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Visual motion detection is one of the most important computa-
tions performed by visual circuits. Yet, we perceive vivid illusory
motion in stationary, periodic luminance gradients that contain no
true motion. This illusion is shared by diverse vertebrate species,
but theories proposed to explain this illusion have remained
difficult to test. Here, we demonstrate that in the fruit fly Dro-
sophila, the illusory motion percept is generated by unbalanced
contributions of direction-selective neurons’ responses to station-
ary edges. First, we found that flies, like humans, perceive sus-
tained motion in the stationary gradients. The percept was
abolished when the elementary motion detector neurons T4 and
T5 were silenced. In vivo calcium imaging revealed that T4 and T5
neurons encode the location and polarity of stationary edges. Fur-
thermore, our proposed mechanistic model allowed us to predict-
ably manipulate both the magnitude and direction of the fly's
illusory percept by selectively silencing either T4 or T5 neurons.
Interestingly, human brains possess the same mechanistic ingredi-
ents that drive our model in flies. When we adapted human ob-
servers to moving light edges or dark edges, we could manipulate
the magnitude and direction of their percepts as well, suggesting
that mechanisms similar to the fly’s may also underlie this illusion
in humans. By taking a comparative approach that exploits Dro-
sophila neurogenetics, our results provide a causal, mechanistic
account for a long-known visual illusion. These results argue that
this illusion arises from architectures for motion detection that are
shared across phyla.
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Visual illusions generate percepts that run counter to our
reasoned expectations. They also provide windows into the
function of our visual systems (1). Among the most surprising are
motion illusions that can generate the perception of motion in
patterns that are in fact stationary. In humans, robust motion
percepts are elicited by periodic sawtooth luminance gradients
(2, 3) (Fig. 14 and Movie S1) or by periodic chromatic patterns
(4), and these percepts are called peripheral drift illusions. The
same stationary patterns have been reported to elicit illusory
motion percepts across diverse vertebrate species, including
nonhuman primates (5), cats (6), and fish (7).

Two hypotheses have been proposed to explain the illusion in
vertebrates, based on mechanisms either upstream or down-
stream of motion detection. The first hypothesis argues that
stimuli with higher contrast or luminance are processed faster, so
that different locations in a luminance gradient appear to be
presented sequentially, generating an illusion of motion (2, 9). The
second hypothesis attributes the illusion to retinal motion resulting
from microsaccades (10, 11). Physiological and psychophysical
evidence provides correlational evidence for both hypotheses
(9-11), but they have remained difficult to test directly.

We set out to study this motion illusion in the fruit fly Dro-
sophila, where powerful genetic tools make it possible to causally
connect visual perception to activity in specific neurons. The
motion detection circuitry in flies has been studied extensively by
leveraging genetic and anatomical tools (12), and their motion

23044-23053 | PNAS | September 15,2020 | vol. 117 | no. 37

detection algorithm has many parallels with vertebrate motion
detection (13). Photoreceptors in the fly’s retina detect light and
downstream circuits split into ON and OFF pathways, which also
process signals in space and time. Motion is first detected in the
direction-selective neurons T4 and TS5, which respond exclusively
to moving light or dark edges, respectively (14). The neurons T4
and TS are required for motion-dependent behaviors, including
optomotor turning (14), walking-speed regulation (15), and loom
detection (16).

In this study, by combining behavioral measurements, genetic
silencing, and neural imaging, we find that flies, like vertebrates,
perceive illusory motion in stationary images, and that the illu-
sion requires motion detection circuitry. Using neural imaging,
we find that T4 and T5 neurons with opposite direction prefer-
ences encode the sharp edges of the sawtooth pattern in a
complementary manner. We show that this edge encoding can
arise in a variety of computational models for motion detection.
We propose a mechanism for this illusion based on an imbalance
between light and dark motion detection, and find support for it
in flies by selectively silencing light or dark edge motion detec-
tors. Since the same mechanism could plausibly exist in humans,
we also devised psychophysical tests of the model in humans.
The results of these tests are consistent with similar mechanisms
underlying this motion illusion in humans. Our findings highlight
several components of motion detection underlying the illusion—
the splitting of ON and OFF motion pathways, their imbalanced
contributions to behavior, and motion opponency—that likely
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Fig. 1. Drosophila perceive illusory motion in stationary sawtooth gradi-
ents. (A) Circularly arranged sawtooth gradients elicit clockwise motion
percepts in human observers (2, 3). See also Movie S1. (B) In fly experiments,
the gradients were arranged about the fly to induce the impression of yaw
rotation. (C) To measure fly turning behavior, tethered flies were placed
above air-supported balls while sawtooth gradients were projected onto
panoramic screens (8). (D and E, Top) Space-time plot of the sawtooth
gradients. (D and E, Middle) Time traces of average turning responses of (D)
wild-type flies (see SI Appendix for genotype) (n = 29 flies) or (E) T4- and
T5-silenced flies (T4T5>shi®, red; n = 24) and respective control flies for
T4T5-Gal4 (T4T5/+, lighter gray; n = 28) and UAS-shibire™ (shi*/+, darker
gray; n = 24) (mean + SEM). (D and E, Bottom) Time-averaged responses
during or at the offset of the sawtooth gradient presentation. Error bars
indicate mean + SEM. ****P < 0.0001 by (D) Wilcoxon signed-rank tests
against 0 or (E) Wilcoxon rank-sum tests across flies.

reflect constraints imposed by biology and by the common visual
environment shared by sighted animals.

Results

Drosophila Perceive lllusory Motion in Stationary Sawtooth Gradients.
When walking flies are presented with a full-field visual stimulus
rotating in the horizontal plane, they turn in the direction of the
stimulus rotation, a behavior called optomotor turning (17, 18).
We hypothesized that, if flies perceive motion in stationary saw-
tooth gradients, that stimulus might also trigger optomotor turning
if it were arrayed azimuthally around the fly (Fig. 1B). To monitor
fly turning responses to stationary sawtooth gradients, a tethered
fly was placed above an air-supported ball while the visual stimulus
was presented on surrounding panoramic screens (Fig. 1C). The
turning response was then measured by the rotation of the ball.
When stationary sawtooth gradients with a 45° period were
presented for 5 s, flies exhibited slow, sustained average turning
toward the lighter shade along the shallow gradient (Fig. 1D).
The observed turning was canceled when the sawtooth gradient
rotated at ~1.5 °/s in the opposite direction (SI Appendix, Fig.
S1). At stimulus offset, flies turned transiently in the opposite
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direction (Fig. 1D). The directionality of turning, the sustained
bias in turning, and the offset response all agree with the phe-
nomenology of the illusory motion perception evoked in humans
by stationary sawtooth gradients (2, 19). Insects perceive illusory
motion in temporally oscillating sawtooth gradients (20), but it
remained unclear whether they perceive motion in purely stationary
stimuli as well.

The optomotor turning response depends on neurons that
detect motion (14), but flies also turn in response to other visual
cues, for instance while tracking objects (21) or navigating to-
ward light (22). To test whether the observed turning reflected
the output of motion detection circuitry, we expressed shibire”, a
dominant suppressor of synaptic transmission (23), in T4 and T5,
the most peripheral direction-selective neurons in the fly brain.
This silencing abolishes the optomotor turning response (14) but
not object tracking (21). With T4 and TS5 neurons silenced, flies
turned significantly less in response to the stationary sawtooth
gradients (Fig. 1E), demonstrating that the observed turning
relies on motion detection.

T4 and T5 Neurons Respond to Spatial Contrast Edges in a Direction-
and Polarity-Specific Manner. Since T4 and TS5 neurons are re-
quired for flies to perceive motion in stationary sawtooth gra-
dients, we next asked how these neuron types responded to this
stimulus. We used two-photon microscopy to measure neural
activity in T4 and T5 neurons expressing the calcium indicator
GCaMPof (24) while presenting the panoramic visual stimulus
(8, 25) (Fig. 24). The neurons T4 and T5 respond preferentially
to motion of light and dark edges, respectively (14) (Fig. 2B). At
each point in visual space, there are four subtypes of T4 and T5
neurons, with each type sensitive to motion in one of the four
cardinal directions. The four neuron types that encode motion in
the horizontal plane are T4a and T5a (front-to-back motion) and
T4b and T5b (back-to-front motion) (Fig. 2C). We identified
their spatial receptive field (RF) centers by presenting 5°-wide
white or black vertical bars at various azimuthal locations (26,
27) (SI Appendix). T4 neurons responded exclusively to white
bars and T5 neurons to black bars, as expected from previous
measurements (26-29) (Fig. 2D).

Next, we presented horizontal, stationary sawtooth gradients
with various displacements relative to the RF centers (Fig. 2E).
The neurons responded to the stationary periodic patterns (28),
but with a distinctive spatial pattern. First, the responses were
localized about sharp contrast edges rather than the regions of
shallow gradients. Second, each neuron responded only when its
preferred contrast (light for T4 neurons, dark for T5 neurons)
was located at its RF center. Third, both neuron types responded
most strongly when their nonpreferred contrast (dark for T4
neurons, light for TS neurons) was presented toward their pre-
ferred direction relative to their RF center. For example, the
neuron T4a, which prefers light edges moving front to back,
responded most when a dark contrast flanked its RF center on
the back (preferred direction) side (Fig. 2 E, Left). In this way,
each neuron type responded most to the stationary version of
its preferred moving edge (Fig. 2G and Movie S2). For exam-
ple, the neuron T4a responded more to stationary edges that
had light contrast on the front side and dark contrast on the
back side—a snapshot of the moving edge it prefers—compared
with ones with the opposite polarity. As a consequence, each
stationary contrast edge is encoded most strongly by a pair of
motion detectors with opposite polarity preference (light vs.
dark) and opposite direction preference (front to back vs. back
to front) (Fig. 2E). The pattern of T4 and T5 neurons’ re-
sponses to stationary edges generalized to other visual stimuli,
including stationary square-wave gratings (Fig. 2F and SI Ap-
pendix, Fig. S24) and naturalistic contrast patterns (SI Appen-
dix, Fig. S2B). In these responses, the four cell types each
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Fig. 2. T4 and T5 neurons respond to spatial contrast edges in a direction- and polarity-specific manner. (A) Imaging setup for measuring neural responses
from T4 and T5 neurons. NA, numerical aperture. (B) Calcium responses of T4 and T5 neurons to moving edges. Edges were either light (first and third
columns) or dark (second and fourth columns), and moved front to back (first two columns) or back to front (second two columns) around the fly. (C) At each
retinotopic position (point A in orange box), motion in the horizontal plane is encoded by T4a, T5a, T4b, and T5b neurons. Rows of circles indicate arrays of T4
and T5 neurons tiling horizontal visual space. (D) Calcium responses of T4 and T5 neurons to a 5°-wide light or dark bar (Top) over space and time and
(Bottom) over space, time-averaged (mean + SEM). Henceforth, each column of space-time response plots represents the calcium response of cells whose RF
center was at the stimulus location indicated by the x axis (S/ Appendix). Subtypes of T4 and T5 neurons were averaged such that their preferred direction
points rightward in the figure; n = 10, 10, 7, and 6 flies for T4a, T4b, T5a, and T5b neurons, respectively. Also indicated are the center (C), preferred (P), and
null (N) sides of the RF. (E, Top) Calcium responses of T4a, T5a, T4b, and T5b neurons to 1-s presentation of stationary sawtooth luminance stimuli. Gradient
luminance increases in the front-to-back direction (Left) or in the back-to-front direction (Right). (E, Middle) Time-averaged responses of each neuron (mean +
SEM). The time-averaged responses are normalized within each cell type. (E, Bottom) Cartoon showing which neurons are most activated by the two sawtooth
stimuli. Highlighted circles indicate neurons that are activated by the stimulus; n =7, 4, 2, and 6 flies for T4a, T4b, T5a, and T5b neurons, respectively. (F, Top)
Calcium responses of T4a, T5a, T4b, and T5b neurons to 1-s presentation of stationary square-wave gratings. (F, Middle) Time-averaged responses as in E.
(F, Bottom) Summary of responses as in E. The time-averaged responses are normalized within each cell type; n = 10, 10, 7, and 6 flies for T4a, T4b, T5a, and
T5b neurons, respectively. (G) A space-time schematic comparing the preferred moving and stationary edge stimuli for each cell type. The preferred sta-
tionary edges of T4 and T5 are the stationary versions of their preferred moving edges (Movie S2).

respond to nonoverlapping stimulus features, consistent with a
decorrelated stimulus encoding (27).

Responses to Stationary Edges Emerge through Different Phenomenology
in T4 and T5 Neurons. Next, we investigated how the observed
stationary edge responses in T4 and TS neurons might arise. The
calcium responses of T4 and TS neurons are shaped by contrast
at their RF centers, but also by the contrasts flanking the center
(25, 27, 30, 31). To begin to dissociate the contributions of
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contrasts at different regions of the RF, we presented stationary
square-wave gratings that only included either contrast decre-
ments (gray-black) or increments (gray-white) (Fig. 34 and SI
Appendix, Fig. S34).

T4 neurons showed edge-specific responses to the gray-black
square-wave grating (Fig. 3A4) similar to responses to the
white-black grating (Fig. 2F), although with a smaller magnitude.
However, surprisingly, their responses to the gray—white grating were
weaker and not edge-specific (Fig. 34 and SI Appendix, Fig. S3A).
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Fig. 3. Responses to stationary edges emerge through different phenom-
enology in T4 and T5 neurons. (A) Calcium responses of T4 and T5 neurons to
1-s presentation of half-contrast square-wave gratings, gray to black (Left)
or white to gray (Right). (A, Bottom) Time-averaged responses of T4 and T5
neurons over space, normalized within each cell type (mean + SEM), and a
summary of the responses, similar to Fig. 2 E and F. The responses of sub-
types of T4 and T5 neurons were averaged so that their preferred direction
points rightward in the figures; n = 10, 8, 2, and 4 flies for T4a, T4b, T5a, and
T5b neurons, respectively. (B—E) Calcium response of (B and C) T4 and (D and
E) T5 neurons to 1-s presentation of stationary single or paired bars. A
preferred contrast bar was presented at the neurons’ RF center in all con-
ditions, which was accompanied by another black or white bar, separated
10° (center to center) to either side of the RF. Responses of subtypes of T4
and T5 neurons were averaged so that their preferred directions point
rightward in the figure. (B and D) Time traces of the calcium responses.
(C and E) Time-averaged responses. All are mean + SEM; n = 21, 14, 24, and
18 flies for T4a, T4b, T5a, and T5b neurons, respectively. Bars with error bars
indicate mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by
a Wilcoxon rank-sum test across flies. ns, nonsignificant.

TS neurons also showed edge-specific responses to the gray—
black grating (Fig. 34 and SI Appendix, Fig. S34), similar to
responses to the white-black grating (Fig. 2F). They did not
respond strongly to the gray-white grating (Fig. 34 and SI
Appendix, Fig. S3A4), as expected from their preference for dark
contrast. These results suggest that asymmetric mechanisms
underlie stationary edge responses in T4 and T5. While non-
preferred contrast on the preferred side of the RF is necessary
for T4 neurons to show stationary edge responses, preferred
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contrast on the null side alone is sufficient for T5 neurons’
stationary edge responses.

To further investigate how contrasts flanking the RF center
affect responses of T4 and TS5 neurons, we presented simulta-
neous pairs of 5°-wide bars. The bars were either light or dark,
and positioned 10° apart from each other. We repeated the pre-
sentation of the bar pairs at various azimuthal locations, and ex-
amined how the presence of the second bar modulated the
responses of T4 and T5 neurons to a single bar with preferred
contrast at the RF center (Fig. 3 B-E and SI Appendix, Fig. S3 B-I).

For T4 neurons, when the second bar was light, it significantly
suppressed the response only when it was on the preferred side
(Fig. 3 B and C and SI Appendix, Fig. S3 B-E), consistent with
previous measurements (26, 27, 30). Moreover, when the second
bar was dark, it enhanced responses only when it was on the
preferred side (Fig. 3 B and C and SI Appendix, Fig. S3 B-E),
consistent with its response to the gray-to-dark grating. For T5
neurons, when the second bar was dark on either side of the RF
center, it significantly suppressed the response, with stronger
suppression by the preferred side bar (Fig. 3 D and E and S/
Appendix, Fig. S3 F-I), similar to T4. This spatially asymmetric
inhibition in T5 is consistent with previous measurements (27,
29, 32), and is sufficient to explain its responses to square-wave
gratings (Fig. 34 and SI Appendix, Fig. S34). In contrast to T4,
TS5 responses were not enhanced when the second bar was the
nonpreferred contrast (Fig. 3 D and E and SI Appendix, Fig.
S3 F-I).

A Minimal Synaptic Model of T4 Captures the Stationary Edge
Responses. Next, we wondered whether a simple synaptic model
of T4 (33) (Fig. 4 A, Top) could capture the basic phenome-
nology of T4 neurons’ stationary edge responses. The model is
equipped with three spatially displaced input arms, each corre-
sponding to anatomically and physiologically characterized input
neuron types to T4 (27, 34-37). The membrane voltage of the
model T4 neuron is computed based on synaptic conductances
modulated by the three input arms (SI Appendix) (26, 38). Al-
though we did not have a comparable, thoroughly characterized
synaptic model for TS, we nonetheless implemented one under
the same design principle as the T4 model (S Appendix, Fig. S4).

With an appropriate choice of the temporal filters on its input
arms, the minimal synaptic model of T4 qualitatively replicated
the spatial pattern of T4’s response to stationary sawtooth pat-
terns and square-wave gratings—namely, the model responded
strongly only when light contrast was on its RF center and dark
contrast was on the preferred side (Fig. 4 B, Top). It also
reproduced T4’s responses to the pairs of bars (Fig. 4 D, Top).
On the other hand, the model did not respond to the gray—black
square-wave grating (Fig. 4 C, Top) and its response to the
white—gray grating was similar to its response to the white—black
grating (Fig. 4 C, Top), unlike the corresponding physiological
results (Fig. 34 and SI Appendix, Fig. S34).

The insensitivity of the model to the gray-black grating is
expected from its design, since the model lacks excitatory OFF
inputs (Fig. 4 A, Top). To implement T4’s sensitivity to contrast
decrements, we introduced baseline activity to the arm on the
preferred side, which represents inhibitory ON neurons, most
likely Mi4 or CT1 (27, 33-36, 41) (Fig. 4 A, Bottom). Such
baseline activity in this arm allows it to reduce activity in the
presence of dark contrasts, thereby disinhibiting T4. When we
introduced a small positive bias to the preferred side arm of the
model, it indeed showed edge-selective responses to the gray—
black square-wave grating (Fig. 4 C, Bottom), as well as reduced
responses to the gray-white square-wave gratings (Fig. 4 C,
Bottom), similar to physiological results (Fig. 3 A and SI Ap-
pendix, Fig. S3A4). This modification did not compromise basic
response properties of the model (Fig. 4 B and D and SI Ap-
pendix, Fig. S4 E and F).
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Fig. 4. Minimal synaptic model replicates the stationary edge responses of T4. (A) Minimal synaptic models of T4 neurons (33, 39), based on the anatomy and
physiology of the T4 circuit, (Top) without or (Bottom) with a modification to introduce a positive bias term into the output of the preferred side branch. In
the modified model, a bias term was also added to the membrane voltage to offset the effect of constitutive inhibition from the preferred side arm. The
models have three spatially separated input branches. The side branches undergo temporal low-pass filtering, whereas the middle undergoes high-pass
filtering. After the sign of the left branch is reversed, the outputs of all the branches are half-wave-rectified. The outputs of the three branches are then
treated as either inhibitory (left and right branches) or excitatory (middle branch) synaptic conductances onto T4 neurons (S/ Appendix). Transformation from

membrane voltage to calcium signal was modeled as a positively rectifying quadratic operation. Note that the central “high-pass filters”

had a small low-

passed component to allow sustained responses in the models (40) (S/ Appendix). (B) The unmodified (Top) and modified (Bottom) model responses to
stationary sawtooth gradients and a square-wave grating, as in Fig. 2 £ and F. The preferred directions of the models are indicated with arrows. a. u., arbitrary
units. (C) The unmodified (Top) and modified (Bottom) model responses to gray-black and white-gray square-wave gratings, as in Fig. 3A. The preferred
direction of each model was rightward. (D) The unmodified (Top) and modified (Bottom) model responses to pairs of bars, either over time (Left) or averaged
over time (Right), as in Fig. 3 B and C. The preferred direction of each model was rightward.

Manipulating the lllusory Motion Percept by Selective Silencing of T4
or T5 Neurons. How might the pattern of edge responses in T4 and
T5 neurons (Fig. 2 and SI Appendix, Fig. S2) explain illusory
motion perception in flies (Fig. 1D)? Optomotor turning be-
havior reflects the net responses of neurons tuned to right- and
leftward motion, integrated over space (14, 25) (Fig. 54 and SI
Appendix, Fig. S6). Each stationary contrast edge activates a pair
of T4 and T5 neurons tuned to opposite directions (Figs. 2 C and
E and 34 and SI Appendix, Figs. S24 and S3A). Therefore, when
a fly is presented with a stationary sawtooth gradient, T4 neurons
drive turning in one direction (toward the lighter shade along the
shallow gradient), and T5 neurons drive turning in the opposite
direction (toward the darker shade) (Fig. 54 and SI Appendix,
Fig. S6). As a consequence, if there is a systematic imbalance in
the contributions of T4 and T5 neurons to the optomotor re-
sponse, the stationary sawtooth gradient would trigger turning.
Our observation that flies turned toward the lighter shade indi-
cates that the contribution of T4 neurons slightly outweighs that
of T5 neurons, consistent with previous reports (14, 42, 43). It is
important to note that most visual scenes contain similar numbers
of edges with positive and negative spatial derivatives, and would
therefore activate similar numbers of T4 and T5 neurons tuned to
each direction. This within-cell-type symmetry would prevent flies
from turning in response to most stationary scenes, even when T4
and T5 neurons influence behavior with different weights.

Based on this explanation, we reasoned that we could ma-
nipulate responses to the sawtooth stimulus by using genetic
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silencing to alter the imbalance between the outputs of T4 and
TS neurons. We hypothesized that silencing TS neurons would
lead to stronger turning toward the light shade (reflecting the
remaining T4 neuron signals) (Fig. 5B and SI Appendix, Fig. S6),
while silencing T4 neurons would lead to stronger turning toward
the dark shade (reflecting the remaining TS5 neuron signals)
(Fig. 5C and SI Appendix, Fig. S6). To test these predictions, we
measured turning responses to stationary sawtooth gradients
while selectively silencing either T4 or T5 neurons with shibire®.
As predicted by this simple model, T5-silenced flies showed
enhanced turning toward the light shade of the gradient
(Fig. 5D), while T4-silenced flies showed an inverted-motion
percept and turned toward the dark shade of the gradient
(Fig. 5E). In addition, silencing T4 neurons affected the turning
amplitude more than silencing TS5 neurons (SI Appendix), con-
sistent with T4 neurons contributing more to the optomotor
response than T5 neurons. Thus, these silencing results support
this proposed model.

Manipulating lllusory Motion Percepts in Humans by Polarity-Specific
Adaptation to Moving Edges. There are three key ingredients for
this model of illusory motion perception in flies: 1) distinct light
and dark edge motion detectors that contribute differentially to
behavior; 2) their selective responses to stationary edges; and 3)
subtraction of motion signals with opposite directional tuning.
Interestingly, these ingredients are all reported to exist in hu-
mans as well: First, there are motion-detecting neurons in

Agrochao et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002937117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002937117

t
A B response
(88888 )+
..
T4b 4 S e o
T5b oo ao | i) 1 ‘
° GunhE) o
[ \ P
1000000000000 ==
G )
+ -
( 1 2 _> ___—-____
1000006000000 =
D E T4 silencin
g
position (°) position (°)
0 45 90 %0 45 el

ES - ES -
- turning (°/s) turning (°/s)
-0 -5 0 5 10 -10_-5 5 10
5s E =
=S
D5
P
=
05 10 50 5 10
shi/+ o aseswae * shi/+ @0 pgegso hkk
R " T4>shi  ogesegh o [ees

Fig. 5. Manipulating the illusory motion percept by selective silencing of T4
or T5 neurons. (A) Model relating optomotor turning to the responses of T4
and T5 neurons to stationary sawtooth gradients. Only the right eye is
depicted here (see also S/ Appendix, Fig. S6). The net turning response cor-
responds to the difference of activities between rightward-tuned (T4a, T5a)
and leftward-tuned (T4b, T5b) neurons. The sawtooth grating shown elicits
activity in T4a and T5b neurons, which drive flies to turn in opposite direc-
tions. The direction of turning in wild-type flies (Fig. 1D) suggests a greater
contribution of T4 than T5 neurons to turning. (B and C) This model predicts
that selective silencing of T5 neurons will enhance turning (B), while si-
lencing T4 neurons will reverse turning direction (C). (D and E) Average
turning time traces (Top; mean + SEM) and time-averaged responses (Bot-
tom) during stationary sawtooth gradient presentation, in (D) T5-silenced or
(E) T4-silenced flies, and in control flies. Bars with error bars indicate mean +
SEM; n = 28, 26, and 28 flies for T5-silenced, Gal4 control, and UAS control,
respectively; n = 25, 31, and 24 flies for T4-silenced, Gal4 control, and UAS
control, respectively. *P < 0.05, **P < 0.01, ****P < 0.0001 by a Wilcoxon
rank-sum test across flies.

primate V1 that respond selectively to light and dark edges (44,
45). In humans, these can be independently adapted to alter
motion perception (43, 46). Second, models of motion detection
often used in humans and primates, including motion energy
models and inhibitory veto mechanisms (47, 48), can respond
selectively to specific edge types, similar to T4 and T5 neurons
(SI Appendix, Fig. S5). Third, subtraction between signals with
opposite directional tuning occurs in the middle temporal visual
area (MT) (49, 50).

Because humans possess the ingredients of the illusory
mechanism in flies, it is possible that a similar mechanism could
underlie illusory motion percepts in humans as well. One cannot
silence cells in humans, but instead it is possible to use different
visual adaptors to selectively reduce the response gains of light vs.
dark edge motion detectors (43, 46). Since human visual systems
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have many neurons with a diversity of tuning properties (51), it
seems unlikely that the adaptation paradigm would generate the
identical phenotypes as the cell-specific, strong silencing of one
of only two classes of primary directional neurons in the fly.
Nonetheless, if human illusory perception uses a similar mech-
anism to flies, then selective adaptation to light or dark edges
should differentially affect the magnitude and direction of the
illusory motion percepts, similar to silencing of T4 or TS in flies.
Importantly, existing accounts of the illusion do not predict that
adaptation of light or dark moving edge detectors would yield
differential changes in the illusory velocity, since they do not
invoke light and dark pathway splitting.

Thus, to test our fly-inspired mechanistic model in humans, we
presented human observers with an adaptor stimulus, followed
by a circular sawtooth gradient, which rotated with various slow
velocities about a fixation point at its center (Fig. 6 A and B)
(52). The observer made a two-alternative forced choice on the
perceived direction of the rotation (clockwise or counterclock-
wise), and a sigmoidal psychometric curve was fitted to their
responses. The perceived velocity of the illusory motion was
computed as the opposite of the motion-nulling rotational ve-
locity, at which the observer reported motion in each direction
with equal probability. Before the test stimulus was presented,
circular adaptor stimuli were presented, containing either uni-
form gray, rotating light edges, or dark edges (Fig. 6 4 and B and
Movie S3). The edge adaptor stimuli moved in alternating di-
rections to avoid directional motion aftereffects.

Adaptation to each edge type shifted the velocity of illusory
motion negatively (Fig. 6 C and D) but adaptation to light edges
did so significantly more, paralleling the stronger effect of T4
relative to T5 silencing in flies (Fig. 5). In more than half of the
participants, the direction of the illusion was inverted after being
adapted to moving light edges (Fig. 6 C and D and SI Appendix,
Fig. S7), again similar to T4-silenced flies (Fig. 5E). These
asymmetric effects of light and dark edges are unlikely to be due
to differential effectiveness of the two adaptor edge types, since
the slope of the psychometric curve (namely, the sensitivity) was
similarly reduced by both edge types (Fig. 6E). Overall, the ad-
aptation effects in humans are consistent with a mechanism in
which the illusory motion percept arises from imbalances in
subtractive interactions among polarity-selective edge responses
of direction-selective neurons.

Discussion

Our results demonstrate that Drosophila, like humans and other
vertebrates, can perceive motion in stationary patterns (Fig. 1).
The motion detectors T4 and T5 are necessary for the illusory
percept (Figs. 1 and 5), and those neurons respond to the sharp
stationary edges of the sawtooth pattern that triggers the illusion
(Fig. 2 and SI Appendix, Fig. S2). The stationary edge responses
in T4 and TS neurons emerge through distinct phenomenology,
despite the similarity in the two neuron types’ responses to sharp
edges (Fig. 3 and SI Appendix, Fig. S3). A minimal synaptic
model captured the stationary edge responses of T4 (Fig. 4).
Polarity-selective stationary edge responses of T4 and T5 neu-
rons, their imbalanced contributions to behavior, and subtraction
of motion signals with opposite directional tuning were sufficient
to explain the illusion in flies. This proposed mechanism allowed
us to predictably manipulate the illusory motion percept of flies
by selective silencing of T4 or T5 neurons (Fig. 5). These ex-
periments showed that the illusory motion caused by stationary
luminance gradients arose from an imperfect cancellation of
direction-selective neuron responses to sharp contrast edges.
Last, we presented human psychophysical results that suggest
that the illusory percept in humans could result from a mecha-
nism similar to that in flies (Fig. 6).
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Fig. 6. Manipulating illusory motion in humans by polarity-specific adaptation to moving edges. (A) Subjects viewed visual stimuli on a liquid crystal display
monitor and reported the perceived direction of rotation by button presses. (B) Schematics of the visual stimuli used. See also Movie S3. Adaptor stimuli
contained uniform gray or rotating light or dark edges, which alternated direction of motion. Adaptors were followed by a 0.5-s presentation of a slowly
rotating sawtooth gradient, whose perceived direction subjects reported (S/ Appendix). (C) Psychometric curves for two representative subjects by adaptor
conditions. Each curve shows the estimated probability that the subject sees rotation toward the light shade along the shallow gradient, as a function of
added rotational velocity (positive velocity indicates rotation toward the light shade). The velocity that gives 0.5 probability on each psychometric curve is the
nulling velocity, which corresponds to the negative of the estimated velocity of illusion. The curves were drawn using the means of the joint posterior
distributions of the threshold and slope of logistic psychometric functions, with 68% credible intervals. (D) Estimated mean illusory motion velocity by adaptor
conditions, color-coded as in C. Error bars around individual data points correspond to 68% credible intervals, and error bars on the bar plots are SEs of group
mean. Data from the same subject are connected by gray lines. (E) Estimated mean slope by adaptor conditions; n = 11. (C) n.s., nonsignificant; ****p <
0.0001, analytically calculated probability that a pair of posterior distributions of illusory velocity are not different (S/ Appendix). Blue stars indicate tests
between uniform gray and light edge conditions, pink between uniform gray and dark edges, and violet between light and dark edges. (D and E) **P < 0.01,

**%P < 0.001 by a Wilcoxon signed-rank test.

Synaptic Mechanisms of Stationary Edge Responses in T4 and T5. We
found that different phenomenologies are associated with the
stationary edge responses in T4 and T5 (Fig. 3 and SI Appendix,
Fig. S3), in contrast to the previously noted striking parallels
between the two neuron types (14, 15, 25-29, 31, 32, 35, 39). In
particular, while nonpreferred dark contrast on the preferred
side was necessary to drive stationary edge responses in T4
neurons (Fig. 3 A-C and SI Appendix, Fig. S3 A-E), preferred
dark contrast was sufficient to explain T5’s stationary edge re-
sponses (Fig. 3 A4, D, and E and SI Appendix, Fig. S3 A and F-I).
This result in T4 is surprising, since T4 receives major excitatory
inputs only from ON cells (35, 37, 53). In addition to these, on
the preferred side of its dendritic arbor, T4 receives synapses
from Mi4 and CT1 cells, which are inhibitory ON cells (27,
34-37, 41). In our computational model of T4, introducing low
baseline activity to the arm corresponding to Mi4/CT1 was
enough to replicate the counterintuitive response of T4 to the
half-contrast square-wave gratings (Figs. 34 and 4H and SI Ap-
pendix, Fig. S34). The baseline activity in the Mi4/CT1 arm al-
lows dark contrast on the preferred side to disinhibit T4, while it
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reduces T4 responses to stimuli that only consist of contrast in-
crements (e.g., the white—gray grating). The assumption that Mi4
can be inhibited by contrast decrement is also consistent with
previous Mi4 measurements (27). Interestingly, enhancement of
T4 activity by a dark bar on the preferred side in the presence of
a light bar at the RF center (Fig. 3 B and C and SI Appendix, Fig.
S3 B-L) was also observed in the T4 model without baseline ex-
citation in the Mi4/CT1 arm (Fig. 4C). This was because the light
bar at the center, after spatial low-pass filtering, can slightly excite
the Mi4/CT1 arm, effectively serving as baseline excitation.
Unlike T4, the response of TS5 was generally not affected by its
nonpreferred contrast (light contrast), consistent with the lack of
ON inputs into TS (34, 35) (Fig. 3 and SI Appendix, Fig. S3).
Instead, dark bars on either side of the RF center suppressed the
response of TS5, with preferred side inhibition being stronger.
While it is presumed that TS receives OFF inhibitory signals
from CT1 at the preferred side of its RF (35, 41), no inhibitory
input to the null side of the T5 RF has been identified. One possible
source of the unexpected null-side inhibition in T3 is suppression
of its excitatory inputs (Tml, 2, 4, and 9) by a center-surround
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antagonistic interaction (SI Appendix, Fig. S4H). Consistent with
this idea, Tm1, 2, 4, and 9 are all reported to have an inhibitory
lobe of spatial RF spanning about 10° (34).

Sensitivity to Gradients Is Incorporated into Direction-Selective
Signals. Studies using reverse-phi apparent motion stimuli have
shown that T4 responds most strongly to a dark bar followed by a
bright bar displaced toward the null direction, and T5 to a bright
bar followed by a dark bar (27, 42, 54). The spatial contrast or-
ganization of the reverse-phi pairing preferred by T4 cells is con-
sistent with the configurations of stationary contrast edges (Fig. 2
and SI Appendix, Fig. S2) and bar pairs (Fig. 3 and SI Appendix, Fig.
S3) that generated the largest responses in T4 in the present study.
This suggests that selective responses to specific spatial gradients
may enhance responses to specific spatiotemporal correlations.

Gradient detectors are the optimal velocity estimators when
the signal to noise of inputs is high (55). These detectors com-
pute input velocity by dividing local temporal luminance deriv-
atives by local spatial luminance derivatives. When signal to
noise is low, the optimal detector becomes a product rather than
a ratio of these two terms, which is equivalent to a Hassenstein—Reichardt
correlator-like model (55). The sensitivity to gradients measured
in T4 and T5 therefore looks like the spatial derivative terms that
exist in this formulation of an optimal model. It will be inter-
esting to assess how closely the algorithms implemented in T4
and T5 direction selectivity relate to optimal models of motion
detection (56-58).

Effects of Selective Adaptation and Diverse Neural Tuning in Humans.
In humans, selective adaptation to moving light or dark edges
changed illusory motion percepts in ways similar to silencing T4
or TS5 neurons in flies, especially in terms of their differential
magnitudes (Figs. 5 and 6). However, the parallel was not per-
fect. Most notably, adaptation to dark moving edges reduced,
rather than increased, the illusory velocity in most subjects, un-
like silencing of TS neurons in flies (Figs. 5D and 6 D and E and
SI Appendix, Fig. S7). The observed reduction in the illusory
velocity by either type of adaptor cannot be simply attributed to a
general reduction of gain in direction-selective neurons. This is
because the illusory velocity is measured as the physical nulling
velocity. In this protocol, if an omnidirectional moving adaptor
uniformly decreased the gain of all direction-selective neurons
regardless of their tuning, then stationary sawtooth gradients
would evoke overall smaller neural activity in the direction-
selective cells, and result in a reduced illusory motion percept.
However, with the globally reduced gain, there would be no
expected decrease in the amount of physical motion required to
cancel the motion percept (i.e., the nulling velocity). Therefore,
any change in the magnitude of illusory motion by adaptation
must be a result of altered balance among differently tuned
direction-selective neurons.

What differences between direction-selective neurons in flies
and humans could explain the observed discrepancy between the
effects of cell silencing and of adaptation? One potential source
of the discrepancy is the more diverse spatial frequency tuning of
primate direction-selective cells compared with Drosophila T4
and T5. Unlike T4 and T5 neurons, whose receptive fields have a
fixed spatial scale (~15°) determined by their stereotypical
morphology (35), V1 simple cells in the primate brain have
spatial frequency tuning that spans four octaves (51, 59). As a
result, subpopulations of simple cells would likely prefer the
sloped portion of the sawtooth gradient over sharp edges, vio-
lating our assumption that only a pair of detector types with
opposite light/dark and directional preferences is responding
strongly to the sawtooth gradient (Fig. 54). To fully explain the
phenomenology of the human adaptation experiments, it seems
necessary to incorporate interactions between the spatial fre-
quency tuning and selectivity to contrast polarity or susceptibility
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to adaptation. Indeed, such an interaction between spatial fre-
quency tuning and contrast polarity has been reported in mam-
malian V1 (60).

Relationship to Existing Theories of Peripheral Drift Illusion in
Humans. Our account for the illusory motion, based on imbal-
ances between contrast polarity-selective motion-detecting neu-
rons, differs critically from existing theories of the illusion in
humans (2, 9, 10), in that it attributes the illusion to the archi-
tecture of the motion detection circuitry itself. However, our
account is not contradictory, but rather complementary, to the
existing theories. For example, previous studies in humans have
attributed the illusory motion in the peripheral drift illusion to
retinal motion caused by microsaccades (10, 11), while it
remained unclear why an illusion resulting from eye movements
that are on average isotropic is directionally biased. The imbal-
anced contribution between light and dark edge-selective motion
detectors proposed here could be the source of this break
in symmetry.

Competition between contrast polarity-selective motion-detecting
neurons could also potentially account for several other aspects
of the phenomenology of peripheral drift illusions in humans.
For example, several studies have observed dimorphism among
individuals in the direction of the illusory motion perceived in
the sawtooth gradient stimuli (3, 61) (although we did not rep-
licate this observation; Fig. 6 and SI Appendix, Fig. S6). Variation
in weighting between light and dark edge motion-detecting neu-
rons among individuals or due to viewing conditions could ex-
plain this dimorphism. In addition, the direction of illusory
motion caused by the sawtooth gradients depends on their lu-
minance relative to the background in humans (62). The oppo-
site illusory motion percepts caused by light and dark gradients
parallel how, in flies, T4 and TS drive turning in opposite direc-
tions in response to sawtooth gradients. Thus, this phenomenology
is broadly consistent with the idea that contrast polarity-selective
motion-detecting neurons are driving peripheral drift illusions
in humans.

lllusions and Efficient Motion Detection in Natural Environments. The
parallels in effects on the illusory motion percept of selective
silencing of T4 or TS in flies (Fig. 5) and selective adaptation to
moving light and dark edges in humans (Fig. 6) suggest that
similar mechanisms may underlie the illusion in both organisms.
Considering the vast evolutionary distance between humans and
flies, the shared ingredients of the illusory motion between flies
and vertebrates—separate light and dark edge motion detectors
(44, 45, 63, 64) and the asymmetry among them (43, 46, 65),
subtraction among oppositely direction-tuned neurons (49, 50)—
likely reflect convergent strategies for efficient motion detection in
natural environments. First, pathway splitting by contrast po-
larity can improve the efficiency of contrast encoding (66), and
can easily result in polarity-selective motion signals. Second, the
asymmetric weighting of light and dark edge motion channels is
closely tied to performance of motion detection algorithms in
natural scenes (43, 56, 57, 67, 68). Natural scenes contain asym-
metries in light and dark contrasts (69), and motion detection al-
gorithms can generically incorporate asymmetric processing to
improve motion estimates (57). The similarities between fly and
human motion percepts in response to stationary patterns suggest
that invertebrate and vertebrate visual systems incorporate light—
dark asymmetries into motion signals in similar ways (43, 70).
Third, the subtractive interaction between direction-selective neu-
rons with opposite directional tuning has been shown to increase
selectivity to specific optic flow patterns (71). Our results suggest
that the subtractive interaction also plays a critical role in rejecting
responses to stationary contrasts that exist in early direction-
selective signals (72).
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Since the era of Gestalt psychologists, visual illusions have
motivated systematic investigations into visual perception (1).
However, it has been technically challenging to obtain a satis-
factory mechanistic understanding of illusions in humans or
other vertebrates. Here, using Drosophila as a model system, we
characterized the mechanism of a long-known illusory motion
percept in enough detail that we could genetically manipulate
the direction of the perceived motion. This mechanistic under-
standing of the illusion in flies provided insights into the illusion
in humans, as well. Our results show that these illusory motion
percepts reflect deep evolutionary parallels in the architecture
for motion detection across phyla.

Materials and Methods

Briefly, in flies, visual stimuli for both the behavioral and imaging experi-
ments were projected onto panoramic screens surrounding the flies using
digital light projectors (8, 25). In behavioral experiments, female Drosophila
flies were tethered to surgical needles and placed on top of air-supported
balls, and their walking responses to visual stimuli were measured by rota-
tion of the balls (8, 25). In imaging experiments, visual responses of T4 and
T5 neurons expressing the calcium indicator GCaMP6f (24) were measured
using two-photon microscopy. In imaging experiments, 5°-wide white or
black vertical bars were presented at various azimuthal locations, and the RF
center location of each T4 and T5 was estimated post hoc as the location
that elicited the strongest responses (27). The responses of T4 and T5 neu-
rons to other stimuli were then aligned with the estimated RF center.
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