed-loop bar.
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in three different E-PG-expressing Gal4 lines (data from http://www.virtualflybrain.org/ (refs. 44,45) with permission; expression patterns confirmed by 
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transgenes are both present. ‘X’ represents the Gal4 line indicated in parentheses for each P value. shits-expressing flies are highlighted in red. Time points 
where the flies were standing still (that is, forward velocity!<!0.5!mm!s−1)–which yield stable headings, trivially–were ignored. P values were not adjusted for 
multiple comparisons. UAS, upstream activating sequence. GFP, green fluorescent protein. Dens., sample density.
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air-supported ball at the center of a cylindrical light-emitting diode 
(LED) arena and presented them with a bright vertical bar whose 
position on the LED display rotated in closed loop with the fly’s yaw 
(left/right) rotations on the ball (Fig. 1a)12–16. This closed-loop con-
dition simulates the fly walking in a visually barren landscape with 
a single stable landmark located very far away, at visual infinity (like 
the moon), which the flies can use for inferring their angular orien-
tation. To promote robust walking, we studied food-deprived flies 
heated to 34 °C, conditions that likely motivated dispersal from the 
current (virtual) location. Under these conditions, we found that, 
without training, flies walked forward on the ball for hundreds of 
body lengths while maintaining a relatively stable angular bearing 
relative to the vertical bar (Fig. 1b). The specific angle at which each 
fly stabilized the bar differed across individuals. Single flies also 
spontaneously changed the stable heading they kept in relation to 
the bar, either abruptly or gradually over time.

To quantify these data, we treated each 20-ms angular heading 
measurement in a walking fly as a unit vector, computed the mean 
of unit vectors over 60-s windows (Fig. 1c) and visualized the distri-
bution of 60-s mean vectors over the 1-h-long experiment in a polar 
plot (Fig. 1d; see Supplementary Fig. 1 for methods). As expected 
from the virtual 2D trajectories (Fig. 1b), these polar plots revealed 
flies to be walking in a relatively constant direction with respect to 
the bar over 1-min-long time windows (data points near the edge of 
the circle, Fig. 1c,d).

Because we performed 1-h-long behavioral measurements from 
each fly, and flies dispersed for many meters along stable (or very 
slowly changing) angles relative to the bar, the flies were likely using 
the visual stimulus as a landmark to help them maintain a stable 
orientation. Formally, however, it remained possible that flies were 
largely ignoring the visual stimulus and maintaining stable trajec-
tories via proprioceptive feedback from their legs, for example. 
We therefore measured the orientation behavior of the same flies 
in complete darkness and found that they did not walk nearly as 
straight over 60-s windows (data points near the center of the polar 
plot, Supplementary Fig. 1b–d), even though their first-order walk-
ing statistics over shorter timescales were quite similar in the dark 
and with the bar (Supplementary Fig. 1e). Thus, visual feedback is 
necessary for flies to stably maintain their direction. Beyond 60 s, 

flies often continued to maintain a consistent heading relative to the 
bright bar for many minutes (Supplementary Fig. 1d), but were not 
able to do so in the dark (Supplementary Fig. 1d).

Previous studies have noted that flies orient directly toward 
(front fixation) or away (antifixation) from simple visual stimuli17–22. 
The behavior we observed, which we call ‘arbitrary-angle fixation’, 
is different in that flies stabilize a stimulus at seemingly arbitrary 
angles relative to their body axis. In control experiments, we found 
that tethered, walking Drosophila indeed tend to front-fixate or 
rear(anti)-fixate vertical dark bars, but they maintain bright bars–
the principal stimulus used in this paper–at stable, but arbitrarily 
chosen angles relative to their body axis (Supplementary Fig. 2). 
Orienting directly toward or away from a dark bar is consistent 
with the flies interpreting the dark stimulus as an object to either 
approach or avoid. Arbitrary-angle fixation of bright bars in walk-
ing flies (Fig. 1) instead resembles previous reports of tethered, fly-
ing flies maintaining an arbitrary heading relative to certain visual 
stimuli (menotaxis)9,10 or to the angle of polarized light23,24 and is 
most readily interpreted as an attempt by the flies to disperse along 
a specific, but randomly chosen, bearing for a long distance, with 
the bright bar serving as a distant beacon to help maintain a straight 
trajectory. Although more work will be required to fully delineate 
the conditions that promote front and rear fixation versus arbi-
trary-angle fixation, all genotypes we studied reliably performed 
arbitrary-angle fixation with bright bars, even while imaging neural 
activity, allowing us to examine how this behavior is implemented 
at the neural level.

Flies maintain a goal heading. The dark experiments demonstrate 
that visual feedback is generally important for observing effective 
long-range dispersal, but how do flies use the bar to walk straight? 
One possibility is that flies stabilized only the left and right move-
ments of the bar, while ignoring its angular position. Alternatively, 
the flies might have maintained a specific angular bearing rela-
tive to the landmark. To distinguish between these options, we 
measured the flies’ behavioral responses to abrupt, experimen-
tally introduced rotations in the visual scene (that is, the blue bar) 
(Fig. 2). Specifically, we discontinuously rotated (or ‘jumped’) the 
bar ±90° or 180° relative to its current angular position while flies 
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air-supported ball at the center of a cylindrical light-emitting diode 
(LED) arena and presented them with a bright vertical bar whose 
position on the LED display rotated in closed loop with the fly’s yaw 
(left/right) rotations on the ball (Fig. 1a)12–16. This closed-loop con-
dition simulates the fly walking in a visually barren landscape with 
a single stable landmark located very far away, at visual infinity (like 
the moon), which the flies can use for inferring their angular orien-
tation. To promote robust walking, we studied food-deprived flies 
heated to 34 °C, conditions that likely motivated dispersal from the 
current (virtual) location. Under these conditions, we found that, 
without training, flies walked forward on the ball for hundreds of 
body lengths while maintaining a relatively stable angular bearing 
relative to the vertical bar (Fig. 1b). The specific angle at which each 
fly stabilized the bar differed across individuals. Single flies also 
spontaneously changed the stable heading they kept in relation to 
the bar, either abruptly or gradually over time.

To quantify these data, we treated each 20-ms angular heading 
measurement in a walking fly as a unit vector, computed the mean 
of unit vectors over 60-s windows (Fig. 1c) and visualized the distri-
bution of 60-s mean vectors over the 1-h-long experiment in a polar 
plot (Fig. 1d; see Supplementary Fig. 1 for methods). As expected 
from the virtual 2D trajectories (Fig. 1b), these polar plots revealed 
flies to be walking in a relatively constant direction with respect to 
the bar over 1-min-long time windows (data points near the edge of 
the circle, Fig. 1c,d).

Because we performed 1-h-long behavioral measurements from 
each fly, and flies dispersed for many meters along stable (or very 
slowly changing) angles relative to the bar, the flies were likely using 
the visual stimulus as a landmark to help them maintain a stable 
orientation. Formally, however, it remained possible that flies were 
largely ignoring the visual stimulus and maintaining stable trajec-
tories via proprioceptive feedback from their legs, for example. 
We therefore measured the orientation behavior of the same flies 
in complete darkness and found that they did not walk nearly as 
straight over 60-s windows (data points near the center of the polar 
plot, Supplementary Fig. 1b–d), even though their first-order walk-
ing statistics over shorter timescales were quite similar in the dark 
and with the bar (Supplementary Fig. 1e). Thus, visual feedback is 
necessary for flies to stably maintain their direction. Beyond 60 s, 

flies often continued to maintain a consistent heading relative to the 
bright bar for many minutes (Supplementary Fig. 1d), but were not 
able to do so in the dark (Supplementary Fig. 1d).

Previous studies have noted that flies orient directly toward 
(front fixation) or away (antifixation) from simple visual stimuli17–22. 
The behavior we observed, which we call ‘arbitrary-angle fixation’, 
is different in that flies stabilize a stimulus at seemingly arbitrary 
angles relative to their body axis. In control experiments, we found 
that tethered, walking Drosophila indeed tend to front-fixate or 
rear(anti)-fixate vertical dark bars, but they maintain bright bars–
the principal stimulus used in this paper–at stable, but arbitrarily 
chosen angles relative to their body axis (Supplementary Fig. 2). 
Orienting directly toward or away from a dark bar is consistent 
with the flies interpreting the dark stimulus as an object to either 
approach or avoid. Arbitrary-angle fixation of bright bars in walk-
ing flies (Fig. 1) instead resembles previous reports of tethered, fly-
ing flies maintaining an arbitrary heading relative to certain visual 
stimuli (menotaxis)9,10 or to the angle of polarized light23,24 and is 
most readily interpreted as an attempt by the flies to disperse along 
a specific, but randomly chosen, bearing for a long distance, with 
the bright bar serving as a distant beacon to help maintain a straight 
trajectory. Although more work will be required to fully delineate 
the conditions that promote front and rear fixation versus arbi-
trary-angle fixation, all genotypes we studied reliably performed 
arbitrary-angle fixation with bright bars, even while imaging neural 
activity, allowing us to examine how this behavior is implemented 
at the neural level.

Flies maintain a goal heading. The dark experiments demonstrate 
that visual feedback is generally important for observing effective 
long-range dispersal, but how do flies use the bar to walk straight? 
One possibility is that flies stabilized only the left and right move-
ments of the bar, while ignoring its angular position. Alternatively, 
the flies might have maintained a specific angular bearing rela-
tive to the landmark. To distinguish between these options, we 
measured the flies’ behavioral responses to abrupt, experimen-
tally introduced rotations in the visual scene (that is, the blue bar) 
(Fig. 2). Specifically, we discontinuously rotated (or ‘jumped’) the 
bar ±90° or 180° relative to its current angular position while flies 
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were performing arbitrary-angle fixation (Fig. 2a). We analyzed 
the ~90% of trials where the flies’ headings were relatively constant 
(circular s.d. < 45°) before this experimental perturbation, because 
this criterion made it more likely that the flies were attempting to 
walk straight at the moment we jumped the bar. We found that 
after bar jumps, flies typically turned on the ball so as to return the 
bar to the angular position it occupied before the jump (Fig. 2b,c, 
Supplementary Fig. 3a,b and Supplementary Videos 1 and 2). Flies 
could compensate for bar rotations starting from any angular posi-
tion in the arena (Supplementary Fig. 3a,c,d). On trials where they 
did not return the bar, the flies tended to walk more slowly, suggest-
ing that on these trials the flies were not as engaged or may have 
needed more time to return the bar (Supplementary Fig. 3e,f). Flies 
returned the bar to its previous angle even after 30 s of darkness 
(Supplementary Fig. 3g), indicating that they remembered the bar’s 
initial angular position for at least 30 s. That flies return the bar to 
its initial angle after 180° rotations and after 30 s of darkness negates 
the idea that the flies were stabilizing only the bar’s angular velocity. 
Rather, the flies were clearly maintaining a specific angular bearing 
relative to the bar, which we call the fly’s ‘behavioral goal angle’.

To return the bar to the behavioral goal angle after a bar jump, 
flies turned left when the bar was on the left and turned right 
when the bar was on the right (Fig. 2d,e). We also observed that 
flies reduced their forward walking velocity after bar jumps  
(Fig. 2f,g), consistent with the interpretation that the flies aim to 
walk forward fast only when the bar is in the desired, or goal, posi-
tion. The fact that flies slowed down their forward speed after 180° 
bar jumps even on the subset of trials when, immediately after the 
jump, the flies turned relatively little (Supplementary Fig. 4) argues 
that slowing down reflects a separable behavioral response from 
turning. Moreover, we observed that both the flies’ turning and 

forward velocities were quantitatively modulated as a function of 
distance to the behavioral goal angle (Fig. 3). (Although we jumped 
the bar ±90° or 180°, we analyzed turning strength throughout the 
return trajectory, with the bar positioned at various intermediate 
angles relative to the initial angle.) Thus, two distinct actions, turn-
ing and slowing down, appear tied to the difference between the fly’s 
current heading and behavioral goal heading in this task.
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air-supported ball at the center of a cylindrical light-emitting diode 
(LED) arena and presented them with a bright vertical bar whose 
position on the LED display rotated in closed loop with the fly’s yaw 
(left/right) rotations on the ball (Fig. 1a)12–16. This closed-loop con-
dition simulates the fly walking in a visually barren landscape with 
a single stable landmark located very far away, at visual infinity (like 
the moon), which the flies can use for inferring their angular orien-
tation. To promote robust walking, we studied food-deprived flies 
heated to 34 °C, conditions that likely motivated dispersal from the 
current (virtual) location. Under these conditions, we found that, 
without training, flies walked forward on the ball for hundreds of 
body lengths while maintaining a relatively stable angular bearing 
relative to the vertical bar (Fig. 1b). The specific angle at which each 
fly stabilized the bar differed across individuals. Single flies also 
spontaneously changed the stable heading they kept in relation to 
the bar, either abruptly or gradually over time.

To quantify these data, we treated each 20-ms angular heading 
measurement in a walking fly as a unit vector, computed the mean 
of unit vectors over 60-s windows (Fig. 1c) and visualized the distri-
bution of 60-s mean vectors over the 1-h-long experiment in a polar 
plot (Fig. 1d; see Supplementary Fig. 1 for methods). As expected 
from the virtual 2D trajectories (Fig. 1b), these polar plots revealed 
flies to be walking in a relatively constant direction with respect to 
the bar over 1-min-long time windows (data points near the edge of 
the circle, Fig. 1c,d).

Because we performed 1-h-long behavioral measurements from 
each fly, and flies dispersed for many meters along stable (or very 
slowly changing) angles relative to the bar, the flies were likely using 
the visual stimulus as a landmark to help them maintain a stable 
orientation. Formally, however, it remained possible that flies were 
largely ignoring the visual stimulus and maintaining stable trajec-
tories via proprioceptive feedback from their legs, for example. 
We therefore measured the orientation behavior of the same flies 
in complete darkness and found that they did not walk nearly as 
straight over 60-s windows (data points near the center of the polar 
plot, Supplementary Fig. 1b–d), even though their first-order walk-
ing statistics over shorter timescales were quite similar in the dark 
and with the bar (Supplementary Fig. 1e). Thus, visual feedback is 
necessary for flies to stably maintain their direction. Beyond 60 s, 

flies often continued to maintain a consistent heading relative to the 
bright bar for many minutes (Supplementary Fig. 1d), but were not 
able to do so in the dark (Supplementary Fig. 1d).

Previous studies have noted that flies orient directly toward 
(front fixation) or away (antifixation) from simple visual stimuli17–22. 
The behavior we observed, which we call ‘arbitrary-angle fixation’, 
is different in that flies stabilize a stimulus at seemingly arbitrary 
angles relative to their body axis. In control experiments, we found 
that tethered, walking Drosophila indeed tend to front-fixate or 
rear(anti)-fixate vertical dark bars, but they maintain bright bars–
the principal stimulus used in this paper–at stable, but arbitrarily 
chosen angles relative to their body axis (Supplementary Fig. 2). 
Orienting directly toward or away from a dark bar is consistent 
with the flies interpreting the dark stimulus as an object to either 
approach or avoid. Arbitrary-angle fixation of bright bars in walk-
ing flies (Fig. 1) instead resembles previous reports of tethered, fly-
ing flies maintaining an arbitrary heading relative to certain visual 
stimuli (menotaxis)9,10 or to the angle of polarized light23,24 and is 
most readily interpreted as an attempt by the flies to disperse along 
a specific, but randomly chosen, bearing for a long distance, with 
the bright bar serving as a distant beacon to help maintain a straight 
trajectory. Although more work will be required to fully delineate 
the conditions that promote front and rear fixation versus arbi-
trary-angle fixation, all genotypes we studied reliably performed 
arbitrary-angle fixation with bright bars, even while imaging neural 
activity, allowing us to examine how this behavior is implemented 
at the neural level.

Flies maintain a goal heading. The dark experiments demonstrate 
that visual feedback is generally important for observing effective 
long-range dispersal, but how do flies use the bar to walk straight? 
One possibility is that flies stabilized only the left and right move-
ments of the bar, while ignoring its angular position. Alternatively, 
the flies might have maintained a specific angular bearing rela-
tive to the landmark. To distinguish between these options, we 
measured the flies’ behavioral responses to abrupt, experimen-
tally introduced rotations in the visual scene (that is, the blue bar) 
(Fig. 2). Specifically, we discontinuously rotated (or ‘jumped’) the 
bar ±90° or 180° relative to its current angular position while flies 
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point. Trajectories headed up on the page represent the flies walking toward the bar. c, Left: heading relative to bar over 3!min for a sample fly. Right: we slid a 
60-s analysis window over each heading trace and calculated the mean heading vector in each window (black circles; see Supplementary Fig. 1 for methods). 
d, Polar distributions of mean heading vectors taken over 60-s windows (slid by 1-s increments) for the flies shown above in b. Time points in which flies were 
standing still (that is, forward velocity <0.5!mm!s–1) were ignored because heading values during such time points are stable for the trivial reason that the fly is 
not moving. Gray areas in c and dashed lines in d highlight the 90° gap of the LED display in which the bar is not visible. Dens., sample density.

NATURE NEUROSCIENCE | VOL 22 | SEPTEMBER 2019 | 1460–1468 | www.nature.com/natureneuroscience 1461

Nature | www.nature.com | 3
angular velocity should be in register. That is, for any given heading, 

plasticity should ensure that inhibitory ring neurons create a position 

of decreased inhibition in the ellipsoid body that coincides with where 

the P–EN input moves the bump—essentially a self-consistent mapping 

of visual cues onto the bump.

We first tested the model for a simple scene with a single vertical 

stripe (Extended Data Fig. 1b–e), simulating the fly turning through 

the scene (Fig. 2e–g, Supplementary Video 2; a complex scene is shown 

in Extended Data Fig. 2a–c). These rotations ensured both that the 

bump travelled around the ellipsoid body and that ring neurons cor-

responding to all visual-feature positions were selectively co-activated 

at appropriate angular orientations. Starting with random synaptic 

weights, Hebbian plasticity produced a spatially consistent mapping 

and stable offset between the heading representation and the angular 

position of the single visual feature (Fig. 2e). Simulating optogenetic 

manipulation as a current injection into model compass neurons repro-

duced the remapping phenomenon (Fig. 2h, Extended Data Fig. 2d, e). 

These results account for the varying offsets observed across flies
3, 

the persistence of an offset for a given scene in a single fly and the flex-

ibility that allows the ellipsoid body to track heading within different 

visual scenes.

Optogenetic inversion of the map

In further simulations, the natural concurrence between scene move-

ment and bump position during turns could be inverted, with visual 

cues overriding self-motion input to drive the bump backwards (Fig. 3a, 

b). In optogenetic offset-induction experiments, we found that the 

actual network was indeed flexible enough to induce an inverted remap-

ping in which visual input drove the bump around the ellipsoid body 

in the opposite direction than would be expected (Fig. 3c, d, Supple-

mentary Video 3). In the model, the inversion was eventually corrected 

after prolonged ring attractor dynamics driven by self-motion (Fig. 3b 

rightmost panel), but the short trial duration in our physiological 

experiments probably limited our ability to observe such a correc-

tion in vivo. Thus, although self-motion exerts a strong influence over 

bump movement, network plasticity allows for a strong and notably 

flexible driving role for visual cues.

Remapping after experiencing ambiguity

Ring attractor dynamics ensures a single heading representation at any 

given time even for complex scenes, but under some circumstances 

this can be unstable
4. For example, a scene with two identical stripes at 

diagonally opposite locations (Extended Data Fig. 3a) makes orienta-

tion within the scene inherently ambiguous
3. Our model predicts that, 

upon prolonged exposure to this two-stripe scene, the plasticity mecha-

nism creates a visual map with two potential offset angles. If a single-

stripe scene is then presented, this results in two competing heading 

representations, with the ring attractor network selecting one of them 

at any particular time (Extended Data Fig. 3b, c). We found a similar 

effect experimentally in some probe trials after just 5 min of in vivo 

θ

Fig. 2 | Manipulation of heading representation pinning offset. a–d, Activity 

snapshots of compass neurons before (a), during (b) and after (c) optogenetic 

manipulation in an open loop (imposed natural-scene orientations at the top, 

with vertical red lines emphasizing the relative orientations). Extended Data 

Figure 1a provides details of the optogenetic stimulation (opto-stim) protocol. 

a, Original pinning offset (arrow in d, top, shows the time of this snapshot).  

b, Optogenetic imposition of new offset. b, Top left, bump imposed on left side 

of the ellipsoid body (below, red rectangle) when scene oriented as at the top. 

b, Top right, 45° counter-clockwise rotated scene and bump with offset as in 

left. b, Middle, sequence of optogenetically imposed ellipsoid-body offsets (d, 

middle) (Methods). b, Bottom, expanded view of same sequence as shown in b 

(middle). c, After manipulation. The bump position relative to the same visual 

scene orientation as in a, shifted by offset imposed in b (compare d, top and 

bottom). d, Compass neuron activity before (top), during (middle) and after 

(bottom) optogenetic manipulation (Supplementary Video 1). Arrow in the top 

panel corresponds to a; arrows in the middle panel correspond to the left and 

right panels of b (top); and arrow in the bottom panel corresponds to c. e, 

Simulation snapshots. Time-varying synaptic weights between ring and 

compass neurons (Extended Data Fig. 2). Simulation begins with random 

synaptic weights (left). Synapses between coactive ring and compass neurons 

are weakened. Synapses from inactive ring to active compass neurons are 

potentiated (see Supplementary Information for different plasticity rules). The 

weight matrix stabilizes over time (right) (Supplementary Video 2). Vertical 

purple rectangle, sample mapping from ring neuron 16 to all compass neurons. 

f, Simulated compass neurons when ring neuron 16 is active. g, Distribution of 

bump offsets across 500 simulations. h, Simulated optogenetic bump shift. 

Left, weight matrix before manipulation. Second and third from the left, a new 

map develops while the existing map weakens. Rightmost two panels, 

consolidation of the new map during a probe trial. Dashed red rectangle, initial 

synaptic weights from ring neuron 9 to compass neurons. Solid red rectangle, 

same weights after consolidation; offset shifted.
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A second model (Fig. 8b) is that the E-PG phase tracks the fly’s 
current heading, and a different set of neurons or synapses, not yet 
identified, store a goal heading, whose value is stable for minutes 
at a time. In this model, the fly brain quantitatively compares its 
estimate of current heading (in E-PGs) with the goal heading rep-
resentation and uses this difference to control which way to turn 
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bridge, and black arrows highlight the fly turning and slowing down in response to stimulation. f, Mean and s.e.m. of turning velocity over time during 
events when our stimulation was positioned either clockwise or counterclockwise (45–135° away) relative to the initial E-PG phase. The initial E-PG 
phase is defined as the mean E-PG phase in the 10-s window before stimulations. g, Mean turning velocity for each fly before (−2 to 0!s) and after (0–2!s) 
stimulation (CCW: P!=!3!×!10−3, 11 flies; CW: P!=!2!×!10−2, 15 flies; two-sided Wilcoxon signed-rank test). The same flies were analyzed for both CCW and 
CW trials; however, some flies by chance did not receive CCW or CW trials. h, Mean and s.e.m. of forward velocity over time when our stimulation was 
positioned either near (<120°) or far (>120°) from the initial E-PG phase. i, Mean forward velocity for each fly before (−10 to 0!s) and after (0–10!s) 
stimulation (near: P!=!4.9!×!10−2, 17 flies; far: P!=!3!×!10−4, 17 flies; two-sided Wilcoxon signed-rank test). We analyzed the 77% of trials where the E-PG 
phase was maintained at a relatively stable angle (circular s.d.!<!45°) for 10!s before ATP stimulation, as an indication that flies were performing arbitrary-
angle fixation with respect to their E-PG phase. No forward walking requirements were applied to this figure. CCW, counterclockwise; CW, clockwise.
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entire nodulus. However, it is intriguing that the cells that

arborize only in the medial half of the nodulus arise from

even glomeruli (with 8/13 arising from G6), and that the

three cells that arborize only in the lateral NO1 all arise

from G5. While the significance of the predisposition for

the medially arborizing subset of cells to arise from even

glomeruli, with a majority from G6, and the laterally arbo-

rizing cells to arise from G5 is unclear, these observa-

tions suggest that at least in most cases communication

from G5 and G6 is restricted to either the medial or lat-

eral half of NO1 as part of a functional plan.

In addition to this mediolateral compartmentalization

of information within NO1, an unusual feature of this

nodulus adds further support to the argument that it is

compartmentalized: nc82 signal in NO1 sometimes

appears divided into medial and lateral halves, a phe-

nomenon not seen in the other noduli (not shown).

While the identification of additional cell types that

show a medial-lateral preference within NO1 is neces-

sary to confirm such compartmentalization of NO1, a

selective distribution of information seems likely.

NO2

NO2 comprises two subcompartments, a large dorsal

(NO2D) and a smaller, ventral (NO2V) domain (Fig. 12B–

G, Movie 7). NO2V resembles a pancake-like pedestal

Figure 11. The EB comprises eight tiles. A–D: MCFO-labeled protocerebral bridges and corresponding ellipsoid bodies from four brains

from line [R37F06]. The cell type labeled is PBG2–9.s-EBt.b-NO1.b; the noduli are not shown. The unlabeled gap in the center of the PB

reflects the fact that this cell type does not arborize in G1. Note that the colors in the PB are not always preserved for a given cell in the

EB due to laser adjustment (ramping) through a confocal stack. For example, in B the cell that arborizes in G2R is purple in the PB and

blue in the EB. In this same brain, G9L is pink in the PB due to the presence of two labeled cells, one green and one blue (see inset of

PB, in which the green and blue channels were independently toggled off to demonstrate the presence of the two neurons); the bouton

arbors from these two cells are clearly blue and green in the EB. The eight tile volumes are evident in the EB; the glomeruli from which

they originate are indicated next to each EB tile. In panel A, the EB is shown twice, the second time with the green channel turned off to

reveal arbors that are obscured by the green channel (i.e., the red arbor from 4R).

Drosophila central complex anatomy and neurons

The Journal of Comparative Neurology | Research in Systems Neuroscience 1019
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Figure 1. Anatomy suggests a potential circuit mechanism to update a compass representation. (A) Schematic of the fly brain. Highlighted in green are

the ellipsoid body (EB), protocerebral bridge (PB), and the paired gall and noduli (NO). (B) (Left) Schematic of the morphology of two E-PG neurons

innervating different sides of the protocerebral bridge. The probable direction of information flow is from their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium activity of each sector of the
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Figure 1. Anatomy suggests a potential circuit mechanism to update a compass representation. (A) Schematic of the fly brain. Highlighted in green are

the ellipsoid body (EB), protocerebral bridge (PB), and the paired gall and noduli (NO). (B) (Left) Schematic of the morphology of two E-PG neurons

innervating different sides of the protocerebral bridge. The probable direction of information flow is from their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium activity of each sector of the
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innervating different sides of the protocerebral bridge. The probable direction of information flow is from their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium activity of each sector of the
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Figure 1. Anatomy suggests a potential circuit mechanism
to update a compass representation. (A) Schematic of the fly brain. Highlighted in green are

the ellipsoid body (EB), protocerebral bridge (PB), and the paired gall and noduli (NO). (B) (Left) Schematic of the morphology of two E-PG neurons

innervating different sides of the protocerebral bridge. The probable direction of information flow is from
their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium
imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum
intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium
activity of each sector of the
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Figure 1. Anatomy suggests a potential circuit mechanism to update a compass representation. (A) Schematic of the fly brain. Highlighted in green are

the ellipsoid body (EB), protocerebral bridge (PB), and the paired gall and noduli (NO). (B) (Left) Schematic of the morphology of two E-PG neurons

innervating different sides of the protocerebral bridge. The probable direction of information flow is from their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium activity of each sector of the

Figure 1 continued on next page

Turner-Evans et al. eLife 2017;6:e23496. DOI: 10.7554/eLife.23496 2 of 39

Research article Neuroscience



EBNO

PB

gall

B

A

-π

0

π

10

20

30

40

50

60

time (s)

ro
ta

tio
n 

(r
ad

)
he

ad
in

g 
(r

ad
)

-2π

0

2π
ΔF/F

0%

200%

0

0.2

C

E

G

D

-π
π

0

-π

0

π

turn

P-EN

E-PG

F
0

200

F

E-PG

E-PG

H

E-PG
Left P-EN

activity

Right P-EN

PVA#y heading

PVA strength

P-EN

Figure 1. Anatomy suggests a potential circuit mechanism
to update a compass representation. (A) Schematic of the fly brain. Highlighted in green are

the ellipsoid body (EB), protocerebral bridge (PB), and the paired gall and noduli (NO). (B) (Left) Schematic of the morphology of two E-PG neurons

innervating different sides of the protocerebral bridge. The probable direction of information flow is from
their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium
imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum
intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium
activity of each sector of the

Figure 1 continued on next page

Turner-Evans et al. eLife 2017;6:e23496. DOI: 10.7554/eLife.23496

2 of 39

Research article

Neuroscience

Turner-Evans, Wegener, Rouault, Franconville, Wolff, Seelig, Druckmann, Jayaraman (2017) 

EB
NO

PB

gall

B

A

-π

0

π

10 20 30 40 50 60
time (s)

ro
ta

ti
o

n
 (r

ad
)

h
ea

d
in

g
 (r

ad
)

-2π

0

2π

ΔF/F

0%

200%

0

0.2

C

E

G

D

-π
π 0

-π

0

π

turn

P-EN

E-PG

F

0

200

F

E-PG

E-PG

H

E-PG

Left P-EN

activity

Right P-EN

PVA
#y heading

PVA strength

P-EN

Figure 1. Anatomy suggests a potential circuit mechanism to update a compass representation. (A) Schematic of the fly brain. Highlighted in green are

the ellipsoid body (EB), protocerebral bridge (PB), and the paired gall and noduli (NO). (B) (Left) Schematic of the morphology of two E-PG neurons

innervating different sides of the protocerebral bridge. The probable direction of information flow is from their predominantly spiny arbors in the

ellipsoid body (‘E-’) to their predominantly bouton-like projections in the protocerebral bridge and gall (‘-PG’). (Right) A single GFP-labeled E-PG

neuron. Scale bar: 10 mm. (C) Schematic of the head-fixed walking fly preparation used for two-photon calcium imaging and single cell

electrophysiology. (D) For a given two-photon imaged volume (Left, maximum intensity projection of the ellipsoid body), the population vector average

(PVA, brown arrow, Center) for a given time point is computed by summing vectors representing the instantaneous calcium activity of each sector of the

Figure 1 continued on next page

Turner-Evans et al. eLife 2017;6:e23496. DOI: 10.7554/eLife.23496 2 of 39

Research article Neuroscience



protocerebral 
bridge

ellipsoid body



Time (s)

0 10 20 30 40 50 60
1

16

R
O

Is

-165

165

0

Time (s)

PVA

0
2
4
6

0.4

0.8

ΔF/F0
-165 -90 0   90  165 Azimuth (°)

60 

30  

0

E
le

va
tio

n 
(°

)
O

rie
nt

at
io

n 
(°

)

60 

30  

0

1 2

t1

t2

t1 t2

Kim, Hermundstad, Romani, Abbott, Jayaraman (2019)



Kim, Hermundstad, Romani, Abbott, Jayaraman (2019)

0 10 20 30 40 50 60
1

16

R
O

Is

0
2
4
6

0.5

1

Time (s)

ΔF/F0 PVA
-165 -90 0   90  Azimuth (°)

-165

165

0

165 

60 

30  

0

E
le

va
tio

n 
(°

)
O

rie
nt

at
io

n 
(°

)

60 

30  

0

t1 t2

t1

t2



<latexit sha1_base64="tG75N00esKeNP3YPMsxnZtrRfG0="></latexit>

⌧
dri

dt
= �ri + F

⇣ NX

j=1

⇣
J0 + J1 cos(✓i � ✓ j)

⌘
r j + I cos(V � ✓i)

⌘



protocerebral 
bridge

ellipsoid body



Noting that the receptive field structure of ring neuron inputs
resembles those of simple cells in mammalian primary visual cortex13,
we next asked if these neurons share other response properties. Indeed,
when we presented flies with a series of moving oriented bars, we
found strong orientation tuning in microglomerular response patterns
(Fig. 2f, g). As expected for receptive field structures with both excit-
atory and inhibitory lobes, microglomeruli also showed orientation
tuning when presented with bars of opposite contrast, that is, dark
bars on a bright background (Extended Data Fig. 5a, b), as are often
used in fly behavioural studies1,2. Examining orientation tuning across
the population of microglomeruli, we observed a strong preference for
vertically oriented bars (Fig. 2h and Extended Data Fig. 4h, i for R2;
Extended Data Fig. 4c, k, l for R4d; Fig. 2k and Extended Data Fig. 4g,
n, o for the pan-neuronal line). Receptive fields tuned to vertical
orientations are distributed across the visual field (Fig. 2i, j for R2;
Extended Data Fig. 4c, d for R4d; Extended Data Fig. 4f for the pan-
neuronal line). A fraction of neurons also shows direction-selectivity
(Fig. 2j and Extended Data Fig. 4j for R2; Extended Data Fig. 4e, m for
R4d; Fig. 2l and Extended Data Fig. 4p for the pan-neuronal line).

We next assessed the degree of stereotypy in response properties of
ring neuron dendrites of different flies. We found strong correlations
across flies in receptive field structure for R4d (Fig. 3a, b, Extended
Data Figs 6 and 8), and R2 (Fig. 3c, Extended Data Figs 7 and 8).

Ring neurons and the ellipsoid body have often been ascribed a role
in complex visuomotor tasks2,3. We examined the possible motor func-
tion of ring neurons by assessing potential correlations between neural
activity and locomotion in tethered flies walking on an air-supported

ball14 or flying15, in darkness or in the presence of a bright stripe
moving left or right in front of the fly (Fig. 4a, see also Methods and
Supplementary Videos 6 and 7). Although some R3/R4d neurons did
show occasional correlations with locomotion when flies walked in the
dark, and responses from visually stimulated animals showed occa-
sional modulation during walking, the changes were within the
expected variability of visual responses in stationary flies (Fig. 4b–d).
Responses were also insensitive to walking direction. Overall, LTR
visual responses could be modelled accurately without taking walking
state into account (Extended Data Fig. 9a–e and Extended Data
Fig. 10). By contrast, responses to visual stimuli were consistently
diminished during tethered flight (Fig. 4e, f, Extended Data Fig. 9f–h
and Supplementary Video 7), but showed no obvious correlations with
flight direction as assessed by differences in wingbeat amplitude envel-
ope. Thus, ring neuron LTR responses were modulated by motor state,
but not in a manner consistent with a direct role in motor coordina-
tion, and in a markedly different manner than in the optic lobe15,16.

Behavioural genetics studies in Drosophila have suggested that the
central complex is required for a wide range of important sensorimo-
tor functions. However, in the absence of physiological recordings
from the region in flies, it has been challenging to determine its role
in the diversity of behaviours that it has been implicated in. We studied
the visuomotor responses of ring neurons, which provide input from
the LTR to the ellipsoid body of the central complex. Analogous neu-
rons in other insects respond to polarized and unpolarized light17–19,
and to mechanosensory stimulation20, one of the sensory modalities
that we did not explore but which may partly account for unresponsive
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Figure 1 | Drosophila ellipsoid body ring neurons arborize in visually
responsive LTR microglomeruli which show a retinotopic organization.
a, Schematic of fly central brain showing antennal lobe (AL), mushroom bodies
calyces (MB) and optic lobes along with sub-structures of the central complex:
ellipsoid body (EB), fan-shaped body (FB), protocerebral bridge (PB) and
noduli (NO). Inset shows EB ring neurons (R1–R4) and LTR. b, Frame of a
confocal stack showing LTR microglomeruli labelled by pan-neuronal GFP
expression. c, Projection of two-photon calcium imaging video of LTR with
overlay of microglomeruli selected based on responses to moving visual stimuli.
In individual planes of focus, 20 6 5 microglomeruli were delineated; over
multiple planes of focus, 30 6 4 microglomeruli were delineated (n 5 11 flies)
(see Methods). d, Schematic of receptive field mapping set-up with fly
positioned in centre of curved visual display. e, Sample frame from trial

showing responses in selected glomeruli (red outlines). f, Calcium transients of
three LTR microglomeruli in response to visual stimulus moving left to right in
front of the fly at different elevations. g, Two-dimensional response maps (two-
trial averages) for all microglomeruli shown in c. h, i, LTR microglomeruli from
left and right hemisphere of same fly, coloured according to the centre of the
receptive field in azimuth (h) and elevation (i). j, Histogram of correlation
coefficients between receptive field centre and anatomical position. For n 5 42
focal planes with 20 6 5 glomeruli, correlation is significantly different than for
randomly arranged microglomeruli (r 5 0.27 6 0.17, P 5 2.3310217, n 5 11
flies), indicating retinotopy in the organization of microglomeruli across flies.
k, Histogram of primary retinotopic axis of LTR map as found by principal
component analysis (see Methods, n 5 42 focal planes, 11 flies). All scale bars,
5mm.
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Noting that the receptive field structure of ring neuron inputs
resembles those of simple cells in mammalian primary visual cortex13,
we next asked if these neurons share other response properties. Indeed,
when we presented flies with a series of moving oriented bars, we
found strong orientation tuning in microglomerular response patterns
(Fig. 2f, g). As expected for receptive field structures with both excit-
atory and inhibitory lobes, microglomeruli also showed orientation
tuning when presented with bars of opposite contrast, that is, dark
bars on a bright background (Extended Data Fig. 5a, b), as are often
used in fly behavioural studies1,2. Examining orientation tuning across
the population of microglomeruli, we observed a strong preference for
vertically oriented bars (Fig. 2h and Extended Data Fig. 4h, i for R2;
Extended Data Fig. 4c, k, l for R4d; Fig. 2k and Extended Data Fig. 4g,
n, o for the pan-neuronal line). Receptive fields tuned to vertical
orientations are distributed across the visual field (Fig. 2i, j for R2;
Extended Data Fig. 4c, d for R4d; Extended Data Fig. 4f for the pan-
neuronal line). A fraction of neurons also shows direction-selectivity
(Fig. 2j and Extended Data Fig. 4j for R2; Extended Data Fig. 4e, m for
R4d; Fig. 2l and Extended Data Fig. 4p for the pan-neuronal line).

We next assessed the degree of stereotypy in response properties of
ring neuron dendrites of different flies. We found strong correlations
across flies in receptive field structure for R4d (Fig. 3a, b, Extended
Data Figs 6 and 8), and R2 (Fig. 3c, Extended Data Figs 7 and 8).

Ring neurons and the ellipsoid body have often been ascribed a role
in complex visuomotor tasks2,3. We examined the possible motor func-
tion of ring neurons by assessing potential correlations between neural
activity and locomotion in tethered flies walking on an air-supported

ball14 or flying15, in darkness or in the presence of a bright stripe
moving left or right in front of the fly (Fig. 4a, see also Methods and
Supplementary Videos 6 and 7). Although some R3/R4d neurons did
show occasional correlations with locomotion when flies walked in the
dark, and responses from visually stimulated animals showed occa-
sional modulation during walking, the changes were within the
expected variability of visual responses in stationary flies (Fig. 4b–d).
Responses were also insensitive to walking direction. Overall, LTR
visual responses could be modelled accurately without taking walking
state into account (Extended Data Fig. 9a–e and Extended Data
Fig. 10). By contrast, responses to visual stimuli were consistently
diminished during tethered flight (Fig. 4e, f, Extended Data Fig. 9f–h
and Supplementary Video 7), but showed no obvious correlations with
flight direction as assessed by differences in wingbeat amplitude envel-
ope. Thus, ring neuron LTR responses were modulated by motor state,
but not in a manner consistent with a direct role in motor coordina-
tion, and in a markedly different manner than in the optic lobe15,16.

Behavioural genetics studies in Drosophila have suggested that the
central complex is required for a wide range of important sensorimo-
tor functions. However, in the absence of physiological recordings
from the region in flies, it has been challenging to determine its role
in the diversity of behaviours that it has been implicated in. We studied
the visuomotor responses of ring neurons, which provide input from
the LTR to the ellipsoid body of the central complex. Analogous neu-
rons in other insects respond to polarized and unpolarized light17–19,
and to mechanosensory stimulation20, one of the sensory modalities
that we did not explore but which may partly account for unresponsive
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Figure 1 | Drosophila ellipsoid body ring neurons arborize in visually
responsive LTR microglomeruli which show a retinotopic organization.
a, Schematic of fly central brain showing antennal lobe (AL), mushroom bodies
calyces (MB) and optic lobes along with sub-structures of the central complex:
ellipsoid body (EB), fan-shaped body (FB), protocerebral bridge (PB) and
noduli (NO). Inset shows EB ring neurons (R1–R4) and LTR. b, Frame of a
confocal stack showing LTR microglomeruli labelled by pan-neuronal GFP
expression. c, Projection of two-photon calcium imaging video of LTR with
overlay of microglomeruli selected based on responses to moving visual stimuli.
In individual planes of focus, 20 6 5 microglomeruli were delineated; over
multiple planes of focus, 30 6 4 microglomeruli were delineated (n 5 11 flies)
(see Methods). d, Schematic of receptive field mapping set-up with fly
positioned in centre of curved visual display. e, Sample frame from trial

showing responses in selected glomeruli (red outlines). f, Calcium transients of
three LTR microglomeruli in response to visual stimulus moving left to right in
front of the fly at different elevations. g, Two-dimensional response maps (two-
trial averages) for all microglomeruli shown in c. h, i, LTR microglomeruli from
left and right hemisphere of same fly, coloured according to the centre of the
receptive field in azimuth (h) and elevation (i). j, Histogram of correlation
coefficients between receptive field centre and anatomical position. For n 5 42
focal planes with 20 6 5 glomeruli, correlation is significantly different than for
randomly arranged microglomeruli (r 5 0.27 6 0.17, P 5 2.3310217, n 5 11
flies), indicating retinotopy in the organization of microglomeruli across flies.
k, Histogram of primary retinotopic axis of LTR map as found by principal
component analysis (see Methods, n 5 42 focal planes, 11 flies). All scale bars,
5mm.
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angular velocity should be in register. That is, for any given heading, 
plasticity should ensure that inhibitory ring neurons create a position 
of decreased inhibition in the ellipsoid body that coincides with where 
the P–EN input moves the bump—essentially a self-consistent mapping 
of visual cues onto the bump.

We first tested the model for a simple scene with a single vertical 
stripe (Extended Data Fig. 1b–e), simulating the fly turning through 
the scene (Fig. 2e–g, Supplementary Video 2; a complex scene is shown 
in Extended Data Fig. 2a–c). These rotations ensured both that the 
bump travelled around the ellipsoid body and that ring neurons cor-
responding to all visual-feature positions were selectively co-activated 
at appropriate angular orientations. Starting with random synaptic 
weights, Hebbian plasticity produced a spatially consistent mapping 
and stable offset between the heading representation and the angular 
position of the single visual feature (Fig. 2e). Simulating optogenetic 
manipulation as a current injection into model compass neurons repro-
duced the remapping phenomenon (Fig. 2h, Extended Data Fig. 2d, e). 
These results account for the varying offsets observed across flies3, 
the persistence of an offset for a given scene in a single fly and the flex-
ibility that allows the ellipsoid body to track heading within different 
visual scenes.

Optogenetic inversion of the map
In further simulations, the natural concurrence between scene move-
ment and bump position during turns could be inverted, with visual 

cues overriding self-motion input to drive the bump backwards (Fig. 3a, 
b). In optogenetic offset-induction experiments, we found that the 
actual network was indeed flexible enough to induce an inverted remap-
ping in which visual input drove the bump around the ellipsoid body 
in the opposite direction than would be expected (Fig. 3c, d, Supple-
mentary Video 3). In the model, the inversion was eventually corrected 
after prolonged ring attractor dynamics driven by self-motion (Fig. 3b 
rightmost panel), but the short trial duration in our physiological 
experiments probably limited our ability to observe such a correc-
tion in vivo. Thus, although self-motion exerts a strong influence over 
bump movement, network plasticity allows for a strong and notably 
flexible driving role for visual cues.

Remapping after experiencing ambiguity
Ring attractor dynamics ensures a single heading representation at any 
given time even for complex scenes, but under some circumstances 
this can be unstable4. For example, a scene with two identical stripes at 
diagonally opposite locations (Extended Data Fig. 3a) makes orienta-
tion within the scene inherently ambiguous3. Our model predicts that, 
upon prolonged exposure to this two-stripe scene, the plasticity mecha-
nism creates a visual map with two potential offset angles. If a single-
stripe scene is then presented, this results in two competing heading 
representations, with the ring attractor network selecting one of them 
at any particular time (Extended Data Fig. 3b, c). We found a similar 
effect experimentally in some probe trials after just 5 min of in vivo 

θ

Fig. 2 | Manipulation of heading representation pinning offset. a–d, Activity 
snapshots of compass neurons before (a), during (b) and after (c) optogenetic 
manipulation in an open loop (imposed natural-scene orientations at the top, 
with vertical red lines emphasizing the relative orientations). Extended Data 
Figure 1a provides details of the optogenetic stimulation (opto-stim) protocol. 
a, Original pinning offset (arrow in d, top, shows the time of this snapshot).  
b, Optogenetic imposition of new offset. b, Top left, bump imposed on left side 
of the ellipsoid body (below, red rectangle) when scene oriented as at the top. 
b, Top right, 45° counter-clockwise rotated scene and bump with offset as in 
left. b, Middle, sequence of optogenetically imposed ellipsoid-body offsets (d, 
middle) (Methods). b, Bottom, expanded view of same sequence as shown in b 
(middle). c, After manipulation. The bump position relative to the same visual 
scene orientation as in a, shifted by offset imposed in b (compare d, top and 
bottom). d, Compass neuron activity before (top), during (middle) and after 
(bottom) optogenetic manipulation (Supplementary Video 1). Arrow in the top 
panel corresponds to a; arrows in the middle panel correspond to the left and 

right panels of b (top); and arrow in the bottom panel corresponds to c. e, 
Simulation snapshots. Time-varying synaptic weights between ring and 
compass neurons (Extended Data Fig. 2). Simulation begins with random 
synaptic weights (left). Synapses between coactive ring and compass neurons 
are weakened. Synapses from inactive ring to active compass neurons are 
potentiated (see Supplementary Information for different plasticity rules). The 
weight matrix stabilizes over time (right) (Supplementary Video 2). Vertical 
purple rectangle, sample mapping from ring neuron 16 to all compass neurons. 
f, Simulated compass neurons when ring neuron 16 is active. g, Distribution of 
bump offsets across 500 simulations. h, Simulated optogenetic bump shift. 
Left, weight matrix before manipulation. Second and third from the left, a new 
map develops while the existing map weakens. Rightmost two panels, 
consolidation of the new map during a probe trial. Dashed red rectangle, initial 
synaptic weights from ring neuron 9 to compass neurons. Solid red rectangle, 
same weights after consolidation; offset shifted.
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angular velocity should be in register. That is, for any given heading, 
plasticity should ensure that inhibitory ring neurons create a position 
of decreased inhibition in the ellipsoid body that coincides with where 
the P–EN input moves the bump—essentially a self-consistent mapping 
of visual cues onto the bump.

We first tested the model for a simple scene with a single vertical 
stripe (Extended Data Fig. 1b–e), simulating the fly turning through 
the scene (Fig. 2e–g, Supplementary Video 2; a complex scene is shown 
in Extended Data Fig. 2a–c). These rotations ensured both that the 
bump travelled around the ellipsoid body and that ring neurons cor-
responding to all visual-feature positions were selectively co-activated 
at appropriate angular orientations. Starting with random synaptic 
weights, Hebbian plasticity produced a spatially consistent mapping 
and stable offset between the heading representation and the angular 
position of the single visual feature (Fig. 2e). Simulating optogenetic 
manipulation as a current injection into model compass neurons repro-
duced the remapping phenomenon (Fig. 2h, Extended Data Fig. 2d, e). 
These results account for the varying offsets observed across flies3, 
the persistence of an offset for a given scene in a single fly and the flex-
ibility that allows the ellipsoid body to track heading within different 
visual scenes.

Optogenetic inversion of the map
In further simulations, the natural concurrence between scene move-
ment and bump position during turns could be inverted, with visual 

cues overriding self-motion input to drive the bump backwards (Fig. 3a, 
b). In optogenetic offset-induction experiments, we found that the 
actual network was indeed flexible enough to induce an inverted remap-
ping in which visual input drove the bump around the ellipsoid body 
in the opposite direction than would be expected (Fig. 3c, d, Supple-
mentary Video 3). In the model, the inversion was eventually corrected 
after prolonged ring attractor dynamics driven by self-motion (Fig. 3b 
rightmost panel), but the short trial duration in our physiological 
experiments probably limited our ability to observe such a correc-
tion in vivo. Thus, although self-motion exerts a strong influence over 
bump movement, network plasticity allows for a strong and notably 
flexible driving role for visual cues.

Remapping after experiencing ambiguity
Ring attractor dynamics ensures a single heading representation at any 
given time even for complex scenes, but under some circumstances 
this can be unstable4. For example, a scene with two identical stripes at 
diagonally opposite locations (Extended Data Fig. 3a) makes orienta-
tion within the scene inherently ambiguous3. Our model predicts that, 
upon prolonged exposure to this two-stripe scene, the plasticity mecha-
nism creates a visual map with two potential offset angles. If a single-
stripe scene is then presented, this results in two competing heading 
representations, with the ring attractor network selecting one of them 
at any particular time (Extended Data Fig. 3b, c). We found a similar 
effect experimentally in some probe trials after just 5 min of in vivo 

θ

Fig. 2 | Manipulation of heading representation pinning offset. a–d, Activity 
snapshots of compass neurons before (a), during (b) and after (c) optogenetic 
manipulation in an open loop (imposed natural-scene orientations at the top, 
with vertical red lines emphasizing the relative orientations). Extended Data 
Figure 1a provides details of the optogenetic stimulation (opto-stim) protocol. 
a, Original pinning offset (arrow in d, top, shows the time of this snapshot).  
b, Optogenetic imposition of new offset. b, Top left, bump imposed on left side 
of the ellipsoid body (below, red rectangle) when scene oriented as at the top. 
b, Top right, 45° counter-clockwise rotated scene and bump with offset as in 
left. b, Middle, sequence of optogenetically imposed ellipsoid-body offsets (d, 
middle) (Methods). b, Bottom, expanded view of same sequence as shown in b 
(middle). c, After manipulation. The bump position relative to the same visual 
scene orientation as in a, shifted by offset imposed in b (compare d, top and 
bottom). d, Compass neuron activity before (top), during (middle) and after 
(bottom) optogenetic manipulation (Supplementary Video 1). Arrow in the top 
panel corresponds to a; arrows in the middle panel correspond to the left and 

right panels of b (top); and arrow in the bottom panel corresponds to c. e, 
Simulation snapshots. Time-varying synaptic weights between ring and 
compass neurons (Extended Data Fig. 2). Simulation begins with random 
synaptic weights (left). Synapses between coactive ring and compass neurons 
are weakened. Synapses from inactive ring to active compass neurons are 
potentiated (see Supplementary Information for different plasticity rules). The 
weight matrix stabilizes over time (right) (Supplementary Video 2). Vertical 
purple rectangle, sample mapping from ring neuron 16 to all compass neurons. 
f, Simulated compass neurons when ring neuron 16 is active. g, Distribution of 
bump offsets across 500 simulations. h, Simulated optogenetic bump shift. 
Left, weight matrix before manipulation. Second and third from the left, a new 
map develops while the existing map weakens. Rightmost two panels, 
consolidation of the new map during a probe trial. Dashed red rectangle, initial 
synaptic weights from ring neuron 9 to compass neurons. Solid red rectangle, 
same weights after consolidation; offset shifted.
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Significance 
Color is a salient feature for identifying objects and guiding behavior. In order to create color percepts, the 

brain needs to transform photoreceptor signals, while also accounting for the varying spectral distribution of 
light entering the eye4. Color opponency – antagonistic neural responses to different ranges of wavelengths – 
which has been observed at different stages of visual processing across animal species, provides a neural basis 
for this transformation. Indeed, the psychophysical dimensions of color perception in humans (i.e. hue, 
saturation, and brightness) can to some extent be explained by basic color opponency5. For example, early color 
opponent processes are thought to separate brightness (i.e. the perceived intensity of light) from hue and/or 
saturation6. In higher brain regions, color-sensitive neurons tend to have more complex spectral and spatial 
tuning properties, which build on the simpler color opponent responses in the retina. In the macaque extrastriate 
cortex, for example, neurons respond to specific hues7. However, the underlying neural mechanisms which 
transform simple color opponent responses to the complex circuit dynamics underlying color perception remain 
unknown. My current work uses the color circuit in the fruit fly Drosophila melanogaster to investigate 
chromatic encoding and to establish a genetically tractable model system for the study of neural mechanisms 
underlying color processing and perception. 

 The fruit fly Drosophila melanogaster provides a small brain (100,000 neurons) with well-characterized 
anatomy, a powerful genetic toolkit to dissect and understand neural circuits, and an array of robust behaviors. 
Fruit flies have been used extensively and successfully in the study of circuit mechanisms and computations that 
underlie sensory perception and drive behavior. Our understanding of color vision in fruit flies is more limited 
than for other sensory percepts, such as motion vision and olfaction8-10. Behavioral data show flies are able to 
use wavelength information to guide their behavior11-13. Fruit flies have various innate behaviors, such as an 
attraction to specific light sources (called phototaxis), which depend on the wavelength and intensity of light11. 
We also know that fruit flies can distinguish different wavelengths independent of the intensity of light12 – i.e. 
they are able to discriminate “brightness” from “hue” and/or “saturation.” However, the underlying neural 
mechanisms for color vision in the fruit fly remain unknown. By recording the 
responses of neurons in the optic lobe to different visual stimuli, I will be able to 
build quantitative models to describe the neural basis of color vision in the fruit fly. 
I will also be able to draw comparison to vertebrate color pathways and start to 
understand general principles of color processing across species.  

Background and Preliminary Work  
 Anatomy: The fly retina is comprised of ommatidia – individual unit eyes 

containing a total of eight photoreceptors (PRs) R1-8. R1-6s mainly signal 
luminance, have broadband spectral sensitivity, and synapse in the lamina14. R7s 
and R8s – analogous to cones in mammals – express narrow band opsins, support 

color vision and bypass the lamina to synapse in the medulla15. 
“Pale” ommatidia express a UV-sensitive opsin in R7 and a blue-sensitive opsin in R8, while 
“yellow” ommatidia express a different UV-sensitive opsin in R7 and a green-sensitive opsin 
in R8 (Fig. 2). R7s and R8s within one ommatidium look at one point of space. In the medulla, 
R7s and R8s connect to local interneurons (amacrine and horizontal cell equivalents) and 
trans-medullary (Tm) neurons (retinal ganglion cell equivalents). R7s and R8s synapse with 
different types of Tm neurons16-18. The Tm neurons downstream of R7s, the focus of Aim 2, 
are Tm5a and Tm5b. Tm5a/b also receive inputs from Dm8, an amacrine-like interneuron that 
spans multiple columns and mainly receives input from R7s17 (Fig. 3). Tm5a/b as well as the 
other Tm neurons project to the lobula – the final stage of color information processing in the 
optic lobe – where they make connections with visual projection neurons (VPNs). VPNs send 
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the tdTomato signal in the image with a 512 ! 512-pixel reference image
acquired before each experiment. To detect changes in GCaMP6 fluores-
cence triggered by the rotation of the polarizer, we computed the Fourier
transform of the time course of each pixel in the GCaMP channel for each
trial during which the polarizer rotated clockwise. To eliminate the ef-
fects of delays and dynamics of the calcium indicator, we reversed the
time course of each pixel for the trials in which the polarizer rotated
counterclockwise, and then computed their Fourier transforms. Because
the activity of an e-vector-sensitive photoreceptor should exhibit two
peaks during each rotation of the polarizer, we determined the value of
the averaged Fourier transforms of all trials at twice the rotation fre-
quency (0.125 Hz). To make comparisons among different preparations
easier, we normalized these values to the laser power, and computed their
magnitude and phase. Dividing the phase by two yielded the e-vector
angle that elicited the maximum response for each pixel, which we term
the “preferred e-vector angle.” The magnitude provided an indication of
the strength of the modulation elicited by the rotation of the polarizer. To
define a threshold for the strength of modulation above statistical noise,
we randomly shuffled the Fourier transforms at 0.125 Hz of all trials of all
flies, and then computed the distribution of norms for means of collec-
tions of 18 shuffled trials. We found the 99th percentile of the resulting
distribution, and repeated this process 100 times. We then used the mean
of all the 99th percentiles as our threshold for a “responding pixel.”

To obtain an accurate estimate of the change of e-vector preference
over the length of the DRA, we needed to sample simultaneously from a
large number of columns across the MEDRA. Therefore, we only used
data from flies in which !5% of all pixels surpassed our threshold for a
significant response. Nine of 40 flies fulfilled this criterion. For each of
these flies, we performed a linear regression of e-vector preference of each
responding pixel versus its position along the MEDRA, numerically min-
imizing the sum squared angular difference between the trend line and
four times the pixel’s preferred e-vector angle (Weir, 2013). By multiply-
ing the preferred e-vector angle by four, the orthogonal responses of each
R7/8 pair are mapped to the same angle. Thus, the trend line minimized
the error for all responding pixels regardless of cell type. To estimate the
pitch of a receptor’s optical axis, we scaled the position along the MEDRA
by the ratio of the average interommatidial angle [5.1°; according to
calculations by Stavenga (2003) for the whole eye, which agrees well with
5.06°, the value we measured for the dorsofrontal region of the DRA] to
the average spacing between medullar columns (5.7 "m in our dataset).
We then centered the resulting values on the known angular position of
our stimulus.

To investigate changes in photoreceptor activity relative to their base-
line activity in darkness, we presented flashes of light with a stationary
e-vector angle to 36 flies, after completing the trials with the rotating
polarizer. To identify pixels in the GCaMP6 images whose intensity de-
creased in response to the flashes, we performed a Fourier-based analysis
similar to the one described above. For all pixels that had responded
significantly to the rotating polarizer, we calculated the mean Fourier
transform at 0.125 (one-eighth) Hz for the time courses in the flash
experiment. Pixels that showed decreased GCaMP6 fluorescence to the
light-on stimulus were identified by their negative phase in the Fourier
transform.

Results
The DRA of Drosophila is a narrow strip along the dorsal eye rim
and only 1–2 ommatidia wide (Tomlinson, 2003; Wernet et al.,
2003). We determined the microvillar orientation of R7 photo-
receptors in the entire DRA (Fig. 1A–D), which comprised on
average 39 ommatidia in one compound eye (value derived from
55 light microscopic sections covering every region of the DRA
4 –15 times). This is considerably more than the "25 ommatidia
counted in the DRA of Drosophila in another study (Fortini and
Rubin, 1991). A reason for this discrepancy might be that only a
single row of DRA ommatidia was identified by the previous
authors based on their staining technique, whereas we consis-
tently detected up to two rows in the more dorsal parts of the
DRA.

In bigger flies (Wunderer and Smola, 1982; Strausfeld and
Wunderer, 1985) and many other insects (Horváth, 2014), the
microvillar orientation has been described to change in a fan-like
manner along the DRA. We observed considerable deviations
from such an arrangement in Drosophila (Fig. 1F), resulting in a
scatter of up to 80° (SD of residuals: 18°). However, on average
the microvillar orientation of R7 changed continuously along the
DRA, being approximately parallel to the sagittal plane of the
body at the posterior end of the DRA and progressing counter-
clockwise (in the right eye) through slightly more than 180°, until
lying again approximately parallel to the sagittal plane at the an-
terior end of the DRA. The optical axes of all DRA ommatidia
were directed close to the sagittal plane. From the posterior to the
anterior end of the DRA, they covered a wide range of #150° (Fig.
1F, inset), sampling the sky along a narrow arc that extended
almost across the entire upper hemisphere (Fig. 3A).

To study the physiological properties of the central photore-
ceptors, we imaged calcium activity in R7/8 cell terminals in the
medulla. In the DRA, both central photoreceptors express the
ultraviolet-sensitive rhodopsin Rh3 (Fortini and Rubin, 1990).
We used the Rh3-GAL4 driver line to express UAS-GCaMP6 and

Figure 3. A, The optical axes of DRA photoreceptors in Drosophila are directed in a narrow arc
close to the sagittal plane of the body at vastly different parts of the sky (arrows), including the
zenith and areas near the horizon. Bars indicate the predicted e-vector preferences of R7 cells in
the right eye projected on the upper visual hemisphere. B, The array of R7 photoreceptors in the
DRA of each eye systematically samples the entire range of possible e-vector angles. The data of
our anatomical study (gray dots; Fig. 1F ) are in close agreement with the trend lines from the
functional imaging experiments (blue lines; Fig. 2F, black trend line). Two ordinate axes (left
and right) are used to emphasize that the results originate from independent experiments.
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AOP in the behavioral assay. If this does not occur, then long wavelength information for navigation may 
be processed elsewhere in the eye. 
Aim 2: To investigate how and where chromatic information and polarization are integrated.  
Aim 2a: My preliminary data shows that chromatic and polarized light information are already integrated 
in ER4m, presynaptically to compass neurons. However, it is not clear how the two cues interact in this cell 
type. I will image the calcium responses of ER4m to polarized light alone using GCaMP6f. I predict that 
ER4m responses to angles of polarized light separated by 180 degrees will be identical. I will then repeat 
the experiment using simultaneous presentation of polarized light and chromatically varying unpolarized 
light. I hypothesize that the response patterns evoked by combined chromatic and AOP cues will shape 
ER4m responses such that two angles separated by 180 degrees will have different responses, thereby 
resolving the directional ambiguity. If this is not the case, the resolution likely happens downstream of 
ER4m and I will image the activity of the compass neurons in response to similar stimuli.  
Aim 2b: Chromatic cues could be integrated with AOP in the polarized light pathway upstream of ER4m, 
or in a separate, parallel pathway. Connectomic data shows that different subtypes of ring neurons have all-
to-all connectivity between types, and have an implicit hierarchy measured by synaptic count.5 ER4m is of 
highest importance– it extends the most synapses onto other neuron types and does not receive as many; 
thus, integration of both AOP and chromatic cues is more likely to occur upstream of ER4m. The pathway 
for polarized light detection has been established from DRA to ER4m, described in Fig. 2. Spectral 
information could potentially be integrated at any step along this pathway; I will express GCaMP6f in 
DRA-MeTus and TuBu01 (Fig. 2) in response to chromatically varying unpolarized light stimuli, such as 
the stimuli I employed for ER4m, to determine the site of integration. Alternatively, if neither DRA-Metus 
nor TuBu01 show spectral tuning, then ER4m may receive spectral information from other ring neuron 
types. I will survey the other 4 known visual ring neuron types5 
and measure their responses to chromatically varying light. 
Intellectual Merit: My project will be the first to identify 
multi-cue integration in the Drosophila compass, acting as the 
foundation for a comprehensive model of how the central 
complex processes multiple streams of peripheral sensory 
information. These experiments will reveal (i) how celestial 
cues are used by Drosophila during navigation and (ii) the 
neural pathway by which they are integrated, providing new 
insights into circuit bases for celestial navigation. Current work in sensory integration in relation to behavior 
is dominated by investigation of simplistic, binary behavioral outputs like feeding or escape. However, just 
like the world is highly multisensory, behavioral outputs are multidimensional. Understanding navigation, 
a complex behavior with multiple outputs, as a model for sensory integration will inform our understanding 
of integration in a more naturalistic setting. 
Broader Impacts: Previous attempts at developing biomimetic polarized light based navigational systems 
are either too computationally intensive and slow, or fail in cloudy regimes.8,9,10 My findings may provide a 
novel, more computationally efficient method for navigation by leveraging efficient coding in the fly brain, 
which must function with a limited number of neurons. Adaptation of my findings may be a cost-effective 
navigation strategy for developing countries that do not have the financial resources to launch their own 
satellite based system, since there is no need for connection to global infrastructures. In direct support of 
U.S. foreign policy goals, this enables developing countries to build capacity; use of this navigational 
system in drones can help distribute medicine or monitor wildfire damage in areas with limited satellite 
coverage. I will disseminate my work by presenting at interdisciplinary global open-science meetings, to 
facilitate collaboration with other engineers and scientists. 
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