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SUMMARY

Animals must frequently perform a sequence of be-
haviors to achieve a specific goal. However, the neu-
ral mechanisms that promote the continuation and
completion of such action sequences are not well
understood. Here, we characterize the anatomy,
physiology, and function of the nucleus isthmi (NI),
a cholinergic nucleus thought to modulate tectal-
dependent, goal-directed behaviors. We find that
the larval zebrafish NI establishes reciprocal connec-
tivity with the optic tectum and identify two distinct
types of isthmic projection neuron that either con-
nect ipsilaterally to retinorecipient laminae of the
tectum and pretectum or bilaterally to both tectal
hemispheres. Laser ablation of NI caused highly spe-
cific deficits in tectally mediated loom-avoidance
and prey-catching behavior. In the context of hunt-
ing, NI ablation did not affect prey detection or hunt-
ing initiation but resulted in larvae failing to sustain
prey-tracking sequences and aborting their hunting
routines. Moreover, calcium imaging revealed
elevated neural activity in NI following onset of hunt-
ing behavior. We propose a model in which NI pro-
vides state-dependent feedback facilitation to the
optic tectum and pretectum to potentiate neural ac-
tivity and increase the probability of consecutive
prey-tracking maneuvers during hunting sequences.

INTRODUCTION

To accomplish a behavioral goal, it is often necessary for an an-

imal to execute a sequence of component actions. Studies in

various species have examined the organization and sequencing

of behavioral elements in specific contexts [1]. Progress has

been made identifying neural circuits involved in inducing spe-

cific behaviors, modulating features of behavior, and controlling

the timing and serial execution of motor sequences (e.g., [2, 3]).

However, little is known about neural mechanisms that explicitly

maintain a behavioral state so as to facilitate the progression of

action sequences to support task completion. In classic neuro-

ethology, ‘‘stimulus-response chains’’ have been proposed in

which a stereotyped sequence of sensorimotor transforma-

tions occurs because the outputs from one action act as the
Current Biology 29, 1771–1786, J
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‘‘releasing stimulus’’ for the next [4, 5]. However, for complex be-

haviors, such as those involving interactions between animals,

the sequence of sensory inputs might be less reliable. In the

context of hunting motile prey, the sensory circumstances and

desired action at any time are determined by a combination of

the actions of both predator and prey. Additionally, the presence

of multiple prey might present competing stimuli that challenge

the predator to sustain attention at a specific target.

Zebrafishperform visually guidedhunting to capturemotile prey

[6, 7]. At larval stages, zebrafish swim in discrete swim bouts,

separated by brief pauses, and hunting routines involve se-

quences of particular bout types that enable the animal to pursue,

approach, and eventually strike at its target [8–11]. The optic

tectum (OT), known as the superior colliculus (SC) in mammals,

is well understood to be an important sensorimotor center

involved in orienting and avoidance behaviors across vertebrates

[12] and is central to visually guided hunting in zebrafish [7, 13]. In

addition to receiving a substantial retinal input, OT and SC is inter-

connected with numerous other brain regions, including circuits

thought to monitor and modulate tectal activity. One such struc-

ture is the nucleus isthmi (NI), thought to correspond to the para-

bigeminal nucleus (PBg) in mammals. These paired cholinergic

nuclei are located at the midbrain-hindbrain boundary of the

tegmentum and are reciprocally connected with OT and SC in

all vertebrates studied [14, 15]. The NI and PBg has been

described a satellite systemofOTandSCand is a goodcandidate

to modulate tectal activity during hunting. NI and PBg has been

implicated in visual prey detection, tracking of moving targets,

generation of binocular visual responses in rostral OT, and mech-

anisms of selective spatial attention (reviewed in [15]).

We first characterize the anatomy and connectivity of NI in

larval zebrafish, identifying two distinct types of cholinergic pro-

jection neuron that connect either ipsilaterally or bilaterally to OT.

Laser ablation of NI produced highly specific deficits in tectally

mediated hunting and loom avoidance. Ablated larvae showed

reduced contrast sensitivity to looming threats, suggesting that

NI modulates either sensory detection or sensorimotor coupling

in the context of this avoidance behavior. By contrast, during

hunting, NI was not required for initiation of hunting routines or

for detection or accurate targeting of prey. Instead, NI was

specifically required to sustain hunting state comprising sequen-

tial prey-tracking maneuvers. By using a virtual hunting assay

combinedwith calcium imaging, we found that NI activity was re-

cruited at the onset of hunting behavior. Our results support a

model in which NI provides state-dependent feedback facilita-

tion to OT and/or pretectum during hunting to promote the pro-

gression of prey-tracking sequences. To our knowledge, this is
une 3, 2019 ª 2019 The Author(s). Published by Elsevier Ltd. 1771
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Figure 1. The Larval Zebrafish Isthmus Contains Two Cholinergic Gene Expression Domains

(A) Whole-brain registration pipeline. Fluorescent in situ hybridization for a target mRNA (probe) is combined with immunohistochemistry for MAPK on a separate

fluorescence channel. Brain volumes are then imaged using 2-photon or confocalmicroscopy. For each brain, MAPK volumetric data (‘‘sample’’) are registered to

(legend continued on next page)
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one of the first descriptions of a neural circuit specifically

required to maintain a sensorimotor action sequence.

RESULTS

The Isthmus Comprises Two Cholinergic Domains
We first sought to define the anatomical location, gene expres-

sion patterns, and connectivity of NI at late larval stages when

zebrafish readily engage in innate prey-catching and loom-

avoidance behaviors. Because expression of cholinergic

markers is a defining feature of NI across vertebrates [14],

we examined expression of genes encoding proteins required

for synthesis (chat) and vesicular transport (vacht) of acetylcho-

line, which defines cholinergic neurons [16]. Zebrafish have two

‘‘cholinergic gene loci’’ (CGLa and CGLb), each encoding chat

and vacht homologs with distinct expression patterns [17]. We

examined expression in 6 days post-fertilization (dpf) larval

brains, which were additionally immunostained for mitogen-acti-

vated protein kinase (MAPK), allowing fluorescent datasets to be

registered to the ‘‘ZBB’’ brain atlas (Figure 1A) [18].

In agreement with [17], genes within each of the CGLa and

CGLb loci showed very similar expression patterns across the

brain, which we refer to as Ch-A (chata/vachta) and Ch-B

(chatb/vachtb). By contrast, expression of CGLa versus CGLb

genes was largely non-overlapping (Figures 1B and S1C–S1F).

Within the isthmic region, Ch-A and Ch-B expression was

observed in two adjacent but largely non-overlapping domains,

withCh-B expression (221 ± 6 cells; n = 2) located lateral and dor-

sal to Ch-A expression (179 ± 3 cells; n = 4; Figures 1B and 1H).

Double fluorescence in situ hybridization (FISH) for chata and

vachtb directly confirmed these in silico expression localization

results (Figure S1L). We also noted that the Ch-A domain could

be subdivided into anterior (aCh-A) and posterior (pCh-A) subre-

gions, with the location of the boundary marked by a large

fascicle from the cerebellum (Figure S1B). Both Ch-A and Ch-B

largely colocalized with vglut2b expression, but not with gad1b

(Figures 1F–1H).

To distinguish NI from other tegmental cholinergic nuclei,

namely the secondary gustatory-general viscerosensory nu-

cleus (SGN/V) that is caudally adjacent to NI in adult zebrafish

[19], we examined expression of additional markers. Although

Calretinin has been shown to be expressed in the adult zebrafish

SGN, but not NI [20], reelin has been shown to label NI at both

adult [21] and early larval [22] stages. We found that Calretinin

expression overlapped with part of the Ch-B domain, but not

Ch-A (Figures 1D and 1H). By contrast, reelin expression colo-

calized with the Ch-A domain (Figures 1E and 1H).
the MAPK ‘‘reference’’ volume of ZBB. The computed deformation field is then ap

comparison of multiple expression patterns.

(B) Dorsal view showing expression of the cholinergic genes chata and vachtb ac

brains (n = 4; both) superimposed on theMAPK reference. Images show amaximu

Scale bar, 100 mm. (B’ and B’’) Enlarged view of isthmic region shows segregatio

(C–G’’) In silico colocalization of molecular markers in the isthmus: vachtb (C and C

Dotted boundaries delineate aCh-A, pCh-A, and Ch-B regions. Images show the

chata and vachtb are overlaid in green and magenta, respectively. Scale bar, 25
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In summary, we identified two domains of cholinergic gene

expression in the larval zebrafish isthmus. The Ch-A domain

likely corresponds to the larval NI and can be subdivided into

anterior (aCh-A) and posterior (pCh-A) regions. At least part of

the SGN/V appears to express CGLb genes (Ch-B region) and

is located dorso-laterally to the Ch-A domain (Figure 1I).

Two Types of NI Neuron with Distinct Patterns of Tectal
and Pretectal Connectivity
Adefining feature of NI is reciprocal connectivity with OT [12].We

used focal electroporation, lipophilic dye tracing, and photo-ac-

tivatable fluorescent proteins to examine NI-OT interconnectivity

in 6 dpf larval zebrafish.

We first used focal electroporation of fluorescent dextran con-

jugates to examine the morphology and projection patterns of

single neurons [23]. We targeted cells in the isthmic region at 4

dpf, using double transgenic Et(gata2a:EGFP);Tg(atoh7:GFP)

larvae (Figure S2A), and imaged labeled cells at 6 dpf. Et(ga-

ta2a:EGFP) expression in the locus coeruleus, which lies in close

proximity to NI (Figure S2A) [21], helped us target isthmic neu-

rons for electroporation, and atoh7:GFP labeling of retinal gan-

glion cells (RGCs) and their axons allowed us to localize the

axon terminals of electroporated neurons with respect to tectal

laminae and other retinal arborization fields. The transgenic la-

beling was further used to register imaging data to the brain

atlas, allowing us to estimate the location of electroporated

somata with respect to cholinergic expression domains. By re-

imaging individual brains, we established that this method pro-

vided a localization accuracy of 2.7 ± 1 mm (n = 11 cells; STAR

Methods), approximately half the diameter of a neuronal cell

body (z6 mm).

In total, we labeled 21 neurons in the isthmic region, which had

two major efferent targets. Four cells projected to the ipsilateral

hypothalamus (Figure S2B), and their somata were mostly

located within the dorso-lateral Ch-B domain (Figure 2F).

Because the lateral hypothalamus is the established target of

SGN/V [24], we conclude that these cells are larval SGN/V

neurons.

We identified two types of isthmic neuron that projected to OT,

which displayed unique neurite morphologies and projection

profiles. The axons of type I cells (n = 7) innervated both the ipsi-

lateral pretectal arborization field 7 (AF7) and OT (Figures 2A,

S2D, and S2G; Video S1). After coursing rostrally, possibly

through the isthmo-pretectal tract, type I axons densely inner-

vated AF7 and additionally extended a collateral into anterior

OT. Terminal axon arbors within OT extended over a limited

area (length: 28% ± 3% of anterior–posterior (A-P) axis; width:
plied to the probe channel to transform it into reference space, allowing in silico

ross the brain. Each pattern represents a median of multiple registered single

m-intensity projection through focal planes encompassing the isthmus (90 mm).

n of Ch-A and Ch-B domains. Scale bars, 25 mm.

’), Calretinin (D and D’’), reelin (E and E’’), vglut2b (F and F’’), gad1b (G and G’’).

same single focal plane. In each row, the indicated marker is shown in gray and

mm.

e larval isthmus. For each row marker, MCC represents the fraction of labeled

isons across all specimens (Figure S1A).

w of 3D rendering shows right isthmic region.

ure S1.
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Figure 2. Two Types of NI Projection Neuron with Distinct Tectal and Pretectal Connectivity

(A and B) Examples of a type I (A and A’) and a type II (B–B’’) projection neuron that were labeled by electroporation. (A) also shows a photo-activated OT PVN

neuron, projecting to isthmus (black). Neuronal tracings have been registered to the atlas and are overlaid with 3D-rendered masks displaying relevant brain

areas. Top panels are dorsal views, and lower panels show lateral views. Black arrowheads indicate the putative dendrites of isthmic neurons. Scale bars, 50 mm.

(C–E’) Type I (C and C’) and type II (D–E’) axonal arborizations (white) in OT neuropil laminae (cyan). The imaging volumewas rotated clockwise about the A-P axis

�30� and then clockwise about the left-right (L-R) axis�40� to enable clearer visualization of the laminae. A density projection (C’, D’, and E’) along the superficial-

deep tectal axis was taken over a volume that encompasses most of the axon arbors (60 mm). Dotted white lines delineate the area used to compute density

profiles shown on the right (normalized to maximum). Scale bar, 25 mm.

(F) Localization of electroporated cells within isthmic domains. Top shows dorsal and lateral renderings of the Ch-A andCh-B domains with registered locations of

electroporated somata. Shading around each point represents mean registration uncertainty. Bottom quantifies localization of cell types across domains.

(G) Iontophoretic labeling of AF7. Schematic of DiI application is shown with insets showing the isthmus of a single registered brain with retrograde labeling in the

ipsilateral aCh-A domain.

(H) Locations of retrogradely labeled somata following iontophoretic labeling of the right AF7 (n = 6 fish). Black lines showmean boundaries of aCh-A and pCh-A,

and dotted lines show Ch-A maximum boundaries.

(I) Iontophoretic labeling of OT neuropil. Insets show retrograde labeling in both the ipsilateral and contralateral isthmus.

(J) Locations of labeled somata following iontophoretic labeling of the right OT neuropil (n = 10 fish).

A, anterior; AF7, arborization field 7; D, deep; OT, optic tectum; P, posterior; poc, post-optic commissure; S, superficial. See also Figure S2 and Videos S1 and S2.
28% ± 2% of M-L axis; Figure S2J) and were preferentially local-

ized within the anterior portion of the tectum (Figure S2J). Type I

cells innervated superficial retinorecipient laminae of OT (stratum

opticum [SO] and stratum fibrosum et griseum [SFGS] layers;

Figures 2C, S2G, and S2I). These neurons also extended a large
1774 Current Biology 29, 1771–1786, June 3, 2019
neurite, which we hypothesize is the primary dendrite, postero-

laterally from the soma, terminating in a dense arbor in the lateral

hindbrain (Figures 2A, black arrowhead, and S2D’’). Registration

localized most type I somata within, or just adjacent to, the Ch-A

domain (Figure 2F).



In contrast, type II neurons (n = 10) projected bilaterally, inner-

vating both tectal hemispheres (Figures 2B and S2H; Video S2).

Their axons decussated via the post-optic commissure (Fig-

ure S2F), and axon terminals extended more broadly across

the tecta than type I cells (ipsi length: 42% ± 4%, width:

64% ± 5%; contra length: 43% ± 5%, width: 56% ± 5%; Fig-

ure S2J). Terminal arbors showed some variation in laminar tar-

geting but were generally localized to deeper tectal layers than

type I axons (SFGS, stratum griseum centrale [SGC], and stratum

album centrale [SAC]; ipsilateral arbors also extended into more

superficial layers; Figures 2D, 2E, S2H, and S2I). In contrast to

type I cells, the presumptive dendrites of type II neurons

extended in a rostro-medial direction toward the mesencephalic

tegmentum (Figure 2B, black arrowhead). Volumetric registra-

tion placed the majority of type II somata within the Ch-A domain

with a few cells assigned to the Ch-B region (Figure 2F).

We took advantage of the distinct efferent targets of type I and

type II cells to retrogradely label larger numbers of somata in the

isthmus. Using iontophoresis, we focally applied DiI to either AF7

or the tectal neuropil of fixed Tg(elavl3:H2B-GCaMP6s) brains.

Following dye application to AF7, retrogradely labeled somata

in the isthmic region were almost exclusively localized to the ipsi-

lateral aCh-A region (Figures 2G and 2H). By contrast, DiI appli-

cation to the tectal neuropil labeled isthmic neurons in Ch-A and

Ch-B regions (Figures 2I and 2J). Because only type II cells inner-

vate contralateral OT, we reasoned that somata contralateral to

the dye application site represent the isthmic location of this cell

type (Figure 2J). Thus, we conclude that, although type I cells are

almost exclusively localized to the ipsilateral aCh-A region, type

II cells are found in aCh-A, pCh-A, and the anterior portion of Ch-

B.

Because NI-OT projections are topographically mapped in

several species [25–28], including teleosts [29], we asked

whether this was also true for zebrafish larvae. We compared

the locations of electroporated cell bodies to the centroid of their

axon terminal arbors within OT. Our data suggest a topographic

relationshipmay exist between the dorsoventral position of type I

somata (n = 4) and the anterior-posterior position of their axon

arbors in ipsilateral OT (Figure S2K), albeit with a limited sample

size. Type II neurons (n = 10) showed clear topography in their

ipsilateral OT projections, such that the anterior-dorsal-medial

tectum is innervated by the posterior-dorsal-medial isthmus

(Figure S2L). On the contralateral side, however, topography

was less conspicuous.

The Tectum Projects to Ipsilateral NI
To establish whether OT projects to the isthmus, we performed

anterograde tracing using the photo-activatable fluorescent

protein PA-GFP [30]. Using a 2-photon microscope, we photo-

activated a small number of tectal periventricular neurons

(PVNs) at 5 dpf in Tg(alpha tubulin:C3PA-GFP) larvae and

imaged labeled projections at 6 dpf.

When PVNs in rostral OT were labeled, we consistently

observed axonal projections to the ventrolateral anterior hind-

brain (n = 4; Figure S2C). These projections terminated in close

proximity to the dendritic arbors of type I neurons (Figures 2A

and S2D; Video S1). By contrast, photo-activation of caudal

OT sites did not reveal tecto-isthmic projections (n = 5; Fig-

ure S2C, red asterisks).
Taken together, our data support the conclusion that there

exist two types of cholinergic NI projection neurons in larval

zebrafish. NI type I cells are localized to the anterior portion of

the Ch-A expression domain, project ipsilaterally to the pretectal

AF7 arborization field and rostral OT, and likely receive reciprocal

afferent input from rostral ipsilateral OT. Type II cells are puta-

tively a second type of NI neuron. They are located in the Ch-A

and anterior Ch-B region and bilaterally innervate the deeper

laminae of both optic tecta.

High-Speed Tracking of Hunting Sequences
Zebrafish larvae preferentially respond to prey within their ante-

rior visual field [9, 31], represented by the rostral portion of OT

[32]. Furthermore, AF7 is preferentially innervated by the tempo-

ral retina, responds strongly to prey-like visual cues, and its abla-

tion impairs hunting [33, 34]. Thus, the fact that NI type I cells

innervate both these regions is highly suggestive of a role in

modulating tectally mediated predatory behavior.

Zebrafish initiate hunting by performing a convergent saccade

that greatly expands their binocular visual field, and elevated

ocular vergence is maintained throughout the hunting routine

[9]. After orienting toward and approaching their prey using a

sequence of discrete turns (‘‘J-turns’’ and ‘‘HAT’’ turns) and

forward swim bouts, larvae position their prey within a strike

zone before executing a kinematically distinct capture swim or

‘‘suction’’ to attempt to consume the prey [9, 11, 31, 35].

To investigate a role for NI in hunting, we developed a platform

for high-speed automated tracking of larval behavior and

predator-prey interactions. Individual fish swam freely within a

behavioral arena and were provided with Paramecia to feed

upon (Figure 3A). Eye and tail kinematics were extracted online

at 700 Hz, and prey were automatically tracked at slower

speeds. The onset and duration of hunting routines were auto-

matically defined based on periods of elevated ocular vergence.

A semi-automated procedure was used to annotate specific fea-

tures and outcomes of individual routines. This included labels

indicating which Paramecium the larva targeted, the nature of

the final capture attempt (strike or suction), and whether that

attempt was successful or not. To identify the target, we used

a principled and conservative criterion. For each swim bout

within a routine, we computed the distance-gain and orienta-

tion-gain as the fraction of distance or orientation (azimuth)

between fish and prey that was eliminated by that bout (Fig-

ure 3C; STAR Methods). A Paramecium was designated as a

target if it was initially located within the reactive perceptive field

(%6 mm and within ±120�) [9, 31] and the distance-gain and

orientation-gain for the first two bouts of the hunting sequence

were positive with respect to that prey item (i.e., repeatedly ori-

enting toward and approaching the prey; STAR Methods).

We observed that more than half of all hunting routines did not

progress as far as the final attempt to consume prey but instead

were prematurely aborted (60% ± 4%; n = 7 fish [784 routines];

Figures 3E and 3G) [36]. When we examined prey-tracking

performance, we found that these aborted routines frequently

incorporated swim bouts having negative orientation-gain and

distance-gain, indicating that the larva was failing to pursue its

prey. These negative-gain bouts occurred in 37% of aborted

routines but only 9% of routines ending in a capture attempt.

Moreover, in only �3% of routines did larvae resume target
Current Biology 29, 1771–1786, June 3, 2019 1775



Figure 3. High-Speed Behavioral Tracking of Hunting Routines

(A) Experimental setup used for testing free-swimming behavior.

(B) Illustrations of stimuli presented to the larvae overlaid with video frames of resultant behavioral responses. For looming stimuli, video frames from stimulus

onset: 1, +1 s; 2, +1.8 s; 3, +2.4 s; and 4, +2.7 s. For directional drifting gratings: 1, +1.3 s; 2, +2.7 s; and 3, +4 s. For solenoid-induced mechano-acoustic tap

stimuli: 1, +0.1 s and 2, +0.17 s. For Paramecia: red circles indicate tracked Paramecia. Scale bar, 5 mm.

(C) Schematic illustrating extraction of kinematic variables and hunting performance metrics. Distance and orientation gains are computed from changes

between start and end of each swim bout in a hunting routine. For details, see STAR Methods.

(D–D’’) Video frames from a hunting routine that ended with a successful capture. The target Paramecium is indicated with a yellow label. Scale bar, 1 mm.

(E–E’’) A hunting routine that was aborted. Frame timestamps are relative to time of hunting onset (convergent saccade).

(F) Behavioral kinematics for routine in (D). Black asterisk marks the convergent saccade at the beginning of the hunting routine. Lower plot shows gain values for

each swim bout. In this case, distance and orientation gains are positive for all bouts.

(G) Data for the aborted hunting routine in (E). The final bout has negative distance and orientation gain, and vergence concurrently returns to baseline levels.

1776 Current Biology 29, 1771–1786, June 3, 2019



pursuit following a negative-gain bout and ocular vergence

decreased back to baseline levels within 0.35 ± 0.01 s following

such bouts (Figure S4K), indicating that they predominantly

occur at the termination of hunting epochs. Notably, hunting rou-

tines could be aborted at a variety of stages as measured by the

number of bouts performed (Figure S4J) or remaining distance to

prey (Figure S4O’).

We also recorded other behaviors that would enable us to

evaluate the specificity of ablation phenotypes (Figure 3B).

Looming spots were presented in a fixed egocentric reference

frame to evoke escape swims [37], whole-field drifting gratings

evoked the optomotor response (OMR) [38], and tap stimuli

were delivered to evoke vibrational-acoustic startle responses

[39, 40].

NI Is Required to Sustain Hunting Sequences
To test the role of NI in hunting, we used a pulsed infrared laser to

bilaterally ablate cells in the Ch-A domain, where type I neurons

are localized, while attempting to minimize damage to the Ch-B

region. Post hoc imaging was used to record the auto-fluores-

cent ablation ‘‘scar’’ (Figures S3A and S3B), and registration to

the brain atlas allowed us to estimate the location of the lesion

(Figures S3C and S3F). This revealed that the Ch-A domain

was accurately targeted with minimal off-target damage. NI-ab-

lated larvae (n = 8) and control fish (which underwent the same

procedure with the exception of laser ablation; n = 7) were tested

for behavior 1 day after the procedure, at 7 dpf. In addition, we

performed ‘‘sham’’ ablations, medially adjacent to NI, as a con-

trol for off-target, laser-mediated damage in the hindbrain (Fig-

ures S3D, S3E, and S3G; n = 4).

Analysis of prey consumption revealed that NI-ablated larvae

showed reduced hunting performance (Figures 4A and 4B). By

contrast, sham ablations produced no prey-catching deficit (Fig-

ure S3H). To explore the basis for this, we next assessedwhether

ablated fish displayed defects in prey perception or reduced

motivation to feed. However, the rate of initiation of hunting rou-

tines appeared unchanged as a result of NI ablation (Figures 4D

and S4I). Likewise, the spatial location of target prey at the onset

of hunting and at the time of initiation of capture swims did not

differ between groups (Figure S4N). These results indicate that

NI-ablated larvae show normal rates of hunting initiation directed

at prey in the normal range of distances and eccentricities but

nonetheless capture fewer prey than control fish.

To uncover why NI-ablated larvae capture fewer prey, we used

high-speed tracking data to analyze the progression of individual

hunting sequences. This analysis identified a remarkably specific

defect. By quantifying the probabilities of outcomes at each

stage of the routines, we discovered that NI-ablated fish dis-

played a substantial increase in the likelihood of aborting their

pursuit of prey (controls: 0.60 ± 0.04; ablated: 0.80 ± 0.03; p =

0.006; Figures 4F, 4G, and 4I). Notably, we did not observe dif-

ferences in other aspects of hunting: when larvae did attempt a

final capturemaneuver, the selection of capture type (ram versus

suction) and capture success rates were equivalent to controls

(Figures 4H–4M). Based on this finding, we asked whether the

increased propensity to abandon hunting routines might be

related to poorer performance during prey tracking by evaluating

distance gain and orientation gain. However, we observed no

differences between groups (Figures S4L and S4M), indicating
that NI-ablated fish can correctly localize their prey and execute

precise goal-directed tracking movements during prey pursuit.

Ablated fish explored the arena with similar swim speeds and

spatial distributions as compared to controls (Figures S4A–S4C),

and kinematic features of individual swim bouts were unaffected

(Figures S4P–S4T). Moreover, drifting gratings and ‘‘tap’’ stimuli

effectively induced OMR and startle responses, with perfor-

mance equivalent to controls (Figures S4D–S4H).

Studies in birds have shown that the cholinergic Ipc subnucleus

of NI modulates contrast-response gain and threshold of tectal

units to looming stimuli [41]. We therefore investigated whether

NI modulates looming-evoked escape behavior in larval zebrafish

by presenting control (n = 6) and NI-ablated (n = 6) larvae with

looming spots at five contrast levels. Escapeprobability increased

monotonically as a function of stimulus contrast, and NI-ablated

larvae showed a significant reduction in contrast sensitivity (quan-

tified by the threshold of psychometric logistic function fits; Fig-

ures S4U and S4V). The critical angular spot size triggering es-

capes and escape directionality were contrast invariant and

were unaffected by NI ablation (Figures S4Y and S4Z).

In summary, ablation of NI caused specific deficits in hunting

behavior and escape from looming threats. In the context of

hunting, NI is specifically required for zebrafish to sustain prey

tracking. NI does not appear to be required for prey detection

or localization, hunting initiation, or sensorimotor performance

during tracking or capture. In NI-ablated larvae, hunting is initi-

ated normally, but there is a substantially elevated probability

that they will abort the hunting sequence during prey tracking.

NI Responds to Looming and Prey-like Visual Stimuli
Our behavioral analyses revealed that NI is required for specific

aspects of two tectally dependent, visually guided behaviors.

Next, we sought to characterize NI neuronal activity in response

to relevant visual cues. To do this, we used 2-photon functional

calcium imaging with transgenic Tg(elavl3:H2B-GCaMP6s)

larvae (Figure 5A). To examine how isthmic activity relates to

that in its target regions, we imaged a field of view that included

the isthmus, OT, and pretectal region encompassing AF7, on

both sides of the brain (Figure 5B’’).

First, we examined responses to looming stimuli. Larvae (n = 3)

were presentedwith dark looming spots aswell as control stimuli

that produced the same temporal profile of whole-field dimming

but were of fixed size (subtending the same final angle at the eye

as the looming spots; STAR Methods). This enabled identifica-

tion of neurons that specifically respond to radially expanding

looming spots, which evoke escapes, as opposed to non-spe-

cific dimming stimuli, which do not [37, 42]. To identify consistent

visual response properties, we first built visual response vectors

(VRVs) for single neurons by concatenating their mean fluores-

cence time series for each type of visual cue. Next, we used a

two-stage clustering procedure to identify groups of cells with

similar visual tuning (STAR Methods) [13]. Inspection of clusters

revealed that they were homogeneous with respect to VRVs of

constituent cells (Figure S5A).

We identified two clusters that responded to looming spots

but showed minimal response to the control dimming stimulus

(Figure S5A). These clusters differed in temporal dynamics, hav-

ing either phasic (‘‘loom’’) or sustained (‘‘loom-long’’) loom-

evoked activity. When we examined the anatomical distribution
Current Biology 29, 1771–1786, June 3, 2019 1777



Figure 4. NI Is Required to Sustain Hunting Behavior

(A) Cumulative number of Paramecia consumed by NI-ablated and control larvae (mean ± SEM).

(B) Mean Paramecia consumption rates for duration of the experiment.

(C) Number of Paramecia at the start of each experiment.

(D) Rate of initiation of hunting routines.

(E) Hunting epoch durations, based on periods of elevated ocular vergence.

(F and G) Ethograms indicating progression of hunting routines for control (F) and NI-ablated (G) larvae. Branch thickness corresponds to mean probability for the

corresponding event, which is also displayed numerically.

(H–M) Probabilities of events within hunting routines for control and ablated animals. Data points represent median values for each fish. Wilcoxon rank sum tests

are shown. In NI-ablated larvae, there is a substantial increase in the probability of aborting prey tracking. Note that p values are shown without correction for

multiple comparisons. However, elevated abort rate remains statistically significant, at a = 0.05, with Bonferroni correction for multiple (6) comparisons.

See also Figures S3 and S4.
of these neurons, we found a large number of looming-respon-

sive cells of both types inOT, in agreementwith previous findings

[37], as well as in pretectum (Figure S5B). Although only a small

proportion of NI neurons were identified as visually responsive

(30%) or assigned to visual clusters (7%; n = 926), looming-

responsive neurons of both types were found within NI and

were rather evenly distributed in both Ch-A and Ch-B domains

(Figures S5C and S5D).

Next, we tested responses to prey-like visual cues by

combining 2-photon imaging with a virtual hunting assay (Fig-
1778 Current Biology 29, 1771–1786, June 3, 2019
ures 5A and 5B) [13]. Briefly, Tg(elavl3:H2B-GCaMP6s) larvae

(n = 9) were restrained in agarose gel but with their eyes and

tail free to move, and prey-like cues were back projected onto

a screen covering the frontal portion of visual space to evoke

hunting responses. Stimuli were presented in closed loop such

that the angular location of the small moving spot was updated

in real time in response to the animal’s behavior, which was

tracked online using infrared cameras. We also presented light

or dark whole-field flashes to detect luminance-responsive

neurons.



Figure 5. NI Neurons Respond to Looming and Prey-like Visual Stimuli

(A) Schematic of the 2-photon setup to record neuronal activity and visually evoked behavior in tethered larval zebrafish.

(B) Schematic of the virtual hunting assay. (B’) Tail, eye, and stimulus dynamics during a tethered hunting routine are shown. The prey-like spot is moved to the

midline when the fish converges its eyes and after subsequent swim bouts. (B’’) Map of neuronal activity (DF/F) in response to a leftward moving prey-like spot is

shown. Scale bar, 50 mm.

(C) Visual responses of isthmic neurons. Rasters show VRVs of cells assigned to visual clusters in the virtual hunting experiment. Top traces represent the mean

VRV for all clustered isthmic neurons.

(D) Anatomical distribution of visually responsive cells in the isthmus, colored by cluster type. For illustration purposes, the distances between regions have been

offset, but distances within each region are correct. Boundaries are drawn at a single dorsoventral level.

(E) Visual response types by brain region. Numbers on top show the fraction of cells in the brain region that were assigned cluster identities (aCh-A, n = 139;

pCh-A, n = 154; Ch-B, n = 108; Gt, n = 194; OT-SPV, n = 3,703).

See also Figure S5.
Visually responsive neurons fell into three major clusters (Fig-

ure S5E). The largest was responsive to whole-field flash stimuli,

‘‘WF,’’ and two clusters showed direction-selection responses to

prey-like moving spots: ‘‘spot CW’’ and ‘‘spot CCW’’ (tuned to

clockwise and counterclockwise motion, respectively). WF cells

represented the majority of clustered neurons (84% versus 7%

spot CW and 9% spot CCW; n = 31,980) and were widespread

across the brain (Figure S5F). Spot-responsive neurons were

alsowidespread, but their distribution showedmarked lateraliza-

tion, particularly in OT, where spot CW and spot CCW neurons

were more abundant in the right and left hemispheres, respec-

tively (Figure S5F).

Within NI, around half the cells were classified as visually

responsive (45%; n = 2,258), and a smaller fraction were as-
signed to visual clusters (18%), in comparison to OT (78% visu-

ally responsive; 38% cluster-assigned; n = 9,778; Figure 5E). Of

the NI cells that were assigned a visual cluster identity, the ma-

jority were of the WF type. However, a relatively large proportion

of aCh-A neurons were responsive to prey-like visual stimuli

(25%; versus 6% and 3% for pCh-A and Ch-B, respectively; Fig-

ures 5C–5E). By comparing the response time courses of aCh-A

neurons with cells in OT, we deduced that these NI cells respond

to prey-like cues in relatively rostral regions of the contralateral

visual hemifield (Figure S5G). This is compatible with NI neurons

receiving visual input from the ipsilateral OT, especially from its

anterior domain.

Taken together, these results indicate that NI contains neurons

responsive to both looming spots and prey-like stimuli. The former
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Figure 6. NI Neurons Are Recruited during Hunting Behavior

(A) Examples of NI activity in GO and NO-GO trials. Rasters show activity of all imaged neurons in the corresponding isthmic areas. Dashed lines mark stimulus

presentation period, and thick black lines mark time of convergent saccade in GO trials. Upper traces show mean ± SEM for left and right cells. Bottom traces

show tail and eye kinematics and spot location.

(B) Convergence modulation index (CMI) calculation, illustrated for an example neuron. Mean calcium fluorescence during a time window surrounding

each convergence event (gray shading) is compared to values at the same time and for the same visual stimulus during NO-GOepochs. The distance between the

GO and NO-GO values is measured in SDs of the NO-GO distribution. The CMI for the cell is then calculated as the mean of these distance metrics across GO

epochs.

(C) Mean CMI and fraction of CMI+ cells (CMI > 3) for several imaged brain regions. Error bars showmean ± SEM. Gray bars indicate values expected by chance

from shuffle analysis (see STAR Methods). Wilcoxon signed rank tests between each region’s ipsilateral and contralateral convergence distributions.

(D) Left panel shows proportions of visually responsive isthmic neurons that are CMI+. Right panel shows the proportion of CMI+ cells in isthmus belonging to

visual clusters.

(E) Brain areas colored by mean CMI for ipsilateral or contralateral convergences, as per values in (C).

(legend continued on next page)
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are distributed across isthmic regions, similar to the distribution of

type II cells, whereas prey-responsive neurons preferentially

localize to the aCh-A domain, where type I cells are found.

NI Neurons Are Activated during Hunting
Because our ablation experiments demonstrated that NI is

required to sustain hunting sequences, we next explored the hy-

pothesis that NI neurons might show activity associated with the

generation of hunting behavior.

To examine motor-related activity, we compared GO trials,

where larvae responded to prey-like cues by initiating hunting

(defined by eye convergence) [9, 13], to NO-GO trials where no

response occurred (GO: 5.8% ± 3.6%; n = 9 fish). Alignment of

GCaMP fluorescence to the onset of eye convergence in GO

trials revealed that a proportion of NI neurons became activated

at, or soon after, hunting initiation but displayed little activity

during presentation of the same visual stimulus in NO-GO trials

(Figures 6A and S6A).

As a principled means to distinguish convergence (motor)

versus visual (sensory) activity, we computed a metric that com-

pares calcium responses of individual cells in GO and NO-GO

trials (convergence modulation index [‘‘CMI’’]; Figure 6B; STAR

Methods). Briefly, for each GO trial, activity in a time window

(±2 s) surrounding the convergent saccade was compared to

activity at the same time, and for the same visual stimulus, in cor-

responding NO-GO trials. The mean of these difference mea-

sures across all GO trials represents the CMI score for the cell

and quantifies the degree to which its activity is modulated by

hunting behavior. ‘‘Sp-CMI’’ scores were computed in a similar

way for spontaneous convergent saccades (n = 586; STAR

Methods). Finally, because convergent saccades are frequently

lateralized (the eye contralateral to target location shows a

greater nasal rotation) [10, 13], we computed CMI separately

for left- and right-eye-dominant convergences.

Comparing CMI scores across brain regions revealed that the

aCh-A region of NI had the highest average score (Figures 6C

and 6E). Other regions with high CMI included the oculomotor

nucleus, which contains the medial rectus motoneurons directly

responsible for nasal eye rotations. In the isthmus, pCh-A and

Ch-B domains showed lower CMI but which nonetheless ex-

ceeded the level estimated by chance (shuffle values; Figure 6C).

Moreover, CMI showed marked lateralization: higher values

were observed in the brain hemisphere ipsilateral to the eye

displaying greater convergence (Figures 6C and 6E). In other

words, if the left eye makes a greater nasal rotation (to direct

the binocular visual field toward prey on the right), it is the left

aCh-A, oculomotor, and OT that show the strongest modulation

in neural activity. Similar results were obtained when we exam-

ined mean Sp-CMI and the fraction of neurons in each region

with high CMI and Sp-CMI scores (greater than 3, ‘‘CMI+’’/

’’Sp-CMI+’’; Figures 6C and S6B). Examination of single-trial

responses showed that convergence-modulated neurons in
(F) Model for NI-mediated feedback facilitation acting to sustain hunting sequence

to prey-like visual cues. (2) Type I cells in ipsilateral NI are recruited by tecto-isthmi

and potentiate neural activity, lowering the threshold for successive visuomotor

how NI might function in a hunting-state-dependent manner to increase transiti

behavioral sequence.

See also Figure S6.
aCh-A showed elevated activity in multiple GO trials, with a

consistently lower level of activity inNO-GOepochs (Figure S6C).

These results show that NI neurons, especially in the aCh-A

domain, display motor-related neural activity and are recruited

during hunting behavior.

Of the visually responsive isthmic neurons, those that re-

sponded to prey-like cues were more likely to show conver-

gence-modulated activity. Specifically, a higher fraction of prey-

responsive cells in the aCh-A (17%) and pCh-A (11%) domains

were convergence-modulated (CMI+) as compared to WF or

unclustered cells (2%–3%; Figure 6D). Reciprocally, although

most CMI+ cells were not assigned to visual clusters, those

that wereweremost likely to be prey responsive (Figure 6D, right).

Overall, these results indicate that NI neurons, principally in

the aCh-A region where type I cells are found, are recruited at

the onset of hunting behavior. Although visual and motor re-

sponses are largely segregated in NI, some neurons carry both

sensory and motor signals related to hunting. We propose that

NI recruitment during hunting modulates activity of tectal and

pretectal neurons to promote the maintenance of prey-catching

sequences (Figure 6F).

DISCUSSION

Anatomy and Connectivity of NI in Larval Zebrafish
We used gene expression analysis, single-cell labeling, and tract

tracing to characterize the isthmic region of rhombomere 1 in

larval zebrafish at 6 dpf. We identified two largely non-overlap-

ping isthmic domains—Ch-A and Ch-B—defined by expression

of cholinergic genes from either the CGLa or CGLb genomic

locus, respectively [17]. The posterior-dorsal region of the

Ch-B domain coexpresses Calretinin and likely corresponds to

at least part of the larval SGN/V (likely homologous to mamma-

lian parabrachial nucleus). Single neurons in this region made

conspicuous projections to the ipsilateral lateral hypothalamus,

in agreement with SGN/V projections described in adult zebra-

fish [19, 24, 43].

Our gene expression and connectivity data indicate that the

cholinergic NI of larval zebrafish is located in the Ch-A domain

of rhombomere 1. In addition to cholinergic markers, the anterior

Ch-A region expresses reelin, a marker for NI in zebrafish [21,

22]. Crucially, our single-cell labeling, as well as retrograde and

anterograde tracing experiments, revealed reciprocal projec-

tions between this isthmic region and the ipsilateral tectum, a

defining feature of NI connectivity across vertebrates [12, 15].

Because some tectally projecting type II cells are also found in

the rostral Ch-B region, we suggest this also forms part of NI.

Two Types of NI Projection Neuron
Using focal electroporation, we identified two distinct types of

isthmic projection neuron. Type I cells are found in the anterior

Ch-A region and make ascending ipsilateral projections in which
s. (1) Hunting behavior is initiated by tectal and/or pretectal neurons in response

c projections at hunting onset. (3) Type I cells project back to rostral OT and AF7

outputs (goal-directed, prey-tracking maneuvers). Lower schematic illustrates

on probability (ptr) between successive visuomotor elements (boxes) within a

Current Biology 29, 1771–1786, June 3, 2019 1781



single axons innervate both rostral OT and the pretectal AF7

neuropil. AF7 is a retinal arborization field that is likely presynap-

tic to the parvocellular superficial pretectal nucleus (PSp). NI

has been shown to project to the pretectum in several teleost

species [29, 44–50], including innervation of PSp in adult

zebrafish [51]. Therefore, NI type I cells appear to represent a

pattern of isthmo-pretectal connectivity that is conserved at

least across teleosts. However, it has also been suggested

that PSp is equivalent to the mammalian lateral geniculate nu-

cleus (LGN), and PBg axons innervate LGN (as well as superior

colliculus) in mammals [52]. To our knowledge, this is the first

study to demonstrate that a single type of NI neuron innervates

both pretectum and OT.

Type II cells project bilaterally to OT, establishing larger termi-

nal arbors over a broader region of the tectal retinotopicmap and

innervating deeper laminae than type I cells. Although NI and

PBg projections to contralateral as well as ipsilateral OT and

SC have been described in several species [14], in most cases,

it is unknown whether single NI cells innervate both tectal lobes.

One exception is a study that found that the majority of NI cells in

tongue-projecting salamanders project bilaterally to OT [53]. The

targeting of deeper laminae by type II cells suggests that they

may function to modulate tectal response properties or gate

tectal premotor outputs. Notably, type II somata were found

within both cholinergic expression domains. Although the

biochemical properties of zebrafish Chata and Chatb isoforms

have not been studied, it is possible this corresponds to func-

tional diversity within type II neurons.

NI Modulates Tectally Mediated Goal-Directed
Behaviors
Across vertebrates, OT and SC controls orienting and avoidance

responses [54, 55] and tectal involvement in both prey-catching

and loom-avoidance has been established in zebrafish [7, 13, 37,

42]. We demonstrate that NI is involved in specific and distinct

features of both hunting and loom-avoidance.

Zebrafish robustly respond to looming spots—which likely

represent approaching predators or objects on a collision

course—with directional escapes [37], a behavior that is

conserved across species. We show that escape probability,

but not critical angular size of the looming disc, is modulated

by stimulus contrast and that NI is required for normal contrast

sensitivity. This behavioral result complements physiological

studies in teleosts, showing loom-evoked activity in NI [56] and

birds, showing that the cholinergic Ipc NI subnucleus modulates

gain of tectal looming detectors [41].

In the context of prey-catching behavior, we find that NI is

specifically required for larval zebrafish to sustain target pursuit

during hunting sequences. A role for NI in prey-catching has

been suggested by various studies, especially in amphibians. It

has been reported that NI ablation causes visual scotoma, lead-

ing to loss of behavioral responses to prey-like or looming stimuli

in a portion of visual space [57, 58], although this result has been

contested [59]. Although NI has been shown to relay visual infor-

mation between the tectal lobes to mediate binocular visual re-

sponses in rostral tectum [60], NI does not seem to be required

for depth perception in hunting frogs or toads [59]. In addition,

studies in the salamander and cat have suggested a role for NI

and PBg in tracking moving visual targets [61, 62]. Interestingly,
1782 Current Biology 29, 1771–1786, June 3, 2019
we see no evidence for defects in sensory processing of prey

following NI ablation. Ablated larvae initiated hunting routines

at the same rate as controls and directed toward prey within

the same reactive perceptive field, showing no signs of scotoma.

Distance and orientation gains were unchanged, indicating

normal ability to both spatially localize and track prey. Finally, ab-

lated larvae fixated prey within the same strike zone as controls

and produced equally accurate capture swims, arguing against

defects in binocular localization or depth perception [9].

NI Sustains Hunting Behavior
By analyzing predator-prey interactions and the evolution of indi-

vidual hunting sequences, we found that NI is required for larvae

to sustain hunting routines. When NI is ablated, zebrafish are

substantially more likely to abort hunting routines prematurely

during target pursuit. Studies in many species have identified

brain regions, cell types or circuits involved in driving behavior,

or modulating aspects such as response probability, latency,

or action selection (e.g., [63–66]). However, very little is known

about how animals sustain ongoing behavioral routines that

require a sequence of successive sensorimotor transformations.

Our data indicate that NI functions to sustain hunting state, such

that the probability of successive prey-tracking responses is

increased. The specificity of this behavioral phenotype, and

absence of changes in the commencement of hunting routines,

indicates that the motivation to feed and initiation of prey-

catching are operationally distinct to the maintenance of hunting

state once a routine is underway.Why a hunting zebrafish should

sometimes abandon pursuit of its prey is not clear. From our

data, we could not predict aborted routines from either sensory

features (including location, velocity, or local density of prey) or

tracking performance (distance and orientation gain of bouts

prior to abort; data not shown). A simple model is that the execu-

tion of each element in a hunting sequence is stochastic. In this

scheme, NI increases the transition probability of progressing to

the next element (tracking swim) in the sequence, with a

concomitant decrease in the probability of aborting the routine

(Figure 6F). Below, we discuss a circuit mechanism by which

NI could serve this function.

Sensory and Motor Response Properties of NI Neurons
Although we could not specifically target type I versus type II

cells for laser ablation, our data suggest distinct functional roles

for these isthmic projection neurons. Across species, NI and PBg

appears to respond to various visual stimuli, including luminance

changes [61, 67], moving targets [62], and looming objects [56,

68, 69]. In agreement with this, we find that NI neurons in larval

zebrafish respond to whole-field luminance changes, and a

smaller subset responds to prey-like moving spots or looming

stimuli. Looming-responsive cells showed an anatomical distri-

bution most similar to type II neurons. In future studies, it will

be interesting to examine whether type II afferents modulate

tectal looming detectors and/or influence visuomotor ‘‘gating’’

and tectofugal transmission to downstream tegmental circuits

to trigger looming-evoked escapes.

Neural activity in the aCh-A domain, as well as the projection

patterns of type I neurons, strongly support a role for this NI

cell type in modulation of hunting. The majority of spot-respon-

sive NI neurons localized to aCh-A and the timing of their activity



indicates that these cells respond to visual targets in rostral re-

gions of the contralateral visual hemifield. This is compatible

with type I cells receiving afferent input preferentially from rostral

OT, as indicated by the tecto-isthmic circuitry we identified using

PA-GFP-assisted circuit tracing. Moreover, because type I cells

elaborate terminal arbors in anterior OT, this supports the exis-

tence of a ‘‘homotopic’’ feedback circuit with rostral tectum,

similar to the ‘‘point-to-point’’ feedback connectivity between

OT and NI described in other species [28]. By using a naturalistic

hunting assay for tethered larvae, our study is one of few to have

recorded NI activity during behavior. By comparing activity in

response (GO) versus non-response (NO-GO) trials, a substan-

tial motor-related signal was detected in aCh-A, associated

with the generation of hunting behavior. The ipsilateral tecto-

isthmic projection, terminating at the location of type I dendrites,

may mediate recruitment of type I cells at hunting onset. We

propose that the requirement for NI for progression of hunting

sequences is mediated by this specific type of isthmic neuron.

Model for Maintenance of Hunting State
How does NI function to promote the progression of hunting

routines? We suggest that, following initiation of hunting, NI

provides state-dependent feedback to anterior OT and pretec-

tum, which potentiates visually evoked neuronal activity and

thereby increases the probability of successive behavioral re-

sponses to target prey (Figure 6F).

A number of our findings are compatible with this model. (1) NI

ablation revealed a specific requirement to sustain hunting

routines but no defects in prey detection and localization or in

hunting initiation. (2) NI shows elevated activity associated with

hunting behavior. Ablation data suggest this activity is not

required for hunting initiation but rather to maintain prey-tracking

sequences. (3) This motor signal is strongest in the aCh-A

domain where type I cells are located. (4) Anatomy and physi-

ology data support the existence of a homotopic, ipsilateral

feedback circuit between rostral OT and/or pretectum, where

prey are represented, and type I cells in NI. (5) Isthmic gene

expression indicates NI cells might co-release glutamate and

acetylcholine, compatible with an excitatory effect at target loci.

In terms of synaptic transmission, studies in fish [70], amphib-

ians [71, 72], andmammals [73] indicate that acetylcholine release

from NI and PBg axon terminals acts presynaptically on RGC

afferent terminals in OT and SC to facilitate glutamate release

and thereby enhance retinotectal transmission. Type I axons tar-

geted the superficial retinorecipient layers of the ipsilateral OT.

Therefore, following NI recruitment, such a mechanism could

mediate feedback facilitation of visually evoked activity in OT

and/or pretectum in a hunting-state-dependent manner. By

amplifying responses to prey, NI would function to increase the

probability that tectal efferent circuits reach threshold to produce

successive visuomotor (orienting) responses. In thisway,NIwould

operationally act to promote the continuation of prey tracking.

The compact terminal arbors of type I neurons suggest that

modulation of tectal activity is likely to be spatially specific.

Isthmo-tectal circuitry is thought to comprise amidbrain network

controlling spatial attention and has been well studied in birds

[74]. Here, cholinergic NI neurons in Ipc and SLu provide spatially

precise focal amplification of activity at a specific point within the

tectal space map. Meanwhile, broad GABAergic projections
from the Imc subnucleus of NI to OT are thought to implement

global competitive inhibition that suppresses responses to

competitor stimuli elsewhere in the visual field [75]. This circuitry

implements a ‘‘winner-takes-all’’ mechanism to direct attention

to the highest priority location in the visual scene. Although we

did not identify a distinct GABAergic NI subnucleus in rhombo-

mere 1, it is possible that such a nucleus is located more

rostrally, for example, in the mesencephalic tegmentum. None-

theless, because cholinergic type I cells establish compact and

likely topographically mapped terminal arbors, it is probable

that they mediate spatially specific response enhancement

in larval zebrafish OT. It is currently unknown whether larval

zebrafish display spatial attention. If NI were required for such

a function, this might predict an increased probability of aborting

hunting routines under conditions of high prey density (more

competitor stimuli) in ablated animals. Although we did not

observe this, it may be that prey density was not sufficiently

high in our assay. Taken together, our results are compatible

with a model in which NI functions to sustain hunting behavior

by providing state-dependent feedback facilitation to OT and/or

pretectum that effectively reduces the threshold for subsequent

orienting responses within the visuomotor chain. In subsequent

studies, it will be interesting to directly examine the proposed

spatially specific feedback facilitation, as well as the relative

contributions of isthmo-tectal versus isthmo-pretectal circuits.
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p44/42 MAPK (Erk1/2) (L34F12) Mouse mAb Cell Signaling Technology Cat#4696; RRID: AB_390780

Rabbit anti-calretinin Swant Cat#7697; RRID: AB_2619710
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Dextran, Tetramethylrhodamine and biotin,

3000 MW, Lysine Fixable (micro-Ruby)
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Critical Commercial Assays

DIG RNA Labeling Kit Sigma-Aldrich Cat#11175025910

TSA Plus DNP (HRP) System PerkinElmer Cat#NEL747A001KT

TSA Plus Cyanine 3 System PerkinElmer Cat#NEL744001KT

TSA Fluorescein System PerkinElmer Cat#NEL701A001KT

TSA Cyanine 5 System PerkinElmer Cat#NEL705A001KT

NucleoSpin RNA Clean-up MACHEREY-NAGEL Cat#740948.50

Experimental Models: Organisms/Strains

Tg(elavl3:H2B-GCaMP6s)jf5 [76] ZFIN: ZDB-ALT-141023-2

ET(gata2a:EGFP)pku2Et [77] ZFIN: ZDB-ALT-080514-1

Tg(atoh7:GFP)rw021 [78] ZFIN: ZDB-ALT-050627-2

Tg(Cau.Tuba1:c3paGFP)a7437Tg [30] ZFIN: ZDB-ALT-120919-1

Oligonucleotides

chata riboprobe [17] N/A

chatb riboprobe [17] N/A

vachta riboprobe [17] N/A

vachtb riboprobe [17] N/A

hacta riboprobe [17] N/A

reelin riboprobe [21] N/A

gad1b riboprobe [79] N/A

vglut2b riboprobe [80] N/A

Software and Algorithms

FIJI N/A http://fiji.sc

MATLAB MathWorks https://uk.mathworks.com/products/matlab.html

Advanced Normalization Tools (ANTs) [81] http://stnava.github.io/ANTs/

Zebrafish Brain Browser (ZBB) [18] https://science.nichd.nih.gov/confluence/display/

burgess/Brain+Browser

NIfTI Input/Output (ImageJ plugin) N/A https://imagej.nih.gov/ij/plugins/download/jars/nifti_io.jar

Simple Neurite Tracer (ImageJ plugin) [82] https://imagej.net/Simple_Neurite_Tracer

LabVIEW National Instruments http://www.ni.com/en-gb/shop/labview.html

Psychophysics Toolbox [83] http://psychtoolbox.org/

Palamedes (MATLAB Toolbox) [84] http://www.palamedestoolbox.org/

MATLAB script for cell detection [85] https://github.com/ahrens-lab/Kawashima_et_al_Cell_2016/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals were reared on a 14/10 h light/dark cycle at 28.5+C. For all experiments, we used zebrafish larvae homozygous for themitfa

skin-pigmentation mutation [86], except larvae used for single-cell electroporation, where 0.002% phenylthiourea (PTU) was

added to the fish water from 12 hours-post-fertilization (hpf) to inhibit pigment formation. Larvae used for free-swimming behavior,

retrograde DiI iontophoresis and calcium imaging experiments were Tg(elavl3:H2B-GCaMP6s)jf5 [76]. Single-cell electroporation

experiments used double-transgenic larvae carrying Et(gata2a:EGFP)pku2 [77] and Tg(atoh7:GFP)rw021 [78] genomic features.

Larvae used for behavior and functional imaging experiments were maintained in the Tuebingen background. All larvae were fed

Paramecia from 4 dpf onward. The sex of the larvae is not defined at the early stages of development used for these studies.

Experimental procedures were approved by the UCLAnimalWelfare Ethical ReviewBody and the UKHomeOffice under the Animals

(Scientific Procedures) Act 1986.

METHOD DETAILS

Whole-mount in situ hybridization and immunohistochemistry
Samples were fixed overnight in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS, Sigma-Aldrich) and 4%

sucrose (Sigma-Aldrich) at 4+C. Brains were then manually dissected with forceps and fluorescent in situ hybridization (FISH) and

immunostaining was performed as previously described [87, 88]. TSA Plus Cyanine 3 (Perkin Elmer, NEL744001KT) was used for

single FISH and TSA Fluorescein System (Perkin Elmer, NEL701A001KT) and TSA Cyanine 5 System (Perkin Elmer, NEL705A001KT)

were additionally used for triple FISH detection. mRNA anti-sense riboprobes for chata, chatb, vachta, vachtb and hactawere kindly

provided by M. Halpern [17]. reelin [21], vglut2b [80] and gad1b [79] riboprobes were synthesized from plasmids [89]. For immuno-

staining, rabbit anti-Calretinin (Swant, Cat 7697, dilution 1:1000) andmouse anti-ERK (p44/42MAPK (Erk1/2) 4696, 1:500) were used

as primary antibodies followed by Alexa Fluor 488-conjugated (Molecular Probes, 1:200) secondary antibody.

Lipophilic dye tracing
Tg(elavl3:H2B-GCaMP6s) larvae were fixed as for the FISH protocol. Larvae were then mounted on a glass slide in drops of 2%

low melting point agarose (Sigma) in PBS. Using a microsurgical blade, a small piece of agarose was cut away, exposing half of

the head and eye. Micropipettes with a tip diameter of 1–2 mm were pulled on a P-87 micropipette puller (Sutter Instrument

Company, CA) using AlSi glass capillaries containing a filament. Micropipettes were filled with a solution of the fluorescent

carbocyanine dye CM-DiI (Thermo Fisher Scientific, C7001, 20 mg/mL in EtOH) and guided to either the OT or AF7 neuropil using

a MX3000 Huxley-style micromanipulator (Soma Scientific Instruments) under water-immersion DIC optics (340 objective,

Axioskop 2 FS microscope, Carl Zeiss) and under fluorescent illumination (FITC filter). DC electrical stimulation was then briefly

applied (1–5 s) using a 9 V alkaline battery and dye flow was directly observed under fluorescence. After dye application, spec-

imens were unmounted and incubated in PBS in the dark at 4+C for a period of 7–10 days to allow the dye to diffuse. Imaging

was performed using a laser scanning confocal microscopy (Leica TCS SPE or SP8, 488 nm and 461 nm excitation wavelength,

HC FLUOTAR L 25x/0.95 W VISIR objective). Retrogradely labeled cells in the isthmus were counted manually using FIJI’s Cell

Counter plugin from the original image volumes. The elavl3:H2B-GCaMP6s imaging data was used to assess cell body staining

and to register the images to the ZBB atlas. The coordinates of labeled cells were transformed to atlas reference space using the

ANTs antsApplyTransformsToPoints function.

Focal electroporation and neuronal tracing
Focal electroporation was performed as described in [23]. Briefly, 4 dpf double transgenic Et(gata2a:EGFP);Tg(atoh7:GFP) larvae

were anesthetized with tricane (0.02%, Sigma) and mounted on a custom-made slide. A micropipette was filled with a solution of

fluorescent dextran (Dextran, Tetramethylrhodamine and biotin, 3000 MW, Lysine Fixable, Thermo Fisher Scientific, D7162,

0.2 mg/mL in dH2O) and single cells were electroporated in the isthmus. After the procedure, larvae were unmounted and allowed

to recover. At 6 dpf, larvae were anesthetized and imaged using laser scanning confocal microscopy (488 nm and 461 nm excitation).

Single cell morphologies were traced using the Simple Neurite Tracer plugin for ImageJ [82].

3D image registration
Registration of image volumes was performed using the ANTs toolbox version 2.1.0 [81]. Images were converted to the NIfTi format,

required by ANTs, using the ImageJ NIfTI Input/Output plugin. As an example, to register the sample image volume fish1–01.nii to the

reference brain volume ref.nii, the following parameters were used:

antsRegistration -d 3 –float 1 -o [fish1_, fish1_Warped.nii.gz] –n WelchWindowedSinc -r [ref.nii, fish1–01.nii,1] -t Rigid[0.1] -m

MI[ref.nii, fish1–01.nii,1,32, Regular,0.25] -c [200x200x200x0,1e-8,10] –f 12x8x4x2 –s 4x3x2x1-t Affine[0.1] -m MI[ref.nii,
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fish1–01.nii,1,32, Regular,0.25] -c [200x200x200x0,1e-8,10] –f 12x8x4x2 –s 4x3x2x1-t SyN[0.1,6,0] -m CC[ref.nii, fish1–

01.nii,1,2] -c [200x200x200x200x10,1e-7,10] –f 12x8x4x2x1 –s 4x3x2x1x0

The resultant deformation matrices were then applied to imaging channel N of fish1 using:

antsApplyTransforms -d 3 -v 0 –float -n WelchWindowedSinc -i fish1–0N.nii -r ref.nii -o fish1–0N_Warped.nii.gz -t fish1_1Warp.

nii.gz -t fish1_0GenericAffine.mat

Registrations were typically performed using a Dell C6220 with 16 cores and 16 GBRAM. Registration was usually completed after

2–4 h for a template image with dimensions 10303 6163 420 px, (pixel dimensions 13 13 1 mm x-y-z). All brains were registered

onto the ZBB brain atlas [18], with some differences between experiments:

d For functional calcium imaging volumes a three-step registration was used: the imaging volume, which was usually composed

of 2-7 image planes (5003 500 px, 0.61 mm/px, 5 mm z-spacing), was first registered to a larger volume of the same brain taken

after the experiment, using an affine transformation. Registration was manually inspected for each brain. Then, the larger vol-

umewas registered to a high-resolution whole-brain volume of a 6 dpf Tg(elavl3:H2B-GCaMP6s) transgenic, acquired using the

same 2-photon microscope. This high-resolution volume was registered to the ZBB atlas. Consequently the transformations

were concatenated to bring the functional imaging volume to the ZBB atlas (calcium volume/ post-stack/ hi-res/ ZBB).

d For imaging volumes related to NI-ablations, the post-ablation volumewas registered to the pre-ablation volume using an affine

transformation. This step was done to ensure that the ablation ‘scar’, which was also apparent in the registration (green) chan-

nel, did not interfere with the following registration procedure. The pre-ablation volume was registered to the high-resolution

elavl3:H2B-GCaMP6s brain. The post-ablation volume was then transported to the ZBB reference by concatenating the trans-

formations (post-ablation / pre-ablation / hi-res / ZBB).

d For electroporation experiments, a reference volume was created by summing Et(gata2a:EGFP) and Tg(atoh7:GFP) volumes

from the ZBB atlas. Imaging volumes from electroporated larvae were directly registered to this template.

All registrations were manually assessed for global and local alignment accuracy, particularly around the tectal neuropil, midbrain-

hindbrain boundary and cerebellar tract adjacent to NI. To quantify registration accuracy in the isthmus, single cells were electropo-

rated with fluorescent dextran conjugates in the right isthmus (n = 11 cells from 5 fish) of Et(gata2a:EGFP);Tg(atoh7:GFP) larvae and

imaged as described above. Larvae were then unmounted from the agarose, remounted in a different position and imaged again.

Both imaging volumes were then independently registered with identical parameters to the ZBB atlas. The distance between corre-

sponding labeled cells in the resulting registered brains was computed to quantify registration error.

All brain regions referred to in this paper correspond to the volumetric binary image masks in the ZBB atlas, with the exception of

newly defined regions in the isthmus (based on FISH and immunostaining), which were created by converting the median registered

data for each molecular marker into a binary mask.

2-photon calcium imaging combined with behavioral tracking
The procedurewas similar to that described in [13]. Tg(elavl3:H2B-GCaMP6s) larvaeweremounted in agarose at 5 dpf and allowed to

recover overnight before functional imaging at 6 dpf. Imaging was performed using a custom-built microscope [Olympus

XLUMPLFLN 320 1.0 NA objective, 580 nm PMT dichroic, bandpass filters: 510/84 (green), 641/75 (red) (Semrock), Coherent

Chameleon II ultrafast laser]. Imaging was performed at 920 nm with average laser power at sample of 5–10 mW. Images (500 3

500 pixels, 0.61 mm/px) were acquired by frame scanning at 3.6 Hz and for each larva 2–5 focal planeswere acquiredwith a z-spacing

of 5 mm.

Stimuli were back-projected (OptomaML750ST) onto a curved screen placed in front of the animal at a viewing distance of 35 mm

while a second projector provided constant background illumination. Wratten filters (Kodak, no. 29) were placed in front of both

projectors to prevent visual stimuli interfering with fluorescence detection. Visual stimuli were designed in MATLAB using Psycho-

physics toolbox [83]. For all experiments, stimuli were presented in a pseudo-random sequence with 30 s inter-stimulus interval.

For the virtual hunting experiments, stimuli comprised 5+ dark spotsmoving at 30+/s either left–right or right–left across 152+ of frontal

visual space. Moving spots were presented in closed-loop such that if a convergent saccade was detected during stimulus presen-

tation, spot position was updated to 0+, simulating re-orientation toward the target [10]. Similar position updates were applied after

each swim bout following a convergent saccade. In addition, 3 s whole-field light/dark flashes were presented. For looming exper-

iments, expanding dark spots that simulated an object approaching at constant velocity were presented in front of the fish (10+–70+,

L/V 490 ms) [90]. We also presented a control ‘dimming’ stimulus. This had a fixed angular size equal to the final size of the looming

spot (70�) and dimmed so as to produce an identical change in whole-field luminance as the expanding looming spots.

Eye movements were tracked at 60 Hz under 720 nm illumination using a FL3-U3-13Y3M-C camera (Point Grey) that imaged

through the microscope objective. Tail movements were imaged at 430 Hz under 850 nm illumination using a sub-stage GS3-U3-

41C6NIR-C camera (Point Grey). Microscope control, stimulus presentation and behavior tracking were implemented using custom

software written in LabView (National Instruments) and MATLAB (MathWorks).
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Calcium imaging analysis
All data analysis was performed using custom-written MATLAB scripts. Motion correction of fluorescence imaging data was per-

formed as per [13]. Regions of interest (ROIs) corresponding to cell nuclei were extracted using the cell detection code from [85]

and fluorescence time-series for ROIs were computed by averaging pixel values within ROI binary masks for each frame. The

time-varying fluorescence signal for each ROI was then standardized by ‘z-scoring’ and is denoted here as F(t).

To compute visual response vectors, the mean F time-series was computed across the set of repetitions for each visual

stimulus and these average responses were concatenated to produce the visual response vector (VRV) for the ROI. VRV

clustering was performed similarly to [13] but using amulti-step procedure. In the first step, we performed hierarchical agglomerative

clustering of VRVs using a correlation distance metric [13]. Clusters generated at a strict correlation threshold (0.9) were then

used to define a set of archetypal cluster centroids. This was done by retaining only those members that fell within a threshold

distance limit (0.5) of the centroid. Finally, VRVs that entered clusters in the first stage, but at a more lenient threshold (0.7), were

assigned a cluster identity de novo. This was achieved by assigning the VRV to the closest archetypal centroid within a threshold

distance limit (0.5).

Convergence Modulation Index (CMI) values were calculated for each cell as follows. For each GO trial, convergence-triggered

activity was measured by computing the mean of F(t) during a 4 s window centered on the convergent saccade, xGOi. Next, activity

was extracted at the same time and for the same visual stimulus, in NO-GO trials. The difference between GO and NO-GO activity

was measured in units of the standard deviation of the NO-GO distribution:

di =
XGOi � mNO�GO

sNO�GO

CMI values are computed as the mean of these di distance values across all GO trials during which the ROI was imaged. Sp-CMI

values were computed by applying the same method for spontaneous convergences (those not during stimulus presentation). CMI

and Sp-CMI were computed separately for ‘left’ convergent saccades (left eye displayed greater nasal rotation compared to right

eye) and ‘right’ convergences (right eye shows larger nasal rotation), see [13].

To compare CMI values to those that might be expected by chance, a shuffle analysis was performed for each cell by circularly

permuting its time-series F(t) data (1000 times, each time by a random amount) and in each case recomputing CMI and Sp-CMI,

as above.

Photoactivation of PA-GFP
Larvae (5 dpf) homozygous for Tg(alpha tubulin:C3PA-GFP) were anesthetized and mounted in 2% low-melting temperature

agarose. A custom 2-photon microscope was used to photo-activate PA-GFP in a small region (9 3 9 mm) in the tectal stratum

periventricular layer. The photo-activation site was selected by imaging the brain at 920 nm. Photo-activation was performed by

continuously scanning at 790 nm (5 mW at sample), for 4 min. Larvae were then unmounted and allowed to recover. The following

day, a post-conversion image stack (800 3 800 px, 0.385 mm/px, �160 mm z-extent) was acquired at 920 nm covering a large

proportion of the midbrain and tegmentum. Axonal projections were traced using the Simple Neurite Tracer plugin for ImageJ.

Laser ablations
Cell bodies in the isthmus of 6 dpf Tg(elavl3:H2B-GCaMP6s) larvae were targeted for ablation based upon their position with respect

to the cerebellar tract that passes adjacent to NI. For sham ablations, a target region immediately medially adjacent to NI was

targeted. Ablations were performed using the same custom-built 2-photon microscope described above. Briefly, a spiral scan

was performed, centered on the target soma, for�140ms (800 nm, 150–200mWat sample). An auto-fluorescent ‘scar’ was apparent

on both green and red channels after successful ablation. Around 100 cells were targeted on each side of the brain and image stacks

were acquired both before and after ablation. Fish were then unmounted and placed in single 35 mm Petri dishes with Paramecia to

recover overnight. All fish survived the ablation procedure. Control fishweremounted alongside ablated fish and underwent the same

manipulations except for laser-ablation.

Monitoring free-swimming behavior
The behavioral arena consisted of a 35mmPetri dish which had been sanded on both internal and external walls to reduce reflections

and covered on the outside with black tape. This was done to attempt to minimize thigmotaxis behavior. The dish was placed on a

horizontal platform onto which visual stimuli could be projected (AAXA P2 Jr), via a cold mirror, from below. Images were acquired

under 850 nm illumination using a high-speed camera (Mikrotron MC1362, 700 fps, 500 ms shutter-time) equipped with a machine

vision lens (Fujinon HF35SA-1) and a 850 nmbandpass filter to block visible light. A solenoid ‘tapper’ was placed such that the piston,

when extended, would contact the optomechanical frame of the rig. The solenoid was controlled using an Arduino Uno.

As before, visual stimuli were designed using Psychophysics Toolbox [83]. Looming stimuli expanded from 10–100+ with L/V

255 ms. Varying contrast was achieved using equal increments of grayscale values against a constant background (464 lux):

100% (252 lux), 80% (268 lux), 60% (294 lux), 40% (334 lux), 20% (392 lux). Optomotor gratings had a period of�10 mm and moved

at 1 cycle/s. Because we tracked larvae online, optomotor gratings and looming spots could be presented in egocentric coordinates

such that directional gratings always moved 90+ to left or right sides with respect to fish orientation and looming spots were centered

5 mm away from the body centroid and at 90+ to left or right. Stimuli were presented in pseudo-random order with an inter-stimulus
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interval of minimum 90 s. Stimuli were only presented if the body centroid was within a predefined central region (‘in middle’, 11 mm

from the edge of the arena). If this was not the case, a concentric grating was presented that drifted toward the center of the arena to

attract the fish to the central region. After�1 h of testing, mechano-acoustic ‘tap’ stimuli were deliveredwith an inter-stimulus interval

of 15 s for the final 10 min of the experiment.

At the beginning of each experiment, around 80 Parameciawere added to 3.5 mL of aquarium water in the arena. Initial Paramecia

numbers were counted manually from full-frame video data from the first 5 min of the experiment. Larvae (7 dpf) were then added to

the arena and allowed to acclimate for around 2 min before starting the experiment.

During experiments, eye and tail kinematics were tracked online as follows. First, images were background-subtracted using a

continuously updated background model. Next, this image was thresholded and the ‘body’ centroid was found by running a particle

detection routine for binary objects within suitable area limits. Eye centroids were detected using a second threshold and particle

detection procedure with the requirement that these centroids were in close proximity to the body centroid. Body orientation and

eye angles were computed from second and third central image moments. For both eyes, increases in eye angle indicate clockwise

rotation. Vergence angle was computed as the difference between the left eye and the right eye angles. The tail was tracked by

performing consecutive annular line-scans, starting from the body centroid and progressing toward the tip of the tail so as to define

9 equidistant x-y coordinates along the tail. Inter-segment angles were computed between the 8 resulting segments. Reported tail

curvature was computed as the sum of these inter-segment angles. Rightward bending of the tail is represented by positive angles

and leftward bending by negative angles. For the duration of the experiment, high-speed (700 Hz) video from a small window (length:

7.25mm, 24.8 px/mm) centered on the fish was saved for offline scoring of hunting routines (see below). Additionally, full-frame video

data was saved at 17.5 Hz for offline tracking of Paramecia. Camera control, online tracking and stimulus presentation were imple-

mented using custom software written in LabView and MATLAB.

Free-swim behavior analysis
Data analysis was performed using custom MATLAB scripts. To identify periods of high ocular vergence, which represent hunting

routines [9], a vergence angle threshold was computed for each fish by fitting twoGaussianmodels to its vergence angle distribution.

This distribution is invariably bimodal and the vergence threshold was computed as one standard deviation below the center of the

higher angle Gaussian. The fish was considered to be hunting if vergence angle exceeded this vergence threshold. Swim bouts were

identified using a velocity threshold (500+/s) applied to smoothed cumulative tail angles. Escape responses to loom or tap stimuli

were identified if instantaneous speed of the body centroid exceeded 75mm/s. To trackParamecia, full-frame videoswere smoothed

using a 2D Gaussian filter (sigma = 7 px, 24.8 px/mm) and then segmented by finding local intensity maxima. Segmented particles

were tracked using a frame-by-frame linking step using the Hungarian algorithm (simpletracker MATLAB script by Jean-Yves

Tinevez, https://uk.mathworks.com/matlabcentral/fileexchange/34040-simple-tracker). To analyze contrast-dependence of loom-

evoked escapes, logistic functions were fitted to escape probability data for each fish using the Palamedes MATLAB toolbox version

1.8.2 [84]. The lower asymptote was constrained to zero (spontaneous escapes were not observed). Goodness-of-Fit values were

estimated by bootstrapping simulations (n = 1000).

Individual hunting epochs were manually examined and annotated using recorded high-speed videos. To identify target

Paramecia, distance-gain and orientation-gain were computed for each swim bout in a hunting routine as the fraction of distance

or orientation (azimuth) between fish and prey that was eliminated by that bout. Positive gain values indicate orienting toward and

approaching the prey. For a Paramecium to be labeled as target, it was required to be located within the larva’s reactive perceptive

field at the beginning of the hunting routine (%6 mm from the center of the eyes and% 120+ from the frontal heading axis) and both

distance-gain and orientation-gain for the first two bouts within the hunting sequence were positive with respect to that prey item.

Fish-target distance was defined as the Euclidean distance between the center of the fish’s eye centroids and the target centroid.

Fish-target orientation was defined as the azimuth between the vector connecting the center of the fish’s eyes to the target and

the animals heading vector. Capture attempts were identified if the fish performed either a fast ram-like capture swim or a ‘suction’

[31]. Routines were labeled as abortedwhen no capture event occurred. A capture successwas defined if the fish ingested the target.

Target switches were identified if there was a clear re-orientation toward a different Paramecium during prey pursuit.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in MATLAB. Types of statistical test and n are reported in the text or figure legends. All tests

were two-tailed and we report p-values without correction for multiple comparisons, unless otherwise noted. Values in the main text

are reported as mean ± SEM unless otherwise noted.

DATA AND SOFTWARE AVAILABILITY

Requests for datasets should be directed to and will be fulfilled by the Lead Contact, Isaac H. Bianco (i.bianco@ucl.ac.uk).
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