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SUMMARY

Following moving visual stimuli (conditioning stimuli,
CS), many organisms perceive, in the absence of
physical stimuli, illusorymotion in the opposite direc-
tion. This phenomenon is known as the motion after-
effect (MAE). Here, we use MAE as a tool to study the
neuronal basis of visual motion perception in zebra-
fish larvae. Using zebrafish eye movements as an
indicator of visual motion perception, we find that
larvae perceiveMAE. Blocking eyemovements using
optogenetics during CS presentation did not affect
MAE, but tectal ablation significantly weakened it.
Using two-photon calcium imaging of behaving
GCaMP3 larvae, we find post-stimulation sustained
rhythmic activity among direction-selective tectal
neurons associated with the perception of MAE. In
addition, tectal neurons tuned to the CS direction
habituated, but neurons in the retina did not. Finally,
a model based on competition between direction-
selective neurons reproduced MAE, suggesting a
neuronal circuit capable of generating perception of
visual motion.

INTRODUCTION

Visual aftereffects are often considered the by-products of

neuronal adaptation processes for the optimization of sensory

perception. Typical examples are calibration between move-

ment perception and self-produced locomotion, decorrelation

to increase efficiency of sensory coding, and gain control of

sensory stimuli to extend the dynamic range of detection

(Thompson and Burr, 2009). Therefore, they are useful tools to

study the neuronal mechanisms underlying visual perception.
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A particular example of visual aftereffects is the motion

aftereffect (MAE), in which exposure to continuous, coherent,

moving visual stimuli induces, following the cessation of the

moving stimulus, the illusory perception of motion in the oppo-

site direction. MAE was first described in �330 BC by Aristotle

in his book Parva Naturalia (trans. Biehl, 1898). Since then, many

studies have described different psychophysical aspects of

the phenomenon (Chaudhuri, 1990; Masland, 1969; Mather

et al., 1998; Wohlgemuth, 1911). In addition to perceptual

MAE, continuous, coherent, moving visual stimuli can induce

oculomotor MAE (Braun et al., 2006; Chen et al., 2014; Watama-

niuk and Heinen, 2007). Despite the vast literature on MAE, only

a handful of studies have examined the underlying neuronal

mechanisms. MAE was found to be associated with either a

decrease or an increase in the response of direction-selective

neurons. Direction-selective neurons are specialized for detect-

ing motion along specific axes of the visual field, and they

respond to visual stimulus moving in a given direction (the

preferred direction) but do not respond or respond less to

those moving in the opposite direction (the null direction). Using

single-neuron recordings, MAE-associated adaptations have

been described in different brain regions of different animal

species: the rabbit’s retina (Barlow and Hill, 1963), the owl

monkey’s medial temporal lobe (Petersen et al., 1985), the

cat’s primary visual cortex (Giaschi et al., 1993), the pigeon’s

nucleus lentiformis mesencephali (Niu et al., 2006), and the

fly’s lobula plate (Srinivasan, 1993).

Despite these advances, we lack a comprehensive explana-

tion of the underlying mechanisms and the neuronal correlates

of MAE at the circuit level. To that end, and to shed light on the

potential mechanisms underlying visual motion perception, we

used transgenic zebrafish larvae expressing the genetically en-

coded calcium indicator GCaMP3. We monitored the dynamics

of large neuronal circuits from different brain regions using two-

photon microscopy in an intact, non-anesthetized, behaving

vertebrate model.
or(s).
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In zebrafish, the retinal ganglion cells (RGCs) project to at

least ten arborization fields, with the optic tectum (OT) being

the largest (Burrill and Easter, 1994; Nevin et al., 2010). The optic

tectum is the zebrafish’s most complex layered brain structure,

and it is essential for visually guided prey detection and capture

(Gahtan et al., 2005; Romano et al., 2015). Direction-selective

neurons are found in both the retina (Nikolaou et al., 2012) and

the optic tectum (Gabriel et al., 2012; Gebhardt et al., 2013;

Grama and Engert, 2012; Hunter et al., 2013; Romano et al.,

2015).

Using two-photon calcium imaging, it has been shown that the

pretectum and the superficial layers of the optic tectum respond

to large-field coherent visual motion presented to the contralat-

eral eye (Portugues et al., 2014). Similarly, unilateral stimulation

of the pretectal area induced eye movements resembling the

optokinetic response (OKR; Kubo et al., 2014).

Here, we show that following the presentation of a coherently

moving visual pattern (conditioning stimulus, CS) capable of

inducingOKR, zebrafish larvae generated, in the absence of sen-

sory stimuli, optokinetic movements in the direction opposite

that induced by the CS. Reminiscent of MAE, these results

suggest that following the CS, the larvae experienced perception

of visual motion in the opposite direction. Using optogenetics

to transiently block eye movements during the presentation of

the CS, we show that neither muscular fatigue nor eye proprio-

ception feedback plays a role in the generation of optokinetic

MAE-like behavior. Moreover, two-photon laser ablation of the

optic tectum significantly reduced MAE-like behavior. Using

two-photon calcium imaging of transgenic zebrafish larva

expressing GCaMP3, we monitored the neuronal activities of

the larva’s two main visual centers (retina and optic tectum).

We found that following stimulus cessation, direction-selective

neurons tuned to the direction of the CS displayed strong habit-

uation in the optic tectum but not in the retina. Furthermore, we

observed sustained rhythmic neuronal activity associated with

the optokinetic MAE-like behavior among a specific group of

direction-selective tectal neurons, thus arguing for a neuronal

correlate of the MAE-like behavior. Finally, an empirical mathe-

matical model based on the competition between direction-se-

lective tectal neurons related to their activity could reproduce

the OKR, the optokinetic MAE-like behavior, and the uncondi-

tioned spontaneous eye movements observed in the absence

of moving visual stimulation. Overall, our results propose a

functional neuronal circuit in the zebrafish optic tectum that is

capable of generating perception of visual motion.

RESULTS

The Zebrafish Larva Shows MAE-like Behavior
To test whether the zebrafish larva is capable of perceiving MAE,

we took advantage of the larva’s OKR. OKR is a serial combina-

tion of smooth pursuits and rapid saccade eye movements

generated upon the presentation of a moving visual stimulus.

During OKR, the smooth pursuits follow the stimulus direction

to stabilize themoving external world on the retina, while the sac-

cades reset the eye’s position (Huang and Neuhauss, 2008). This

pursuit-saccade eye-movement pattern repetitively persists

throughout the period of stimulation (Figure 1D). In the absence
of large-field coherent visual motion, the larva performs sponta-

neous eye rotations composed of a rapid saccade followed by

an eye fixation period and a second saccade in the opposite di-

rection (Easter and Nicola, 1997; Miri et al., 2011), Therefore, it is

possible to infer whether the larva is perceiving motion and in

which direction by looking at the eye-rotation kinematics (Orger

et al., 2000, 2008; Orger and Baier, 2005; Qian et al., 2005;

Rinner et al., 2005; Roeser and Baier, 2003). To test the hypoth-

esis that zebrafish larvae can experience MAE, we embedded

zebrafish larvae in low-melting agarose. When the agarose jelli-

fied, we transferred the larvae to an elevated stage within the

center of a circular chamber. The chamber was then filled with

fish embryo medium and the agarose around the eyes was

removed to allow movement. Under these conditions, we moni-

tored the eye movements of 7–9 days post-fertilization (DPF)

larvae (Figures 1A and 1B) while projecting on a screen around

the larva static, large-field, black-and-white, square-wave grat-

ings for a period of 500 s (pre-CS control period). Then, we

presented the CS (unidirectionally drifting square-wave grating)

at different speeds (17�/s, 26�/s, or 59�/s) and for different dura-

tions (50, 100, 200, 250, 400, or 500 s), and in both directions

(toward the left or right). Following the cessation of the CS, the

moving grating was stopped and kept stationary for a duration

of 500 s (post-CS control). For clarity, we defined the CS direc-

tion as the direction of the CS despite its direction (leftward or

rightward) and the MAE direction as the opposite one (the direc-

tion expected if MAE was generated).

During the pre-CS-control period, zebrafish larvae generated

spontaneous eye movements (average duration of saccades,

0.12 ± 0.04 s; average duration of fixations, 20 ± 10 s). In some

cases, the eye fixations slowly drifted in a centripetal direction

(Figure 1C). In contrast to this stereotypic spontaneous eye

behavior, the presentation of a coherent motion stimulus (the

CS) induced a robust OKR (Figure 1D). Following the cessation

of the CS (post-CS control period), we observed repetitive, uni-

directional eye-rotation pursuit-saccade-like movements in the

direction opposite that induced by the CS (MAE direction; violet

curve in Figure 1D; Movie S1). Similar eye-pursuit movements

have been observed in humans during MAE (Braun et al.,

2006). We thus interpret these pursuit-saccade movements as

an indication that the larva was experiencing visual movement

in the opposite direction of the CS, reminiscent of MAE, and

called these conditioned eye rotations optokinetic MAE-like

behavior. Like humans, who perceive MAE with lower velocity

and smaller displacement than the CS (Masland, 1969; Wohlge-

muth, 1911), the zebrafish larva optokinetic MAE-like behavior

was composed of eye pursuits of lower rotation speeds and

smaller amplitudes than those observed during the CS (Fig-

ure 1D; Supplemental Experimental Procedures). To quantify

the optokinetic MAE-like behavior, we defined the MAE index

(Figures 1E and 1F; Supplemental Experimental Procedures).

This index represents the ratio of the difference between the

average number of pursuits in the CS and MAE directions and

the total average number of eye movements. The MAE index

will be equal to 1 if only pursuits in the MAE direction are

observed. It will be equal to�1 if only pursuits in the CS direction

are registered and around 0 for spontaneous eye movements

(scanning eye movements or an equal number of pursuits in
Cell Reports 17, 1098–1112, October 18, 2016 1099
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B Figure 1. Zebrafish Larvae Perceive the MAE

(A) Experimental setup. Stimuli were projected on a

screen around the larva immobilized in agarose. The

agarose was then removed around the eyes, and

their rotations were recorded from above using an

objective, a tube lens, and a video camera.

(B) Detection of eye orientation. The original image

was thresholded and converted to binary to detect

the eyes. Yellow, the eye outline and the long

and short axes of the fitted ellipse; gray dashed

line, external axis. The orientation of the eyes was

calculated with respect to the external horizontal

axis.

(C) Stereotypic spontaneous eye rotations in the

absence of visual stimuli. Saccades in one direction

are followed by a fixation period and a saccade in

the opposite direction.

(D) Eye rotations during CS and during the post-CS

control period. Note the pursuit movements induced

by the CS (magenta) and the pursuits in the opposite

direction during the post-CS control period (blue),

reminiscent of optokinetic MAE-like behavior. The

latter gradually decreased in frequency until the

stereotypical spontaneous eye movements were

restored around 250 s. Mean eye velocity during the

last 200 s of CS was 1.50�/s ± 0.03�/s, and eye

velocity during optokinetic MAE-like behavior was

0.8�/s ± 0.03�/s (p = 1.63 10�54, Wilcoxon rank sum

test). Eye amplitude during CS was 13.7� ± 0.2�,
and eye amplitude during optokinetic MAE-like

behavior was 7.0� ± 0.1� (p = 1.033 10�4, Wilcoxon

rank sum test; n = 40 trials from 11 larvae for CS

durations 500 s.

(E) Ratio of the different types of movements

during the first 50 s of the post-CS control period

as a function of the CS duration (n = 36, 36, 39,

34, 36, 34, and 40 trials from 10, 9, 10, 10, 10, 9,

and 11 larvae for CS durations of 50, 100, 200,

250, 300, 400, and 500 s, respectively). In all

cases, the CS velocity was 26�/s. Green, pursuits

in the MAE direction; red, pursuits in the CS di-

rection; blue, spontaneous eye movements; gray

shade, SE.

(F) Mean MAE index as a function of time during the

post-CS control period. The curves are color coded

according to the CS durations (top right legend).

The gray dash line represents the control index. The

asterisk indicates significantly different from control (p < 0.01, Kruskal-Wallis), color coded according to the corresponding colors. Error bars, SE.

(G) The average duration of optokinetic MAE-like behavior as a function of CS duration. The colors depict the duration of the CS as in (F). For (F) and (G), n = 120,

104, 117, 110, 114, 112, and 97 trials from 20, 19, 20, 19, 19, 19, and 17 larvae for CS durations of 50, 100, 200, 250, 300, 400, and 500 s, respectively. Control is

n = 14 trials from 14 larvae. Error bars, SE.
the CS and MAE directions). The MAE index was computed dur-

ing the post-CS control for consecutive periods of 50 s and for

a total of 500 s. For statistical purposes, we defined the control

index as the MAE index during the pre-CS control period.

By comparing the statistically significant difference between

the MAE index and the control index for experiments in which

we presented CS of different durations, we observed that the in-

duction and duration of optokineticMAE-like behavior depended

on the CS duration (Figure 1F). For CS durations of 50 and 100 s,

the MAE index was not significantly different from the control in-

dex (p > 0.05 for all intervals, Kruskal-Wallis). For CS lasting 200

and 250 s, we observed a significant difference for the first 100 s
1100 Cell Reports 17, 1098–1112, October 18, 2016
of the post-CS control period. For CS lasting 300 and 400 s, we

observed a significant difference for the first 150 s (p < 0.05,

Kruskal-Wallis). For a CS of 500 s, the MAE index was signifi-

cantly higher than the control index for the first 300 s following

the end of the CS (p < 0.01, Kruskal-Wallis), and it was signifi-

cantly higher than those induced by the CS of 200–400 s (p <

0.01, Kruskal-Wallis). Therefore, to induce the optokinetic

MAE-like behavior, the larva needs to be stimulated with a CS

of at least 100 s. The duration of the MAE-like behavior de-

pended on the further increase in the CS duration (Figures 1F

and 1G). The optokinetic MAE-like behavior was observed

in 85% of the experiments in which we used a CS of 500 s
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Figure 2. MAE Is Generated in a Sensory Brain Region

(A) Experimental setup used to block eye movements during the presentation of MAE. Eye movements were recorded as in Figure 1A. To inhibit eye movements,

we used transgenic larvae pan-neuronally expressing NpHR and a 105 mm optic fiber coupled to a 565 nm LED mounted on a micromanipulator.

(B) Image of larva obtained using the setup in (A). In all experiments, the fiber was positioned orthogonally and unilaterally above rhombomere 5. The yellow circle

shows the illuminated zone.

(C) Example of optogenetic inhibition of OKR during the presentation of CS, with eye orientation as a function of time. The CS was presented during the entire

300 s period. The yellow patch represents the illumination period. Note the drastic and rapid inhibition of the eye movement upon halorhodopsin activation.

(D) Example showing that optogenetic inhibition of eyemovements during the presentation of CS did not perturb MAE; eye orientation as a function of time during

CS. Green curve, pre-CS; pink curve, CS; blue curve, post-CS; yellow patch, NpHR activation period.

(E) The average number of pursuits during the CS and the post-CS periods, summarizing all experiments as in (D). Pink background, CS period; violet back-

ground, post-CS control period; blue bars, control (LED off during CS); red bars, LED on during CS; positive values, pursuits in the direction of the CS; negative

values, pursuits in the MAE direction. Asterisks mark significant differences (p < 0.01, Kruskal-Wallis; n = 9 trials from 9 larvae). Error bars, SE.

(legend continued on next page)
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(the presence of optokinetic MAE-like behavior was defined as a

MAE index larger than 95% of the control index for at least the

first 50 s of the post-CS control period). Along the same lines,

we found that the length of MAE was positively correlated with

the level of habituation of the number of pursuits during the CS

(Figure S1D).

We then tested the effect of the CS velocity (17�/s, 26�/s,
and 59�/s) on the induction of optokinetic MAE-like behavior.

Although we observed a tendency for a larger MAE index at

CS velocities of 26�/s, we found few significant differences in

the MAE index during the 500 s of the post-CS control periods

for the three velocities tested (p > 0.05, Kruskal-Wallis); however,

they did not follow the same tendency. These results suggest

that CS velocity, within the range of 17�/s–59�/s, does not

play a major role in modulating optokinetic MAE-like behavior

(Figure S1A).

We also studied the effect of different patterns of static visual

stimuli during the post-CS control period. We tested three con-

ditions: (1) a static version of the grating presented during the

CS (white-black square grating); (2) a stationary noise pattern,

built by shuffling the pixel positions of the first condition; and

(3) a black screen (Supplemental Experimental Procedures).

Quantification of optokinetic MAE-like behavior, by means of

the MAE index, did not show any significant difference among

the three conditions (p > 0.05, Kruskal-Wallis; Figure S1B). We

thus suggest that visual feedback during the post-CS control

period is not necessary for the generation of optokinetic MAE-

like behavior. In contrast to results obtained using other animal

models, in which a static visual pattern is necessary to perceive

MAE (Anstis et al., 1998; Mather et al., 2008), zebrafish larvae are

capable of perceiving MAE in complete darkness. Because no

visual feedback is necessary to drive MAE in zebrafish, MAE

represents a case in which perception emerges in the absence

of visual stimuli; therefore, it is a useful tool to study the neuronal

dynamics underlying visual motion perception in zebrafish.

Blocking Eye Movements Using Optogenetics
To investigate the mechanism underlying MAE, we first asked

whether eye muscular fatigue or eye proprioception during

the CS is required for the generation of optokinetic MAE-like

behavior. For this purpose, we blocked eye movements exclu-

sively during the CS by means of optogenetics. Following the

cessation of the CS, we released this suppression to assess

the induction level of optokinetic MAE-like behavior.

Toblock eyemovements via optogenetics, weused transgenic

larvae expressing halorhodopsin in their entire nervous system

(HuC:Gal4;UAS:NpHR (halorhodopsin)-mCherry line; Supple-
(F) Detection of eye and tail orientation. The image of the larva superimposed with

with respect to the external horizontal axis (gray dashed lines).

(G) Optomotor MAE-like behavior. Top: eye and tail orientations during CS (pink b

of the indicated regions above (red dashed rectangles). Note the inversion of the

respect to the CS period.

(H) Summary of all experiments as in (G). The average directionality of the eye purs

6 larvae). To compute the directionality, we classified each pursuit and each tail

performed in the direction of the CSwere given the value 1, andmovements in the

the average across movements. Large gray dots represent the population average

and tail bouts was inverted.
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mental Experimental Procedures; Arrenberg et al., 2009). Halor-

hodopsin was locally activated via a 565 nm light-emitting diode

(LED) coupled to a 100 mm optic fiber (Figure 2A; Supplemental

Experimental Procedures) that was positioned unilaterally

roughly above rhombomere 5, which was previously found to

affect directional saccade generation in zebrafish when optoge-

netically inhibited (Schoonheim et al., 2010). This location likely

corresponds to the nucleus abducens (Ma et al., 2014).

To assess the effect of halorhodopsin activation on eye

movements during CS, we presented to the larva a visual stim-

ulus consisting of a grating moving at 26�/s for 300 s. The

565 nm LED was turned on after the first 100 s for a period

of 100 s. Upon halorhodopsin activation, OKR was robustly

suppressed, and it almost immediately recoveredwhen the stim-

ulating LED was switched off. Because the optic fiber covered

rhombomere 5 unilaterally, the eye-movement-suppression ef-

fect was unidirectional. It fully blockedOKR toward the ipsilateral

direction from the optic fiber positioning, including both the

saccades and the pursuits (the OKR direction toward the side

on which the fiber was positioned; Figure 2C; Movie S2).

Once we were able to effectively prevent OKR using optoge-

netics, we tested the effect of CS-induced eye movements on

the generation of optokinetic MAE-like behavior. We monitored

spontaneous eye movements for 350 s (pre-CS control period).

Then, we visually stimulated the larva with the CS for 500 s while

simultaneously activating halorhodopsin. When the CS ceased,

halorhodopsin activation was stopped and eye movements

were monitored for an additional period of 500 s (post-CS con-

trol; Figure 2D). Using this paradigm, we were able to abolish

or significantly reduce OKR (p < 0.01, Kruskal-Wallis; Figures

2D and 2E). Despite the significant reduction in the number of

eye movements during the CS, we still observed optokinetic

MAE-like behavior. The number of optokinetic MAE-like pursuits

was not significantly different from the experiments in which

halorhodopsin was not activated (p > 0.05, Kruskal-Wallis; Fig-

ure 2E). These results suggest that neither eye muscular fatigue

nor eye proprioception during the CS plays an essential role in

the generation of optokinetic MAE-like behavior.

MAE Is Reflected at the Level of Tail Movements
To further study the involvement of sensory and motor systems

in the generation of the MAE-like behavior, we took advantage

of another robust behavior of the larva, the optomotor response

(OMR). During OMR, larvae swim by performing directional tail

deflections in the direction of a unidirectional coherent motion

visual stimulus (Portugues and Engert, 2009). Like OKR, OMR

stabilizes a moving external world on the retina. In contrast to
the automatic detection of the tail and eyes. The orientations were calculated

ackground) and post-CS (magenta background). Bottom: expanded timescale

directionality of both eye and tail movements during the post-CS period with

uits (gray) and tail bouts (blue) during CS and post-CS periods (n = 6 trials from

bout as moving in the direction of the CS or in the opposite one. Movements

opposite direction were given the value�1. For each experiment, we calculated

. Error bars, SE. For all experiments, average directionality of both eye pursuits



OKR, OMR involves reorienting tail movements rather than eye

rotations. Although OKR and OMR share the same behavioral

goal, the motor centers controlling both behaviors are different.

Thus, observing MAE-like behavior at the level of OMR would

suggest that MAE is generated within an upstream brain region

common to both eye and tail motor centers, most likely the

larva’s sensory visual system.

To test this hypothesis, we presented to the larvae the

following experimental paradigm: CS (moving grating at 26�/s
for 500 s) followed by a post-CS control period (stationary

grating for 500 s). In this experiment, we removed the agarose

around the eyes and around the tail so that the larvae could

perform both OKR and OMR behaviors (Figures 2F and 2G).

During the CS, the larvae performed both OKR and tail move-

ments. However, tail movements were less frequent than eye

movements (only 39% ± 16% of eye movements were associ-

ated with a tail movement). During this period, 74% ± 13% of

the CS-induced tail deflections were performed in the direction

of the CS (Figures 2G and 2H). During post-CS control, we

observed the expected optokinetic MAE-like behavior, which

was associated with tail flips (68% ± 37% of pursuits had an

associated tail flip during post-CS control). The tail-flip direction

was accordingly reversed (73% ± 13% of tail deflections were

performed in the opposite direction of the CS; Figures 2G and

2H). These results suggest that a sensory brain region, rather

than the eye’s motor circuitry, is involved in the generation of

the zebrafish MAE-like behavior.

Ablation of the Optic Tectum Affects MAE
The optic tectum is the highest visual center in the larva’s brain.

Therefore, to test whether the optic tectum is involved in the

generation of MAE-like behavior, we studied the induction of

MAE in larvae whose tecta were ablated. To perform the abla-

tions, we scanned the entire periventricular layer of the optic

tectum of HuC:GCaMP5 larvae using a two-photon microscope

(Supplemental Experimental Procedures). The ablations induced

massive tectal apoptosis (Dunn et al., 2016). As a first sign of cell

damage, we observed a large relative increase in GCaMP5

fluorescence, especially in the nucleus (Movie S3). To test for

apoptosis of the tectal neurons, we labeled the larvae with acri-

dine orange, a marker of apoptosis (Paquet et al., 2009). The la-

beling was performed either immediately after the ablations or

24 hr after the ablations. In both cases, acridine orange labeled

almost the entire tectum, confirming tectal ablation (Figures 3A

and 3B; Movie S3; Supplemental Experimental Procedures).

After a 24 hr recovery period, we tested the capacity of

inducing the MAE-like behavior in tectum-ablated larvae (Fig-

ure 3; Supplemental Experimental Procedures). To quantify the

effect of the tectal ablation on the CS-induced eye move-

ments and the optokinetic MAE-like behavior, we calculated

the mean of the difference between the number of pursuits in

the CS direction and those in the MAE direction (Supplemental

Experimental Procedures).

Intact larvae showed OKR with a gradual reduction in the

number of performed pursuits along the CS. This number of pur-

suits decreased according to two time constants: 12 and 195 s

(Figure S5A). In contrast, fitting the number of pursuits in

tectum-ablated larvae with just one time constant or two time
constants gave similar results (the coefficient of the second

exponential was negligible with respect to the first; ratio = 0.2).

Moreover, the observed average number of pursuits in the direc-

tion of the moving stimulus was significantly lower in tectum-

ablated larvae than in intact ones during the first and the last

50 s of the CS (intact, 14.06; ablated, 8.62; p < 0.01, Kruskal-

Wallis; Figure 3C). During the first 100 s, following the cessation

of the CS (post-CS period), tectum-ablated larvae showed a sig-

nificant lower average number of optokinetic MAE-like pursuits

(intact, 5.11; ablated, 2.44; p < 0.01, Kruskal-Wallis; Figure 3C),

indicating a reduction in the optokinetic MAE-like behavior (n =

26 trials from 4 larvae). Tectal ablations damaged around 85%

of the tectal neurons. Thus, the decrease in rather than the full

blockage of MAE could be explained the inability to ablate the

optic tectum.

As a control experiment, we ablated the interpeduncular nu-

cleus (IPN), a non-sensory processing region that projects to

modulatory brain regions such as the ventral tegmental area

(VTA) and raphe nucleus. In zebrafish, the IPN controls social

aggressive behaviors (Chou et al., 2016; Okamoto et al., 2012).

IPN ablations did not affect the two habituation time constants

during OKR (16 and 218 s) and did not affect MAE. However,

we observed a general increase in the number of pursuits during

OKR (Figure S1C). A potential hypothesis is that ablation of

the IPN increased arousal or alertness and therefore elicited a

stronger OKR response.

As previously shown by the ablation of the RGC terminals in

the optic tectum neuropil (Roeser and Baier, 2003), ablation of

a large portion of the tectal neurons did not abolish OKR, sug-

gesting that the tectum does not play a major role in its genera-

tion. However, the tectum seems to be necessary for the initial

strong behavioral response to novel stimuli and for CS-induced

behavioral habituation (decrease in the OKR gain). Similarly,

the strong novelty response and habituation effect were pre-

sent in the CS-induced neuronal responses in the optic tectum

but absent in the retina (Figures S2E and S2F). The lack of CS-

induced behavioral habituation could explain the observed

reduction of MAE in ablated larvae. We therefore suggest that

MAE could emerge as a consequence of tectal adaptation to

the CS.

CS Induces Habituation of Direction-Selective Neurons
in the Optic Tectum
To test whether the CS induces adaptation of specific tectal

neurons, we monitored the activity of the larva’s two main visual

centers: the retina and the optic tectum. For this purpose, we

performed two-photon calcium imaging of zebrafish larvae ex-

pressing the genetically encoded Ca2+ indicator GCaMP3. We

first immobilized the larvae in low-melting agarose and paralyzed

them (0.3 mg/mL pancuronium bromide; Tocris Bioscience) to

avoid any possible rotation of the eyes. To test for potential ad-

aptations of the CS-induced responses of direction-selective

neurons in both the retina and the optic tectum (Figures S2E

and S2F), we used the following paradigm, consisting of three

steps: (1) sequential presentation to the larva of light-moving

bars in two directions (CS and MAE directions, presented every

10 s); (2) presentation of the CS, consisting of a continuous series

of moving bars in the same direction for 500 s; and (3) post-CS
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A

C

B Figure 3. Ablation of the Optic Tectum

Impairs the Generation of MAE

(A) An optical plane of the HuC:GCaMP5 zebra-

fish tectum after two-photon laser ablation. For

visualization purposes, ablation of a single tectal

hemisphere is shown. For the experiments, both

hemispheres were ablated. Note the large increase

in fluorescence of the ablated neurons with

respect to the intact hemisphere.

(B) As in (A), but after labeling with acridine

orange to label apoptotic neurons. The labeling

was performed immediately after the behavioral

experiments (1 day after the ablation).

(C) Top: summary of the behavioral experi-

ments after tectal ablations. The chart shows the

average number of pursuits during the CS and the

post-CS periods. Pink background, CS period;

violet background, post-CS control period; blue

bars, control (intact optic tectum); red bars, ab-

lated optic tectum; positive values, pursuits in the

direction of the CS; negative values, pursuits in

the MAE direction. Asterisks mark significant dif-

ferences (*p < 0.05, **p < 0.01, Kruskal-Wallis; n =

26 trials from 4 larvae). Error bars, SE. Bottom:

expanded timescale of the indicated regions

above (green dashed lines). Note the weak

initial behavioral response to the CS in ablated

larvae and the much weaker optokinetic MAE-

like behavior in ablated larvae compared to intact

larvae.
control, in which we presented light-moving bars in alternate

directions every 10 s for a period of 500 s (Supplemental Exper-

imental Procedures).

The first step determined the direction selectivity of neurons

(CS or MAE directions) and served as a control for the amplitude

of their Ca2+ responses before the presentation of the CS. The

amplitudes were then compared to those induced by the moving

bars presented during the post-CS control period. This compar-

ison enabled us to test for a potential adaptation of direction-

selective neurons following the CS.

We initially focused on the larva’s retina. To that end, we used

the ath5:Gal4;UAS:GCaMP3 transgenic line expressingGCaMP3

almost exclusively in the retina (Supplemental Experimental Pro-

cedures). This lineenabledmonitoringof theRGCterminal activity
1104 Cell Reports 17, 1098–1112, October 18, 2016
tio

n.

u-

i-

ro

e-

S

ct

g-

of

ki-

in

lar
at the tectal neuropil. Because cellular

resolution is not possible under these con-

ditions, we segmented the tectal neuropil

using a grid of square regions of interest

(SROIs; Nikolaou et al., 2012; Supple-

mental Experimental Procedures).

To quantify a possible modulation of

the SROI directional responses following

the presentation of CS, we defined an

adaptation index (Supplemental Experi-

mental Procedures). To calculate this in-

dex, we first calculated the ratio between

the population responses of direction-

selective SROIs to the moving bars in

the CS direction before and after the pre-
sentation of CS. This value was then divided by a similar ra

computed for responses to moving bars in the MAE directio

This index ranges from �1 to 1. Negative values indicate habit

ation for the CS direction-selective SROIs. Positive values ind

cate habituation for the MAE direction-selective SROIs. Ze

indicates equal directional responses before and after CS pr

sentation. Using the adaptation index, we observed that C

direction-selective RGCs were slightly habituated with respe

to zero (p < 0.01, Wilcoxon signed rank; Figures 4A and 4B; Fi

ure S2E) for only 20 s following theCS. However, the dynamics

the habituation did not match the temporal scale of the opto

netic MAE-like behavior (150–200 s; Figure 4B; Figure S2D).

To test whether direction-selective neuronal responses

the optic tectum were modulated by CS, we used a simi
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Figure 4. Habituation of Direction-Selective Neurons in the Optic Tectum
(A) Sum of the activity of direction-selective (DS) neuronal groups (CS-DS, top, and MAE-DS, bottom). (Ai) RGC projections (Aii) Tectal neurons. Blue bars, RGC

responses during pre-CS and post-CS control periods; red bars, tectal responses during pre-CS and post-CS control periods; pink arrow, CS presentation; gray

patches, time of presentation of themoving-bar stimulus in the CS direction; yellow patches,moving-bar stimulus in theMAE direction. Note the habituation of the

response in the optic tectum during the first 100 s of the post-CS period.

(B) Adaptation index (AI) as a function of time during the post-CS period. Each dot represents the AI calculated in bins of 20 s. Blue, RGC terminals; red, tectal

neurons. Blue and red asterisks denote significant differences of the AI values from zero (no habituation; p < 0.01, Wilcoxon signed rank test). Black asterisks

denote significant differences between AIs (RGC and optic tectum; p < 0.01, Wilcoxon rank sum test). For RGC, 741 SROIs from n = 18 trials from 4 larvae. For

optic tectum, 688 neurons from n = 24 trials from 6 larvae. Error bars, SE.
experimental design in zebrafish larvae expressing GCaMP3 un-

der a pan-neuronal promoter (HuC; Supplemental Experimental

Procedures). This transgenic line of zebrafish enabledmonitoring,

with single-neuron resolution, of a large and significant part of the

periventricular layer of the optic tectum (839 ± 38 neurons per op-

tical plane). Direction-selective neurons represented around 14%

of the monitored neurons (59 ± 8 and 55 ± 7 neurons per optical

plane for theCS and theMAEdirections, respectively). In contrast

to the RGCs, direction-selective tectal neurons showed an adap-

tation index of significantly larger negative values (p < 0.01, Wil-
coxon signed rank; Figures 4A and 4B; Figure S2F) for a period

that better matched the timescale of the optokinetic MAE-like

behavior (�150–200 s; Figure 4B; Figure S2D).

Moreover, this habituation observed among direction-selec-

tive neurons in the optic tectum was significantly larger than

the habituation observed in the direction-selective RGCs (p <

0.01, Wilcoxon rank sum; Figure 4B). Therefore, we suggest

that the zebrafish larva optokinetic MAE-like behavior mainly

reflects habituation of direction-selective tectal neurons in the

direction of the CS.
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Neuronal Correlate of MAE in the Optic Tectum
Because the ablation of the optic tectum affected the genera-

tion of MAE-like behavior, and MAE-like-related neuronal habit-

uation was observed in the larva’s optic tectum rather than in

the retina, we then investigated the tectal neuronal dynamics

associated with optokinetic MAE-like behavior. To that end,

we imaged tectal activity while simultaneously monitoring eye

rotations in non-anesthetized and non-paralyzed larvae using

the following experimental procedure. First, we determined di-

rection-selective neurons by sequentially presenting to the larva

light-moving bars in two directions. From the responses to

these stimuli, we classified the imaged neuronal population

into three groups: non-direction-selective neurons, direction-

selective neurons in the direction of the CS, and direction-selec-

tive neurons in the opposite direction (MAE direction). Second,

during a pre-CS control period, we allowed 500 s of sponta-

neous eye movements and tectal neuronal activity in the

absence of visual feedback (black screen). Third, during the CS

period, a continuous moving bar (in either the CS or the MAE di-

rection) was presented for a duration of 500 s. Lastly, during a

post-CS control, larvae were placed under the same conditions

as for the pre-CS control period (Supplemental Experimental

Procedures).

During the post-CS control period, we observed robust

optokinetic MAE-like behavior (Figure S2D). During the same

period, tectal dynamics showed rhythmic synchronous neuronal

population activities. These synchronous activities were mainly

observed among direction-selective neurons sensitive to the

MAE direction (Figure 5A). To test whether the synchronous

activities of the MAE direction-selective neurons were associ-

ated with the optokinetic MAE-like behavior, we cross-corre-

lated this activity with the kinematics of the eye rotations during

the post-CS period (Figure 5B). To compare the correlations

across different experiments, we normalized the eye rotations

according to the 95 percentile value, and then we calculated

the mean of the total neuronal activity of the MAE direction-

selective cells (Supplemental Experimental Procedures). Next,

to test for the significance of the correlations, we generated a

null model for the neuronal activity. We observed that the MAE

direction-selective neurons were significantly more correlated

with the eye pursuits in the MAE direction than those of the null

model (p < 0.01, Kruskal-Wallis; Figure 5B). A similar phenome-

non was observed for the CS direction-selective neurons (p <

0.01, Kruskal-Wallis; Figure 5C). Although not significantly

different, the correlations of MAE direction-selective neurons

tended to be higher than those of CS direction-selective neurons
Figure 5. Neuronal Correlate of MAE in the Optic Tectum
(A) Top: eye direction along the course of the experiment. Bottom: the sum of th

order: CS direction-selective (CS-DS), MAE direction-selective (MAE-DS), and no

stimulation. Gray, period corresponding to the presentation of moving bars for the

period; pink, presentation of CS; violet, post-CS control period.

(B) Left: correlation (blue) between the eye pursuits in theMAEdirection and the ne

the post-CS period for the experiment in (A). Null model (red). Error bars, SE. Rig

(C) As for (B), but for correlations between the eye pursuits in the MAE direction

(D) Graph showing the peaks (gray) of the correlations of each trial (as in B and C)

neurons. Black bars, mean and SE.

(E) Histogram of the MAE-CS imbalance index for eye pursuits in the MAE direct

For the population analysis, n = 12 trials from 9 larvae.
(p = 0.06, Kruskal-Wallis; Figure 5D). To quantify the difference in

the correlation levels, we subtracted the peak of the correlations

from 2 SD above the mean of correlations of the null models

(Figure 5D).

Finally, the distribution of the ratios between the activity of

MAE and that of CS neurons at the time of each eye movement

in the MAE direction, during the post-CS period, was largely

skewed to positive values (for the ratio values above 0.06 and

below �0.06, 72% were positive and 28% were negative and

the average ratios were 30.1 and 6.4, respectively). Thus, we

suggest that an imbalance between the activity of the MAE

and that of the CS direction-selective neuronal population drives

the direction of the eye movements. During MAE, this imbalance

is biased toward MAE direction-selective neurons (positive

values; Figure 5E).

We took advantage of the rhythmic nature of optokinetic

MAE-like behavior and the population neuronal events during

the post-CS period to perform spectral analysis. The normal-

ized power spectrum of optokinetic MAE-like movements

showed significant peaks at a fundamental frequency (0.048 ±

0.008 Hz) and its harmonics (n = 9 trials from 8 larvae; Figure 6A;

Supplemental Experimental Procedures). We then performed

the same type of spectral analysis on the population activity

of the three neuronal groups: non-direction-selective, CS di-

rection-selective, and MAE direction-selective neurons. During

the post-CS control period, the MAE direction-selective group

exhibited a normalized power-spectrum profile that closely

matched that of the optokinetic MAE-like behavior, with sig-

nificant large power values around the optokinetic MAE-like

fundamental frequency and its harmonics. In contrast, the CS di-

rection-selective and non-direction-selective neuronal groups

showed a more uniformed normalized power spectrum without

preference for any particular frequency (Figure 6A).

To quantify the level of association between the synchronous

activities of the MAE direction-selective, CS direction-selective,

and non-direction-selective neuronal groups with that of the

optokinetic MAE-like behavior, we measured for each neuronal

group the normalized power spectrum of their activities during

the post-CS control period (Figure 6A). We then calculated

the normalized power for the frequency bands significantly asso-

ciated with the MAE-like OKR for each of the three neuronal

groups (Figure 6B; Supplemental Experimental Procedures).

To compare across different experiments, the power of the fre-

quencies was normalized by the mean power of all neurons

across the significant frequencies. This method enabled us to

compare the relative power of the three direction-selective
e activity of the different groups of tectal neurons in the following descending

n-direction-selective (non-DS). Plots are color coded according to the period of

determination of the direction selectivity of the neurons; green, pre-CS control

uronal activity of DS neurons in theMAE direction during the first 300 s following

ht: as in the left graph but representing the average across all experiments.

and the neuronal activity of DS neurons in the CS direction.

subtracted by 2 SD of the respective null models, for the MAE-DS and CS-DS

ion during the first 300 s following the post-CS period.
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A

C

E

D

B Figure 6. Frequency Analysis and Topog-

raphy of MAE-Associated Neurons

(A) Top: normalized power spectrum of eye

movements during MAE-like behavior. Bottom:

normalized power spectrum of neuronal data

during MAE-like behavior. Violet, MAE direction-

selective neurons; pink, CS direction-selective

neurons; green, non-direction-selective neurons;

yellow patches, significant behavioral frequencies

(normalized power spectrum exceeds a threshold

set at zero, dashed gray line).

(B) Top: normalized averaged frequency power

of behaviorally relevant significant frequencies,

during post-CS control period. Gray lines, the

individual experiments for the CS, MAE, and non-

direction-selective neurons; black line, the mean

power value. CS direction-selective modulation =

�0.71 ± 0.13 dB, MAE direction-selective modu-

lation = 0.15 ± 0.16 dB, and non-direction-selec-

tive modulation = �0.11 ± 0.14 dB (p = 4.1 3 10�5

for CS and MAE direction-selective neurons, p =

2.9 3 10�4 for non-direction-selective and MAE

direction-selective neurons, p = 0.04 for CS and

non-direction-selective neurons, Wilcoxon rank

sum test). Bottom: as for top, but for non-signifi-

cant non-behaviorally relevant frequencies. CS

direction-selective modulation = �2.3 ± 0.7 dB,

MAE direction-selective modulation = �1.96 ±

0.72 dB, and non-direction-selective modulation =

�2.19 ± 0.75 dB (p = 0.34 for CS and MAE direc-

tion-selective neurons, p = 0.49 for non-direction-

selective andMAE direction-selective neurons, p =

0.6 for CS and non-direction-selective neurons,

Wilcoxon rank sum test). In both cases, error bars,

SE. n = 9 trials from 8 larvae.

(C) Pairwise correlation matrix of MAE direction-selective neuronal activity during the post-CS period. The matrix was ordered according to k-means clustering.

The color-scale bar shows the level of correlation.

(D) Top: raster plot of MAE direction-selective neurons during the post-CS control period ordered according to (A). Middle: sum of calcium activity. Bottom: eye

orientation. About 30% of the neurons show synchronous Ca2+ transients associated with all eye pursuits in the MAE direction.

(E) Topography of the MAE direction-selective neurons. Green, neurons correlated with the pursuits in the direction of MAE; red, non-correlated neurons.
neuronal groups specifically within the frame of optokinetic

MAE-like behavior. We observed that in all experiments, MAE

direction-selective neurons showed significantly higher power

than that of CS direction-selective and non-direction-selective

neurons. As a control, we performed the same analysis, but for

frequency bands not significantly associated with optokinetic

MAE-like behavior (Figure 6B; Supplemental Experimental Pro-

cedures). We observed that none of the neuronal groups showed

significantly different power levels.

During theMAE-like period, the rate of Ca2+ events for all three

neuronal groups was similar (CS direction-selective neurons,

0.08 ± 0.03; MAE direction-selective neurons, 0.08 ± 0.04;

non-direction-selective neurons, 0.07 ± 0.03). Therefore, the

difference in power among the different neuronal groups during

the optokinetic MAE-like behavior was specific to frequencies

associated with MAE-like behavior, rather than being a direct

consequence of an overall increase in the activity of MAE direc-

tion-selective neurons.

By correlating the population activity of the tectal direction-se-

lective neurons with the eye-rotation kinematics (Supplemental

Experimental Procedures), we found two classes of neurons:

(1) direction-selective neurons that did not show spontaneous
1108 Cell Reports 17, 1098–1112, October 18, 2016
activity associated with optokinetic MAE-like behavior and (2) di-

rection-selective neurons that showed correlated activity with

optokinetic MAE-like behavior during the post-CS period (eye-

motion-selective neurons). These direction-selective and eye-

motion-selective neurons represented 26% ± 0.06% of the total

population of direction-selective neurons (Figure S3B).

Finally, we observed that the synchronous Ca2+ events

associated with the MAE-like behavior emerged mainly from

the activity of single neurons among the eye-motion-selective

neuronal population. Their rhythmic activity was highly corre-

lated and phase locked to the synchronous population events

(Figures 6C and 6D). These rhythmic neurons were sparsely

dispersed within the tectal network, without showing clear

topography (Figure 6E).

Overall, these results represent the first example of sustained

rhythmic activity as a neuronal correlate of MAE.

An Empirical Cross-Inhibiting Mathematical Model
Reproduces the Main Features of MAE-like Behavior
The competition between two directional-selective neuronal

populations has long been thought to underlie MAE, but

this has never been experimentally demonstrated. Our results



A

C

B Figure 7. Empirical Mathematical Model of

the MAE

(A) The model comprises four populations of

neurons: CS direction-selective (CS-DS), MAE di-

rection-selective (MAE-DS), and two comparator

populations (CPs), one for each direction (CS-CP

and MAE-CP). The DS populations receive retinal

inputs, whereas the CPs’ cells receive rhythmic

input. The CPs receive excitatory input from the

corresponding DS population and inhibitory input

from the other DS population, and they cross-

inhibit each other.

(B) The input currents and firing rates of the

four populations in one representative computer

simulation. A CS-retinal input is received by the

CS-DS cell during the time interval 300–800 s. The

firing rate of the CS-DS population increases and

displays strong adaptation during the duration of

the CS. At the end of the CS, however, the firing

rate of the CS-DS population is smaller than it

is during the spontaneous activity. As a result,

despite the comparable rhythmic input received by

the two CPs, the CS-CP fires predominantly during

the CS, whereas the MAE-CP fires more during the

MAE.

(C) The MAE duration model as a function of the

duration of the CS. The MAE duration is defined as

the period in which the MAE index is significantly

greater than the control index (Figure S5F). For

comparison, the yellow curve shows the values

obtained for the behavioral data (Figure 1F).
show that during the presentation of the CS, the CS direction-

selective neurons are more active than those in the opposite

direction. Due to CS-induced habituation, during the post-CS

control period, CS direction-selective neurons are less sponta-

neously active than MAE direction-selective neurons (Fig-

ure 5A; Figure S3A). A comparison between these two popu-

lations could qualitatively explain the MAE-like effect that

we observed. Therefore, the MAE-like behavior could emerge

from a tectal sub-circuit that compares the activities of both

direction-selective neuronal groups and generates adequate

directional motor commands. This hypothesis is supported by

the identification of direction-selective and eye-motion-selec-

tive neuronal groups.

To consider whether our findings could be explained within

the framework of this hypothesis, we developed an empirical

mathematical model. This model was based on a comparator

tectal sub-circuit consisting of two cross-inhibiting neuronal

populations: a CS comparator and a MAE comparator, each of

them receiving excitatory inputs from the corresponding group

of direction-selective neurons (Figure 7A; Supplemental Experi-

mental Procedures). These comparator populations represent

the sub-groups of MAE direction-selective neurons display-

ing synchronous rhythmic activity associated with optokinetic

MAE-like behavior (Figures 5A and 6A). The comparator cir-

cuit computes the difference between the activities of the two
th
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groups of direction-selective neurons:

each rhythmic stimulation produces a

winner-takes-all dynamic in which one of
e two comparator populations dominates the other in an

ut-dependent manner.

In the model, the rhythmicity was implemented by a periodic

ut of similar magnitude on the two comparator populations.

is periodic stimulus could originate from an intrinsic rhythmic

ctal activity, a rhythmic tectal afferent, or a proprioceptive input

sociated with the eye saccades. We found that paralyzed

vae incapable of moving their eyes did not show, following

e cessation of the CS, spontaneous rhythmic activity among

AE direction-selective neurons (Figure S4). Thus, we suggest

at the neuronal rhythmicity is generated by the closed loop be-

een the neuronal command to move the eyes and the eyes’

oprioception induced by the physical movement of the eye.

Simulations of the model resembled the experimental results

igures 7B and 7C; Figures S5C–S5F). Before the CS, the two

mparator populations received similar inputs; thus, each pop-

tion won in an alternative manner (Laing and Chow, 2002).

ctuations in the modeled rhythmic inputs made this alterna-

n imperfect. During the CS, inputs from the CS direction-

lective neurons biased the competition in favor of the CS

mparator neurons. Following the cessation of the CS, sponta-

ous inputs from the non-habituated MAE direction-selective

urons were slightly larger than those from the habituated CS

rection-selective ones. Thus, they generated a bias in favor

the MAE comparator. The habituation slowly decreased until
rts 17, 1098–1112, October 18, 2016 1109



it reached control values, bringing the model back to the

pre-CS regime. Using parameters obtained from experimental

data (behavioral and neuronal adaptation time constants and

the mean and peaks of spontaneous activity frequency of CS di-

rection-selective neurons; Supplemental Experimental Proced-

ures), the model was capable of reproducing the temporal

dynamics of the neuronal and MAE-like behavior and the spon-

taneous scanning-like eye movements. The dependence of the

MAE duration on the duration of the CS was also reproduced

relatively well (Figure 7C; Figures S5C–S5F). These results

suggest that our experimental findings are sufficient for the

generation of several features associated with larva’s MAE-

like behavior. We thus believe that the tectal circuit underlying

the comparison between the activity of the CS direction-selec-

tive neurons and that of the MAE direction-selective neurons

constitutes a plausible explanation for the observed MAE-like

behavior.

DISCUSSION

Previous studies have found MAE or MAE-like behaviors in a

variety of organisms (Barlow and Hill, 1963; Giaschi et al.,

1993; Mather et al., 1998; Niu et al., 2006; Petersen et al.,

1985; Srinivasan, 1993; Wohlgemuth, 1911). Here, we report

for the first time that zebrafish perceive MAE during early larval

development. Thus, the ability to induce MAE in developing

neuronal circuits supports the hypothesis that MAE is generated

as an unavoidable consequence of the brain’s basic computa-

tional principles for visual motion detection.

In contrast to humans, zebrafish larvae are capable of

perceiving MAE in the absence of any visual feedback (in dark-

ness), suggesting that MAE reflects exclusively visual motion

perception without the involvement of visual detection and that

visual motion perception can emerge solely from the neuronal

circuits’ spontaneous dynamics. This difference could emerge

from MAE-associated additional adaptations in cortical areas

(e.g., V1 and middle temporal area [MT]; Kohn and Movshon,

2003; Watamaniuk and Heinen, 2007). These cortical circuits

could have evolved to reduce undesirable motion perception

or afternystagmus following sustained visual motion.

Similar to previous studies (Kubo et al., 2014; Roeser and

Baier, 2003), we observed that the optic tectum was not neces-

sary for the generation of OKR. However, tectal ablations pre-

vented the behavioral habituation to the CS (as demonstrated

by the habituation of OKR) and influenced the generation of

the MAE-like behavior. Also, given that eye movements were

not necessary for the generation of MAE and that optokinetic

MAE-like behavior was observed within the frame of OMR, we

hypothesized that the generation of MAE was probably linked

to sensory brain regions rather than motor centers.

Using two-photon calcium imaging of GCaMP3 larvae, we

observed that MAE-like behavior was associated with the habit-

uation of tectal neurons sensitive to the direction of the CS, a

habituation that was not relayed from the retina. Thus, we sug-

gest that the optic tectum is not necessary for the generation

of the OKR but is indispensable for the initial strong novelty

response and its subsequent habituation. Tectal modulation of

OKR could be achieved via recurrent projections between the
1110 Cell Reports 17, 1098–1112, October 18, 2016
optic tectum and the pretectum (Vanegas et al., 1984). The latter

has been shown to be necessary and sufficient for the genera-

tion of OKR (Kubo et al., 2014). Furthermore, by simultaneously

monitoring eye movements and the optic tectum neuronal dy-

namics in awake intact larvae, we observed a specific sub-

group of MAE direction-selective neurons whose synchronous

rhythmic activities were associated with optokinetic MAE-like

behavior.

We created an empirical mathematical model in which habit-

uation of the tectal direction-selective neurons generates an

imbalance between the spontaneous activity of the MAE direc-

tion-selective and that of the CS direction-selective neuronal

circuits. This imbalance is then computed by a tectal circuit

comparator, which generates the directional eye and tail motor

commands. The model was capable of reproducing both behav-

ioral and neuronal-circuit-dynamic aspects of MAE, as well as

spontaneous eye-movement kinematics.

This model proposes a simple functional neuronal circuit

capable of generating perception of visual motion in zebrafish.

More specifically, we suggest that motion perception, at least

within the context of MAE, emerges from the ability of the direc-

tion-selective tectal neurons to drive a tectal comparator circuit.

Finally, neuronal sustained activity has been traditionally asso-

ciated with working memory processes lasting for tens of sec-

onds (Quintana and Fuster, 1999; Romo et al., 1999; Sumbre

et al., 2008). Here, we observed that visually induced sustained

rhythmic activities could also underlie perceptual neuronal pro-

cesses, such as visual motion perception lasting for an unprec-

edented extent (hundreds of seconds). Our empirical model

sheds light on a potential circuit mechanism for the generation

of these sustained activities underlying the perception of MAE.
EXPERIMENTAL PROCEDURES

Zebrafish Preparation and Transgenic Lines

Zebrafish embryoswere collected and raised at 28.5�C in 0.53 E3 embryome-

dium (E3 in mM: 5 NaCl, 0.17 KCl, 0.33 CaCl2, 0.33 MgCl2 pH 7.2; Westerfield,

1995). Larvae were kept under 14/10 hours on/off light cycles and fed starting

at 6 dpf. All experiments were approved by Le Comité d’Éthique pour l’Expér-

imentation Animale Charles Darwin (03839.03).

Visual Stimuli

The visual stimulus consisted of a square-wave moving grating (conditioning

stimulus [CS]) covering the entire stimulation field (�90� 3 90�, azimuth 3

height, of the larva’s field of view). In order to minimize projection distortions

due to the curvature of the screen, we calibrated the projection pattern

according to the chamber’s radius. Visual stimulation was generated with

Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) for Matlab

(The MathWorks).

Two-Photon Calcium Imaging

We used a custom-made two-photon microscope. The setup was based on a

MOM system (Sutter) with a 253 NA 1.05 Olympus objective and a Mai-Tai

DeepSee Ti:sapphire laser tuned at 920 nm. The output power at the focal

plane was less than 3 mW. The filters consisted of an FF705 dichroic filter

(objective dichroic), an AFF01-680 short-path filter (IR Blocker), and an FF01

520/70 band-pass filter, all from Semrock. The photomultiplier (PMT) was an

H1070 (gallium arsenide phosphide [GaAsP]) from Hamamatsu. The emission

signal was pre-amplified with an SR-570 (Stanford Research Systems) and ac-

quired using ScanImage (Pologruto et al., 2003) at 3.91 Hz, with 256 3 256

pixels resolution.



Detection of Significant Ca2+ Events

In order to infer the Ca2+-related fluorescence events associated with neuronal

activity, we calculated the statistical significance of single-neuron calcium

dynamics in an adaptive and unsupervised manner. We considered that any

event in the fluorescence time series data belonged to either a neuronal activity

process, A, or an underlying noisy baseline, B. In order to discriminate, with a

desired degree of confidence, between these two sources, we built a data-

driven model of B. Moreover, we took into account the biophysical constraints

of the fluorescent calcium indicator (GCaMP3 fluorescence decay time con-

stant). Then, we applied a Bayesian odds ratio estimation framework. Non-sig-

nificant portions of the DF/F traces were then set equal to 0 in all subsequent

analysis (for more details, see Romano et al., 2015).
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