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Social affiliation emerges from individual-level behavioural rules that are driven by
conspecific signals'™. Long-distance attraction and short-distance repulsion, for
example, are rules that jointly set a preferred interanimal distance in swarms® 5,
However, little is known about their perceptual mechanisms and executive neural
circuits’. Here we trace the neuronal response to self-like biological motion®™°, a visual
trigger for affiliation in developing zebrafish*. Unbiased activity mapping and
targeted volumetric two-photon calcium imaging revealed 21 activity hotspots
distributed throughout the brain as well as clustered biological-motion-tuned
neurons ina multimodal, socially activated nucleus of the dorsal thalamus. Individual
dorsal thalamus neurons encode local acceleration of visual stimuli mimicking typical
fish kinetics but are insensitive to global or continuous motion. Electron microscopic
reconstruction of dorsal thalamus neurons revealed synaptic input from the optic
tectum and projections into hypothalamic areas with conserved social function? ™,
Ablation of the optic tectum or dorsal thalamus selectively disrupted social attraction
without affecting short-distance repulsion. This tectothalamic pathway thus serves
visual recognition of conspecifics, and dissociates neuronal control of attraction from

repulsion during social affiliation, revealing a circuit underpinning collective

behaviour.

Many animalslivein groups, the result of a basic social affiliative drive,
which requires detection and approach of conspecifics. Social affili-
ation is a prerequisite of consummatory actions such as aggression,
mating or play?, and is also a proximal cause of swarm, flock and herd
formation. Although neural circuits that mediate such behaviours
have received much attention®%, relatively little is known about the
sensory detection of social signals (beyond pheromones)**, and how
such cues feed into the regulation of social distance. One important
class of visual social signals is biological motion, which comprises
conspecific movement patterns that trigger complex approach and
pursuit behaviours” ™™, and elicit a social percept in humans®*°. Bio-
logical motion is also a key driver of zebrafish shoaling, a collective
behaviour with well-characterized interaction rulesin groups or pairs
of animals*>*™*%, offering a model to investigate visual neural circuits
underpinning social affiliation.

Neuronal activity during social affiliation

To identify the relevant neural circuits in juvenile zebrafish aged 21
days, we generated unbiased maps of recent neuronal activity after
shoaling with real or virtual conspecifics (Fig. 1a). Virtual conspecif-
ics were projected black dots moving either with fish-like biologi-
cal motion, or continuously, which are highly attractive and weakly

attractive, respectively’ (Fig. 1b). We then recorded a snapshot of
neuronal activity by rapid fixation and labelling of c-fos (official gene
symbol, fosab) mRNA? using third-generation in situ hybridization
chainreaction? (HCR) analysisin the forebrain, midbrain and anterior
hindbrain (Fig. 1a,c and Extended Data Fig.1). Visual inspection of the
registered and merged c-fos signal from all of the animals identified
31distinct clusters with robust activity in response to one or more
stimulus conditions (Fig. 1c and Extended Data Fig. 1).

Splitting the data by stimulus group revealed that social context
differentially activated these clusters. Activation by real and virtual
conspecifics overlapped inasubset of clusters, including the lateral ros-
tral hypothalamus (cluster Hrl) and intermediate hypothalamus (clus-
ter Hi3), while showing a distinct pattern in other areas. In the optic
tectum (TeO), virtual conspecifics activated a ventrolateral cluster,
matching the retinotopic representation of the ventrally projected
black dot visual stimulus®. By contrast, real conspecifics moving at
the same elevation as theimaged fish activated the anterior and dorsal
TeO more strongly (Fig. 1d). Virtual and real conspecifics activated a
clusterinthe dorsalthalamus (DT), and real conspecifics also activated
an anterior cluster in the ventral thalamus (VT) (Fig. 1d). The DT c-fos
cluster overlapped with an expression hotspot of the gene cortistatin
(cort, also known as somatostatin 7 (sst7)), which we co-labelled using a
third, multiplexed HCR probe and used subsequently as a DT landmark?*
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Fig.1|Fish-like motionactivates a conserved social behaviour network.

a, Schematic of stimulus presentation for activity mapping. b, Attraction
towards stimulishownina.n=17 (no stimulus) or n=9 (continuous; bout-like)
single animals; and n =8 animals tested in 4 pairs (conspecific). Dataare mean
(black dots) +1s.d. Exact Pvalues were calculated using two-tailed t-tests
compared with the no-stimulus group: P= 0.16 (continuous); P=5.2x107®
(bout-like); P=8.1x10" (conspecific). Bonferroni-corrected a values: NS,
P>0.05/3(NS); **P<0.001/3. ¢, Representative slices of maximume-intensity-
normalized c-fossignalmerged across all28 registered animals. The views are
horizontal (top row), sagittal (bottom left) and coronal (bottom right). The solid
greylinesindicate the corresponding planes across thesslices. The dashed line
indicates the midline. Coloured patchesindicate activity clusters (Extended
DataFig.1). A, anterior; D, dorsal; L, lateral.d, The average normalized c-fos
signal at the three representative horizontal planesindicatedinc.n=6 (no
stimulus), n =8 (continuous), n = 6 (bout-like) and n = 8 (conspecific) animals.
e, The effect size (Cohen’s d) of normalized bulk c-fosinduction compared with
the no-stimulus condition. Negative values indicate alower signal compared
with the no-stimulus condition. The dendrogram represents hierarchical

(Extended DataFig.2a,b). One clusterinthe posterior tuberculum (PT)
stood out as selectively active with bout-like motion and real conspecif-
ics. By contrast, c-fosin the intermediate hypothalamic cluster Hi2 was
highest for the no-stimulus condition and inversely related to stimulus
attraction (Fig. 1d).

To quantify these trends, we calculated the average bulk c-fosinten-
sity per cluster in each animal (Extended Data Figs. 1e and 2c). Statistical
analysis of the c-fos signal revealed significant modulation of activity in
21 clusters by atleast one stimulus relative to the no-stimulus condition

clustering. Statistical analysis was performed using two-tailed t-testsineach
activity cluster versus the no-stimulus group. *P< 0.05/3,**P < 0.01/3,
***P<0.001/3 (a values were Bonferroni-corrected per activity cluster). Animal
numbers are the same asind. Additional statisticalinformationis provided as
Source Data. Scalebars,200 pm. DT, dorsal thalamus; En, entopeduncular
nucleus; Hcl, caudal hypothalamus1; Hc2, caudal hypothalamus 2; Hc3, caudal
hypothalamus 3; Hil, intermediate hypothalamus 1; Hi2, intermediate
hypothalamus 2; Hi3, intermediate hypothalamus 3; Hrl, rostral hypothalamus,
lateral; mHr, rostral hypothalamus, medial; MOd, medulla oblongata, dorsal;
MOi, medullaoblongata, intermediate; nMLF, nucleus of the medial
longitudinal fasciculus; OB, olfactory bulb; P, pallium; P1, pallium, lateral; PM,
magnocellular preoptic nucleus; Pn, pineal; PPa, anterior parvocellular preoptic
nucleus; PPp, posterior parvocellular preoptic nucleus; Pr, pretectum; PT,
posterior tuberculum; Ri, inferior raphe; SPd, subpallium, dorsal; SPv,
subpallium, ventral; TeOa, tectum, anterior; TeOd, tectum, dorsal; TeOv,
tectum, ventral; Tg, lateral tegmentum; TS, torus semicircularis; VT, ventral
thalamus.

(Fig.1e). Hierarchical clustering of all areas separated five major groups
of clusters that were qualitatively (1) not modulated relative to the
absence of stimulus, (2) weakly suppressed by virtual conspecifics,
(3) suppressed by most stimuli, (4) activated more by real conspecifics
than virtual ones and (5) activated by most stimuli (Fig. 1e).
Together, this unbiased global activity map identified brain net-
works whose activity ismodulated by real and virtual conspecifics with
putative roles in social affiliation. These include posterior preoptic
and rostral hypothalamic areas that are likely to be homologous to
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paraventricular and anterior hypothalamic nucleicommonly assigned
to the conserved social behaviour network?* (Hrl, mHr, PPp). Clusters
ingroups 3 and4, which were modulated exclusively by real conspecifics
(Hc3, Hi2, PPp, Hc2), might reflect neuronal responses beyond those
necessary foracutesocial affiliation. They may contribute to perception
of threat orhomeostatic stress mechanisms, potentially through visual
cuesthatare not presentin bout-like dot stimuli or additional sensory
modalities such as olfaction and mechanosensation'®*%% Thus, the set
of clusters activated by virtual conspecifics highlights a core network
underlying the visuomotor transformation associated with shoaling,
beginning with the recognition of conspecifics.

Thalamic neurons encode biological motion

Our c-foslabelling method highlights putative visual input pathways for
social affiliation. Biological motion probably enters the brain through
the TeO and DTZ, therefore providing an opportunity to investigate
sensory detection of this social cue. To understand stimulus selectivity
ofindividual neuronsin these visual areas, we turned to volumetric two-
photon calciumimaging of juvenile brain activity inresponse to presen-
tation of virtual conspecifics.

Fish that expressed nuclear-localized GCaMPé6s in almost all neu-
rons (carrying the transgene elavi3:H2B-GCaMP6s) were immobilized
on the stage of a microscope equipped with a custom-built remote
focusing set-up for rapid image acquisition (Extended Data Fig. 3).
We imaged simultaneously in 6 imaging planes at 5 Hz, extending
600 x 600 x 200 um (x,y,z) (Fig. 2a). This volume included the retin-
orecipient brain areas highlighted by our c-fos analysis, DT and TeO,
as well as pretectum, nucleus isthmi, VT and habenulae (Fig. 2b and
Extended Data Fig. 4). Analysis of 28,306 registered neurons across
11 animals revealed that responses to virtual conspecifics were most
prominent in the TeO (51% of active neurons), followed by pretectum
(12%), DT (10%) and nucleus isthmi (10%) (Extended DataFig. 4), quali-
tatively matching the c-fos mapping results (Fig. 2c).

Toidentify neurons that encode biological motion, we computed a
bout preferenceindex (BPI) asthe normalized differencein theresponse
to behaviourally attractive bout-like motion versus unattractive
continuous motion (Fig. 2d,e). The majority of neurons did not differen-
tiatebetweenbout frequencies (mean BP10.01+ 0.07). However, 13 + 5%
ofallneuronsscored BPI> 0.5, corresponding to a threefold increasein
AF/Fforbout-like motion compared with continuous motionin these
neurons. We next focused our attention onthese putative bout prefer-
enceneurons (BPNs). Inasubset of animals, we determined that the BPN
population was largely unresponsive to looming and moving grating
control stimuli (Extended DataFig. 5a). Most BPNs were located in the
TeO (36%) and DT (18%) (Extended Data Fig.4). Gaussian kernel density
estimation (KDE) yielded the DT as the anatomical area of highest BPN
density (Fig. 2f). Within the DT, BPNs were concentrated in a posterior
cluster, overlapping with DT c-fos activity (Fig. 1c). By contrast, tectal
BPNs were distributed broadly along the anteroposterior and dors-
oventral axes with lower relative frequency (Extended Data Fig. 4c).
The anatomical overlap of c-fos and GCaMP signals in the TeO and DT
suggests that virtual conspecifics in the open-loop configuration acti-
vate key circuits for social recognition even in immobilized animals.

If activity of DT-BPNs drives shoaling behaviour, their tuning
should match specific parameters of biological motion. DT-BPNs had
aresponse peak at a stimulus bout frequency of 1.2 + 1.6 Hz, closely
matchingthe juvenile’s typical swim bout frequency of around 1.25 Hz,
which also most effectively elicits shoaling? (Fig. 2g). To examine
whether DT-BPNs encode acceleration or average speed of virtual
conspecifics, we collected a separate dataset and systematically var-
ied each parameter independently (Fig. 2h). At continuous motion,
DT-BPNswere barely modulated by stimuli moving at2to150 mm s™. At
1.5 Hz, DT-BPNs yielded maximal responses at 7.2 + 1.7 mm s™ (Fig. 2h),
similartoajuvenile’s typical swim speed at around 5 mm s *and, again,
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matching the behavioural tuning® Morphing acceleration from contin-
uousto bout-like along Gaussian speed profiles at fixed average speed
of 5mms™and1.5 Hzbout frequency modulated DT-BPN responses as a
function of acceleration with amaximum at the highest possible accel-
eration of 12 m s (projector limit). Taken together, DT-BPNs detect
biological motion through periodic acceleration at fish-like speed and
bout frequency, and are therefore tailored for the detection of juvenile
zebrafish during shoaling.

Torelate DT-BPNresponses to naturalistic visual percepts, we tested
another set of animals with ‘dot shoaling’ stimuli on trajectories that
recapitulate positions of conspecifics relative to a real focal animal
during shoaling (Extended Data Fig. 5b). DT-BPNs were strongly and per-
sistently activated by such stimuli (Extended Data Fig. 5d). Self-motion
duringshoaling also generates global motion with temporal dynamics
similar to the fish-like cues. To examine whether global motion acti-
vates DT-BPNs, we rotated whole-field stimuli with matched bout-like
motion and spatial frequency (Extended Data Fig. 5c). Global motion
strongly activated pretectal neurons” but not DT-BPNs (Fig. 2i), sug-
gesting that the latter encode fish-like biological motion and not
self-motion-induced visual signals.

Zebrafish shoaling with real or virtual conspecifics emerges ataround
two weeks of age?*?®, whereas younger fish show mainly interanimal
repulsion*?. We therefore hypothesized that functional maturation of
BPNs coincides with this transition. Contrary to this prediction, BPNs
already existed in larvae, but with lower fractions compared with the
juveniles (10 + 3% of all recorded neurons). Furthermore, BPNs were
similarly distributed in the brain, withthe KDE centre inthe DT (Fig. 2j).
Registration of the larval data to the Max Planck Zebrafish Brain Atlas®**!
(https://mapzebrain.org) confirmed localization of the DT-BPN cluster
tothevglut2a-positive DT area, ventrally touching the gadlb-positive
VT, Thelarval DT-BPN cluster was molecularly defined by the expres-
sion of cort, as seenin juveniles, and pth2 (Extended Data Fig. 5e), a
gene of which thalamic expression tracks the density of conspecificsin
zebrafish through mechanosensory signals®. Overlap with pth2raises
the possibility of multimodal integration of conspecific signals in DT.
Furthermore, the mean frequency tuning curve across all larval DT-BPNs
and mean tuning peak were similar to juveniles (Extended Data Fig. 5f).
Finally, we determined that DT-BPNs also developed in socially iso-
lated larvae, demonstrating that tuning to conspecific motionin DT is
largelyindependent of social experience (Extended DataFig. 5g). Thus,
functional BPN maturation precedes shoaling, and the developmental
transitionis either gradual in nature or requires achange in additional
circuitnodes. The presence of BPNs in pre-juvenile stages provides an
opportunity toinvestigate the circuit with the experimental tools and
resources available in larvae.

EM reconstruction of the biological motion circuit

Across vertebrates, the thalamus acts as a gateway for state-dependent
sensory information®**, We hypothesized that DT-BPNs could serve
thatroleforsocial cues, connecting visual brain areas and the conserved
socialbehaviour network'?%, To reveal the anatomy of the DT-BPN cir-
cuit, we analysed an electron microscopy (EM) whole-brain dataset of a
larval zebrafish at 5 days post-fertilization (d.p.f.), acquired at synaptic
resolution®., We registered the larval DT onto the EM volume to identify
the cell body location of putative BPNs (pBPN) in the DT (Extended
DataFig. 6a-c). Werandomly selected and completely traced 34 cells
inthisregion (Fig.3a,b). All of these cells extended their primary neurite
ventrolaterally and showed both dendritic and axonal arborizations
in athalamic neuropil region, posterior to retinal arborization field
AF4 (Fig. 3b,c). In this region, we randomly selected presynaptic con-
tactsites on putative BPN dendrites, supported by an automated syn-
apse segmentation® (Methods), and identified their partner neurons
(Fig.3c). Atotal of 26.7% of input synapses were provided by other DT
neurons (Extended Data Fig. 6d) and, similarly, 26.7% arrived from
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Fig.2|Dorsal thalamus neurons are activated by fish-like motion.

a, Schematic of the experimental set-up. b, Example imaging planesin the TeO
and DT withall segmented neuronal ROIs, representative for n =11animals
(left). Right, representative normalized AF/Ftraces of one tectaland one
thalamicneuron. ¢, Horizontal view of all responsive neurons (n = 28,306 total,
2,573 +£1,175 per fish) from11fish (18-22 d.p.f.) aligned to ajuvenile reference
brain (left). Colour indicates mean baseline AF/F (no stimulus), and responses
to continuous and bout-like motion. The yellow line indicates the DT. Right,
meanresponses of all DT neurons per fish (n =258 +198, 2,837 total) fromn=6
animals withanumber ofrecorded DT-BPNs of >30. Dataaremean +1s.d.
d,Mean AF/Fresponses of example neurons fromb to all stimulus frequencies.
e, Thedistribution of all responsive neurons fromn=11fishin thereference
brain. The colour map shows the BPI. Opacity scales with absolute BP1(0-0.5).
f, The distribution of BPNs (312 + 143 neurons per fish, 3,437 total). Colour

tectal periventricular projection neurons (PVPNs; Fig. 3d). We also
identified synaptic input from the VT (16.7%), ipsi- and contralateral
nucleusisthmi (10%; Extended Data Fig. 6e), superior ventral medulla
oblongata (6.7%), torus semicircularis (6.7%), hypothalamus (3.3%)
and cerebellum (3.3%). Overall, the majority of input synapses were
established by ipsilateral neurons (76.7%). Identified PVPNs (n =13)

reflects a Gaussian KDE; contours delineate densities of 0.1,0.15and 0.3 BPNs
per1,000 um?. n=11fish. g, DT-BPN tuning to stimulus frequency. The mean
peak across neuronswas 1.2 Hz +1.6 Hz.n =563 neurons. The black lines
represent the mean values of individual animals. Data are from a subset of
animalsinewithanumberofrecorded DT-BPNs of >30.n =6 animals.h, DT-BPN
tuning to average speed at1.5Hzor 60 Hzand acceleration. The cartoons show
stimulus displacement over time. Dataare mean +1s.d. of all of the neurons
shownabove.n=291neurons. Theblacklinesindicateindividual animals.n=4
fish, 73 £10 neurons per fish.i, DT-BPN and PreT responses to local dot motion
and whole-field motion and their anatomical distribution. Circles (left) show
the mean ofindividual animals. n =4 fish, 77 +15 (DT-BPNs), 114 + 48 (PreT)
neurons per fish. Dataaremean +1s.d.j, The distribution of BPNsin7 d.p.f.
larvae (n=4fish,230 + 87 neurons per fish) asinf. Scale bars, 100 um (b and i)
and 200 pm (c, e, fandj).

send their axons ventrally through the postoptic commissure, and
make ipsi- or contralateral connections to putative BPNs within the
thalamic neuropil region. A single PVPN can be presynaptic to several
putative BPNs (Fig. 3e), and asingle BPN canreceive input from several
PVPNs, bothipsi- and contralaterally (Extended Data Fig. 6f). Next, we
quantified presynaptic partners of DT-projecting PVPNs: 55% of all input
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Fig.3|Connectivity of the larval thalamicbout-preferenceregion.

a, Frontal view of an EMreconstruction of neuronsin the bout-preference
region (BPNKDE, red) of the DT. Axons are shown inblue. b, Top view of the
neurons shownina. ¢, Magnified view of the thalamic arborization field,
outlinedinb. Synapses withidentified presynaptic partnersare shown as blue
spheres. Onerepresentative synapse of atectal PVPN axon (white arrow) onto a
putative BPN’s dendrite (pBPN, black arrow) isindicated below (randomly
chosen).d, Frontal view of tectal PVPNs (green) and their postsynaptic pBPN

synapses arrived from a specific class of retinal ganglion cells, which
exclusively arborized in the SFGS3/4 layer of the tectum?® (Fig. 3f); 35%
were from tectal periventricular interneurons and, interestingly, 10%
of input synapses arrived from other PVPNs, which also projected to
the DT and contacted pBPNs.

We further investigated the downstream target regions of putative
DT-BPNs. Of the 34 traced DT neurons, 24 had long projection axons
and made synaptic contacts in other brain areas, whereas 10 neurons
had local (n = 3) or premature (n = 7) axonal projections. Our analysis
revealed the superior ventral medulla oblongata (n =9 cells), rostral
hypothalamus (n = 8), intermediate hypothalamus (n = 5), contralat-
eral thalamus (n = 3), preoptic region (n =1) and the tectum (n=3) as
axonal targets (Fig. 3g,h). Putative BPNs that projected to the tectum
targeted the SFGS layer, where they contacted tectal periventricular
interneurons (Extended Data Fig. 6g).

To complement the EM tracings, we next analysed the morphology
oftraced neuronsresiding in the BPN-KDE of the light microscopy map-
zebrain atlas®. We identified 13 putative BPNs that all extended their
primary neurites ventrolaterally into aneuropil area posterior of AF4,
consistent with the EM data. Of these neurons, 12 projected into other
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partners (red). e, Example of asingle PVPN (green), which makesipsilateral
synaptic contacts to atleast fouridentified pBPNs (red). f, Side view of the left
(top) and theright (bottom) tectal SFGS layers, showing the PVPNs (green) and
their presynaptic retinal ganglion cell axons (different colours). PVPN axons
arenotshown for clarity. g, Side view of the pBPNs (red, axons in blue) and their
axonaltargetregions (Supplementary Video 2). AF4 (yellow) isshownas a
reference. h, Circuit diagram. Identified cell types areindicated next to arrows
with cellnumbersin parentheses. Forc,scalebar, 0.5 um.

brain areas, including the tectum (n=1), preoptic area (n =1), rostral
hypothalamus (n =1), intermediate hypothalamus (n = 3), superior
ventral medulla oblongata (n = 5) and inferior ventral medulla oblon-
gata (n = 2) (Extended Data Fig. 6h,i).

These findings suggest a pathway for the detection of biological
motion: retinal information reaches DT-BPNs through tectal PVPNs
and is subsequently transmitted to brain areas that are proposed to
regulate social behaviour, including the preopticregion, and clusters
in the rostral, intermediate and caudal hypothalamus, which showed
c-fossignal during shoaling behaviour (Fig. 1f). Gradual maturation of
DT projections and/or addition of synapses, such as those connecting
the ventral forebrain at around 14 d.p.f., may then underlie the emer-
gence of shoaling at the juvenile stage™.

Social attraction requires the biological motion circuit
As TeO and DT-BPNs are activated by fish-like motion, we hypothesized
that this pathway is necessary for shoaling. To test this hypothesis,
we ablated TeO and DT in juvenile animals and analysed effects on
free-swimming interactions with virtual conspecifics.
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of volumetric two-photonimaginginthe DT after 8Ic:NTR ablation. f, Mean and
example AFtraces of all DT-BPNs for ablated and control animals show that
8Ic:NTR ablation strongly reduces responses to bout-like motion. The vertical
lines mark the start of stimulus presentation. The shaded areas denote 1s.d.
around the mean. n =25 (ablated) and n =849 (control). g,h, Fewer DT-BPNsin

We genetically targeted tectal cells for chemogenetic ablation using
the SAGFF(lf)81c enhancer trap line to drive expression of nitroreduc-
tase. SAGFF(If)8Ic s strongly expressed in tectal neurons and weakly
expressed in parts of the pretectum, habenula, anterior DT and ante-
rior VT (Fig. 4b and Extended Data Fig. 8). Although ablated animals
appeared healthy and had slightly faster swim kinetics, they showed
asevere loss of attraction towards virtual conspecifics (P < 0.001;
Fig. 4c,d and Extended Data Fig. 7). To investigate the spatial scale of
this behavioural defect, we computed neighbour density maps that
represent relative spacing with virtual conspecifics. In the controls,
neighbour maps revealed a central zone of short-range (5-15 mm) repul-
sion, surrounded by aring of long-distance attraction (10-30 mm). In
ablated animals, this balance was shifted. The ring of attraction was
strongly reduced, whereas the zone of repulsion was intact (Extended
DataFig.7a,b). Moreover, looming-induced startle responses were at
the controllevelin ablated animals (Extended Data Fig. 7c). Finally, we
confirmed that SAGFF(If)8Ic ablation disrupted shoaling with a real
conspecific (P< 0.001; Extended Data Fig. 7d).

To understand the neural correlates of these effects, we recorded
neuronal responses to continuous and bout-like motion in DT after
SAGFF(If)81c ablation. We found that ablation reduces the number of
DT-BPNs by more than 95% (P=0.0014, 4 + 6 versus 94 + 4 cells per animal)
(Fig. 4f,g). We observed similar trends for dot motion at 1.5and 60 Hz
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i, Attractionis strongly reduced in s1026tEt:NTR-ablated animals. Short-range
repulsionisintact.n =7 (ablated), n =21 (control) animals.j, Bilateral
two-photonlaser ablation of neuronsinthe DT-BPNregioninjuvenile
zebrafish. k, Reduced attraction after DT laser ablation.n=7 (ablated) andn=9
(embedding control) animals. Short-range repulsionisintact. Dataind, h,iand
krepresentindividual animals and mean +1s.d. Cohen’s d effect sizeis shown.
The Pvalues were calculated using two-tailed Student’s ¢-tests with no
correction.Forb, e, gand j, scalebars, 100 pm.

(continuous), at which tectal ablationsignificantly reduced the number
oftop-scoring neurons (P < 0.01). Responses tolooming and translational
gratingmotioninthe surrounding pretectumwerealso reducedinablated
21d.p.f.juvenilesbutnotinablated 7 d.p.f. larvae (Extended DataFig. 8).
These results are consistent with our inferred wiring diagram, which
places tectal PVPNs upstream of DT-BPNs as their main sensory driver.

Next, we tested the necessity of DT for shoaling by chemogenetic
ablation using the s1026tEt enhancer trap line to drive expression
of neuronally restricted nitroreductase. The s1026tEt Gal4 insertion
drives strong and selective expression of a UAS-linked nitroreduc-
tase transgene in DT of juvenile zebrafish (Extended Data Fig. 8a).
We found that ablation of s1026¢Et cells in juveniles caused a selec-
tive loss of attraction (P=0.002) and a modest increase in swim
bout frequency, whereas short-range repulsion and visual escapes
remained intact (Fig. 4i and Extended Data Fig. 7e). Finally, we tested
the necessity of DT-BPNs directly by laser-ablation of the DT-BPN area
in 21d.p.f. animals. After ablation, we found a selective loss of attrac-
tion, whereas short-range repulsion, visual escapes and overall swim
kinetics remainedintact (P = 0.002; Fig. 4j,k and Extended DataFig. 7e).
Together, these results suggest that SAGFF(If)81c neurons and DT-BPNs
are essential elements of a pathway that mediates the affiliative aspect
of shoaling, butare dispensable for collision avoidance during shoaling
and visual escape from a looming threat.
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Discussion

Affiliation with conspecificsis a core building block of social behaviours
that offer benefits for collectives, such as efficient food detection or
evasion of predators***%, As a consequence, animals need to robustly
recognize neighbours in cluttered environments during highly dynamic
interactions. These interactions rely on the balance of attraction and
repulsioninto an appropriate distance**, Although empirical models
of collective behaviour have postulated distinct individual-level behav-
iouralrules®”®, the neuronalimplementation of such coordination has
remained unclear, largely because mutual interactions mask causal
relationships between conspecific signals and receiver responses. Our
resultsin shoaling zebrafish now highlight fish-like motion*" as asalient
trigger signal of an attraction pathway that converges onamultimodal®,
socially activated DT cluster and feeds into hypothalamic areas thatare
probably homologous with nodes of the proposed social behaviour
network>*?, Neuronal activity in this circuit therefore represents an
inherently kinetic metric of neighbouring animals, in contrast to cur-
rent shoaling models that emphasize positional information****, By
contrast, short-range repulsion engages a separate circuit, probably
overlapping with the collision-avoidance pathway* . These results
add support for the emergingimportance of visual motion cuesin social
recognition'®*?** The correspondence of sensory activation in freely
shoaling versus immobilized animals with virtual conspecifics suggests
that this approach can also reveal the role of neural circuit nodes in
the downstream network during shoaling for an understanding how
collective dynamics emerge from neuronal computationsinindividuals.
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Methods

Animal care and transgenic zebrafish

Adult, juvenile and larval zebrafish (Danio rerio) were housed and handled
according to standard procedures. All animal experiments were per-
formed under the regulations of the Max Planck Society and the regional
government of Upper Bavaria (Regierung von Oberbayern), approved pro-
tocols: ROB-55.2Vet-2532.Vet 03-15-16, ROB-55.2Vet-2532.Vet 02-16-31,and
ROBS55.2Vet-2532.Vet 02-16-122. Experimental animals were outcrosses to
TLor TLN (nacre) unless otherwise noted. The following transgeniclines
were used: Tg(elavl3:H2B-GCaMP6s)jf5*, SAGFF(If)81c (TeO Gal4 line)*®,
Tg(UAS-EIB:NTR-mCherry)c264¥, Et(fos:Gal4-VP16)s1026t (DT Gal4 line)*8,
Tg(UAS:BGi-epNTR-TagRFPT-utr.zb3)mpn420 (this study).

Larvae were raised in Danieau solution under a14-10 h light-dark
cycleat28.5°Cuntil 6 d.p.f. For experimentsinjuveniles, animals were
then raised under standard facility conditions at 28.5 °C in groups of
20-25individuals. The fish were fed by feeding robots once aday with
artemia and 2-3 times a day with dry food.

Shoaling assay and behaviour quantification

Shoaling with real and virtual conspecifics was assayed as previously
described?. In brief, 15 or 35 individual animals were transferred indi-
vidually into shallow watch glass dishes of 10 cm or 7 cm diameter,
respectively, separated by agrid of visual barriersand resting ona pro-
jectionscreen. Custom-written Bonsai*’ workflows were used to project
stimuli to each animal and to track animal location at 30 fps. Stimuli
were black dots on a white background moving along a predefined,
synthetic-trefoil shaped trajectory at an average speed of 5mms™.
For continuous motion, the stimulus position was updated 30 times
per second. For bout-like motion, the stimulus position was updated
once every 666 ms. Dot diameter was 2 mm unless noted otherwise,
and O mm in the no-stimulus condition.

To assay shoaling of pairs of real conspecifics, we introduced asecond
animal in the same dish and did not show any projected stimuli. Fast-
Track® was used for post hoc tracking of real pair shoaling.

Attraction and neighbourhood maps were quantified as previously
described? using custom-written Python software. We calculate the
‘real’ average interanimal distance or animal dot distance for each
animal in 5 min chunks (IADr). Next, we generate 10 time-shifted tra-
jectories and recalculate the shifted average inter animal or animal
dot distance (IADs) for each time shift. Mean IADs for all time shifts
are used to compute attraction as (IADs - IADr)/IADs.

For neighbourhood maps, neighbour position time series were trans-
formed into the focal animal’s reference frame to compute a binned
2D histogram.

Repulsionwas quantified asthe reductioninattraction at the centre
of eachanimal’s neighbour density map. Neighbour density maps were
gaussian-filtered (sigma =3 mm) before obtaining 24 radial line scans
(width of 5 mm) starting from the centre of the map. Repulsion was the
area above the average line scan, at radii less than the radius at which
maximum neighbour density occurred (Extended Data Fig. 7a), divided
by the full length of the scan (29 mm).

Loomingstimuli were presented in the virtual shoaling setup*. Loom-
ing discs appeared once every minute at a defined offset of 5 mm to
the left or the right from the current centre of mass of each animal.
Looming discs expanded within 500 msto the indicated final size and
followed the animal. To compute an escape fraction, we defined an
escape response as a trial in which the animal moved more than twice
asfarinatimewindow of 1 simmediately following the loom compared
tothel.3 sbefore. Bout duration was computed using peak detection
onthe velocity time series of each animal.

c-fos activity mapping
Shoaling assay for c-fos. For c-foslabelling, we used nacre;elavi3:H2B-
GCaMPesfish at 21 d.p.f. Thirty five fish were transferred into individual

dishes and left without stimulation in the presence of white projector
illumination from below for acclimatization and to establish a low,
non-social c-fos baseline. Each animal was assigned randomly to one
of the four stimulus groups. After 2 h, continuous or bout-like motion
were shown to groupsland 2, respectively, whereas groups 3 and 4 con-
tinued to see no stimulus. After 45 min, groups 1,2 and 3 were quickly
euthanized and fixed. Four animals of group 4 were then transferred
into the dishes of four other animals of this group for shoaling. After
45 min, these eight animals were euthanized and fixed as well.

HCR staining and imaging. Animals were euthanized and fixed on
4% ice cold paraformaldehyde (PFA). The PFA was washed out after
24 hwith 1x PBS and the samples were gradually dehydrated and per-
meabilized with methanol and stored in =20 °C for several days until
the HCRinsitu labelling was performed. All of the HCR reagents were
purchased from Molecular Instruments and the staining was performed
according to the manufacturer's protocol for whole-mount zebrafish
larvae.Inbrief, the samples were separatedinto 2 juvenile fish per single
1.5 mlEppendorftube.Rehydration steps were performed by washing
for 5 min each in 75% methanol/PBST (1x PBS + 0.1% Tween-20), 50%
methanol/PBST, 25% methanol/PBST and finally five times with 100%
PBST. The samples were permeabilized with 30 pg ml™ proteinase K
for 45 min at room temperature, followed by postfix with 4% PFA for
20 minatroom temperature and 5washesin PBST for 5 mineach. The
samples were prehybridized ina 500 pl probe hybridization buffer (Mo-
lecular Instruments) for 30 minat 37 °C. Hybridization was performed
by adding 2 pmol of each probe set to the hybridization buffer and
incubating for 16 h at 37 °C. Probe sets for c-fos (B5 initiator), cort (B3
initiator) and elav/(3 (B2 initiator) were purchased from and designed
by Molecular Instruments. To remove the excess probes, the samples
were then washed 4 times for 15 min each with awash buffer (Molecular
Instruments) at 37 °C, followed by 2 washes of 5 min each with 5x SSCT
(5%xSSC+0.1% Tween-20) at room temperature. Pre-amplification was
performed by incubating the samples for 30 min in an amplification
buffer (Molecular Instruments) at room temperature. The fluores-
cently labelled hairpins (B2-488, B3-647, B5-546) were prepared by
snap cooling: heating at 95 °C for 90 s and then cooling to room tem-
perature for 30 min. Hairpin solution was prepared by adding 10 pl of
the snapped-cooled hairpins (3 uM stock concentration) to a 500 pl
amplification buffer. The pre-amplification buffer was removed, and
the samples were incubated in the hairpin solution for 16 h at room
temperature. The excess hairpins were washed three times with 5x
SSCT for 20 min each wash, and the samples were stored in 5x SSCT in
the dark at4 °C until imaging.

For dorsalimaging, the samples were embedded in 2.5% low melting
agarose in 1x PBS. Imaging was performed with a Leica SP8 confocal
microscope equipped with a x20 water-immersion objective. z-Stacks,
comprising four tiles, covering of the entire brain were taken (final
stitched image size: 1,950 px x 1,950 px, 1,406 pm x 1,406 pm, 3 pm
in 2). All 32 samples were imaged with the exact same laser power,
gain, zoom, averaging and speed to faithfully quantify and compare
the fluorescent signal between the samples. For ventral imaging, the
samples were removed from the agarose and dissected to remove the
jaw and the gills. After the dissections, the samples were embedded
upside down and imaged in the same manner. Four brains were lost
during ventralimaging and were therefore excluded entirely fromthe
subsequent analysis.

Image registration. Image registration was performed using Ad-
vanced Normalization Tools (ANTs*)) running on the MPCDF Draco/
Raven Garching computing cluster. Before registration, stacks were
batch-processed in ImageJ. Each stack was downsampled to 512 px
width at the original aspect ratio using bilinear interpolation, splitinto
individual channels and saved as .nrrd files. For ventral stacks, arte-
facts of the dissection such as left-over autofluorescent muscle fibres
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and skin were masked before registration. Initial attempts to register
the elavi3 HCR channel of dorsal or ventral HCR confocal stacks to a
live-imaged two-photon reference of elavi3-H2B-GCaMPé6s expression
were not successful, probably due to deformations resulting from the
HCR protocol and diverse qualitative differences in image features
between the imaging modalities. Instead, separate dorsal and ventral
HCR registration templates were generated from scratch by run-
ning antsMultivariateTemplateConstruction2.sh on three manually
selected stacks. Next, all dorsal and ventral stacks were registered to
their respective templates using antsRegistration. Finally, the ventral
template was registered to the dorsal template using affine + b-spline
transformations viaantsLandmarkBasedTransforminitializer with the
help of 25 manually curated landmarks in each stack before applying
standard antsRegistration. The resulting ventral-to-dorsal transform
was then applied to re-register all ventral stacks into one common
(dorsal) reference frame.

c-fos signal intensity quantification. Image analysis was performed
using custom scripts in Python. Registered dorsal and ventral stacks
were merged as the arithmetic mean intensity for each animal. Tonor-
malize to a drop in signal intensity with tissue depth, the c-fos signal
was divided voxel-wise by the elavi3 HCR signal. For visualizations of
imaging planes, the elav(3signal used in normalization was filtered by a
3D gaussian (filter width: 55 pm, 55 um, 15 umx,y,z). For area-wise c-fos
quantification, unfiltered elav/3 signal was used in normalization. To
identify activity clusters, merged stacks from all animals per condition
were generated by finding the maximum intensity at each voxel across
animals. Acombined RGB hyperstack was generated that showed c-fos
signal for each condition, cort HCR and elavI3HCR for reference in dif-
ferent colours for visual inspection. Activity clusters were manually
drawn as 3D masks on the hyperstack using the ImageJ segmentation
editor on orthogonal overlay views. Masks were drawn with the intent
to outline prominent, distinct clusters of c-fos signal, irrespective of
their modulation by social condition. The full hyperstack, including
cluster masks is available. Brain areas housing the activity clusters were
identified by comparison of the elavi3 reference to the mapzebrain
atlas® and additional resources™***,

Individual cort- and c-fos-positive cellsin DT were counted manually
using the Image]J cell counter plugin. For statistical analysis across
activity clusters and conditions, bulk normalized c-fos signal was
computed as the average intensity of all voxels belonging to a given
cluster. Effect size was determined in each cluster for each condition
versus the no-stimulus condition by pairwise computation of Cohen’sd
defined as the difference of the means divided by the pooled standard
deviation. To determine significant activity modulation compared to
the no-stimulus condition, we performed repeated two-tailed ¢-tests
and corrected for multiple comparisons in each family of tests (each
activity cluster) using the Bonferroni correction. Hierarchical cluster-
ingofthe activity clusters was performed on the effect sizes using the
seaborn method clustermap with the default parameters for average
Euclidean clustering.

Functional two-photon calcium imaging

Two-photon functional calciumimaging was performed on 6-8 d.p.f.
larvae and 17-22 d.p.f. juvenile elavi3:H2B-GCaMPé6s transgenic fish
without paralysis or anaesthesia. The 6-8 d.p.f.larvae were embedded
in 2% agarose with the tail freed as previously described®. Juveniles
(17-22 d.p.f.) were embedded in 3% agarose. As juvenile zebrafish are
prone to hypoxiain this preparation, several precautions were taken.
Adrop of low-melting agarose was placed onto a petri dish and allowed
to cool before a fish was introduced and oriented with a pipette tip.
Once solidified, agarose was removed from the mouth, gills and tail
using scalpels torestore active and passive breathing (Extended Data
Fig.3).Additional oxygen was supplied by continuously perfusing the
dish. The perfusion medium consisted of fish water freshly oxygenated

to saturation at the start of the experiment and diluted 1:1 with dem-
ineralized water to support ionoregulation and buffered with 1.2 mM
NaH,PO, and 23 mM NaHCO,*. To monitor health, we checked heart-
beat and breathing movements of gillsand mouth before and after an
experiment. Only fish that were breathing and moving after the end
of the experiment were included in the analysis. The embedded fish
were mounted onto the stage of a modified two-photon moveable
objective microscope (MOM, Sutter Instrument, with resonant-galvo
scanhead) with a x20 objective (Olympus XLUMPLFLN, NA 1.0) and
imaged for at least 60 min. Typically, fish resumed swimming imme-
diately after release from embedding. Only fish that did not drift up
or down in their preparation were used for analysis. Fish in which no
tectal responses could be observed were eliminated from the analysis.
Fast volumetricimaging of the tectum and/or thalamus was performed
using a custom-built remote focusingarmadded before the microscope
(Extended Data Fig. 3b). The remote focusing path was constructed
using the 30 mm and 60 mm Thorlabs cage system, and consists of
the following parts (in order of forwards traversal): a half-wave plate
(Thorlabs, AHWPO5M-980), a polarizing beam splitter (Thorlabs,
PBS102), two lenses (Thorlabs, AC254-100-B-ML and AC508-200-B-ML),
a quarter-wave plate (Thorlabs, AQWP10M-980), remote objective
(Nikon, CFI x16 0.8 NA), and a gold mirror (Thorlabs, PF05-03-MO01)
mounted onto a custom piezo (PPS-D08300-001 nanoFaktur,300 pm
closed loop range, with a nPoint LC.402 controller). The piezo was
mounted on axyztranslation stage with tip-tilt control. Changing the
mirror position is rapid (for the step sizes used for imaging, 1-2 ms)
and results in a change of focus of the excitation beam exiting the
main objective. Refocusing through the remote arm enabled rapid
sequentialimaging of 6 planes with anonlinear step size ranging from
6-24 pmat 5 volumes per second. Remote focusing was not used for the
high-resolution single-plane imagingin Fig. 2h,i. The plane size ranged
from370 pum x 370 pm for larvae to 1,075 pm x 1,075 um for juveniles.
Laser power ranged from 12.3 mW to 15.4 mW. The spatial sampling
(0.7-2.1pm px?) and optical resolution enabled discrimination of single
cells with cell body diameters typically in the range of 5 um to 8 pm.

z-Stack acquisition and image registration. For each function-
ally imaged fish, a z-stack of the entire brain was taken (512 x 512 or
1,024 x 1,024 pixels, 2 pmin z, 835-920 nm laser wavelength, plane
averaging 50-100x) with the two-photon microscope. Larval data were
registered to the mapzebrain atlas® using the elavi3:H2B-GCaMP6s
reference. For juvenile data, astandard brain was generated from three
high-quality z-stacks (150% frame averaging) as described in the ‘c-fos
activity mapping’ section and eachjuvenile brain was registered to it.
The generation of a standard brain and the parameters used for ANTs
registration have been described in detail previously®.

To align functional regions of interest (ROIs) from 2P datatoacom-
mon reference frame, a two-step strategy was used. First, average
frames of allimaging planes were registered to individual z-stacks using
template matching. Converted ROl locations in z-stack coordinates
were then transformed to the larval and juvenile common reference
frames by running the ANTs command antsApplyTransformsToPoints
with the matrices from the z-stack registrations.

Visual stimuli. Visual stimuli were designed using PsychoPy and pro-
jectedbyanLED projector (Texas Instruments, DLP Lightcrafter 4500,
with 561 nmlong-pass filter) on Rosco tough rolux 3000 diffusive paper
placed into a petri dish filled with fish water.

Frequency tuning. A black dot moving on a circular trajectory (ra-
dius, 18 mm) with the fish head in the centre was shown starting either
perpendicular to the fish at the left, or in front of the fish. The dot was
moved in discrete jumps at 0.75, 1.5, 3.0, 6.0 or 60.0 Hz at an overall
speedof 5mm s™(15.9 degrees (deg) s™). Each frequency was presented
using a dot diameter of 4 mm (12.7 deg). Moreover, 1.5 Hzand 60.0 Hz



stimuli were also presented with dot diameters of 2 mm (6.4 deg) and
8 mm (25.1 deg). Both clockwise and counter-clockwise presentations
were shown. The frequency, directionand, ifapplicable, size were ran-
domly drawn at each stimulus instance. Each stimulus had a duration of
22.6 sand was followed by a 20 s break. A total of 13 stimuli were shown
per10 minrecording. Five to nine of these recordings were performed
ineach fish, leading to an average of four to six presentations of each
stimulus. For Fig. 2b, only responses to dots (4 mm diameter) with
1.5Hzand 60 Hzbout frequency were analysed. For Fig. 2g, again only
responses to4 mm dots were analysed.

Specificity. Naturalistic stimulus trajectories consisted of a4 mmdiam-
eter dot (12.7 deg) moving along real trajectories fromone of two inter-
actingjuvenile zebrafish that were previously recorded® The trajectory
was computed as afish-centric view of the conspecific withrespect to
afocal fish. To avoid noise in the heading calculation due to tracking
jitter, the trajectory was convolved with anormalized hamming kernel
(mode: valid, window length: 20). The naturalistic motion sequences
were shown for 1 min each (Extended DataFig. 5b). For the whole-field
motion stimulus animage was created by combining random intensi-
ties and restricted spatial distributions in Fourier space, matching the
size of the moving dot (Extended Data Fig. 5¢). The computed image
either rotated in discrete jumps of 1.5 Hz or continuously at 60 Hz.
In both cases the stimulus took 22.6 s to finish a complete round. All
stimuli, 1.5 Hz dot, 60 Hz dot, 1.5 Hz whole-field, 60.0 Hz whole-field
and naturalistic dot motion were shown in a pseudo-random order
during 6x10 min recordings.

Kinetic parameters. Presented 4 mm diameter (12.7 deg) dots moved
clockwise on a circular trajectory (18 mm radius). Five speeds were
tested using a continuously moving dot: 2.5, 5,15, 50 and 150 mm s~
(8,15.9,47.7,159.2 and 477.5 deg s™). Five speeds at a bout frequency
of 1.5 Hz were tested by increasing the distance the dot moved during
eachbout. Thisincreased both the average speed and the acceleration
duringbouts. The following parameters were tested:1.25 mms™;3 ms??,
2.5mmsh6ms?5mms’12ms?10mms?24ms?and20 mms™;
48 ms?(4degs™;9.5x10°degs? 8degs™;19.1x10° deg s2,15.9 degs™;
38.2x10°degs?, 31.8degs™; 76.4 x10* deg s and 63.7 degs™;
152.8 x10* deg s ). Finally, for changing acceleration during each bout,
we modelled each bout as a gaussian speed profile and changed the
width of the curve. Eachstimulus stillhad an average speed of Smm s™
(15.9 deg s™) through a normalization factor. The following peak ac-
celerations were tested: 0.0, 0.02, 0.5,2.0 and 12.0 ms (0, 0.06, 1.6,
6.3and 38.2 x10° degs™).

Control stimuli after tectal ablation. Control stimuli consisted of trans-
lational gratings moving caudorostrally with respect to the fish (width,
20 mm; frequency, 0.12 Hz; duration, 20 s) and a looming stimulus
(expansion from 0.6 degto110 degin 83 ms, delay 10 swithdiskand20 s
without stimulus) centred below the fish. One grating was shown at the
beginning, followed by the dot stimuli, another grating and finally the
looming stimulus. These recording sessions took 10 mineach and were
separated by al min break to avoid potential habituation or response
suppression due to the looming stimulus.

Data analysis for two-photonimaging

Suite2P* was used for motion correction, ROI detection, cell clas-
sification and signal extraction. For the entire analysis, a GCaMP6s
time-constant of 7 s was used to accommodate the slow kinetics par-
tially due to the nuclear localization of this sensor. On the basis of a
visual inspection of the raw data, a cell diameter of 4-6 px was used. In
detail, raw recording files were deinterleaved into separate time series
for each plane. An extra motion-correction step was required owing
toripple noise stemming from the resonant mirror: to avoid spurious
alignmentto the noise pattern, rigid and non-rigid motion correction

was performed on a spatially low-pass filtered time series (Gaussian,
sigma = 4). Theresulting motion-correction parameters were applied
tothe raw data. Next, the time series were downsampled fivefold to one
volume per second. Onthe downsampled data, ROIs were detected and
fluorescent traces were extracted.

Thresholding. Neuron ROIs were thresholded in a two-step process.
First, the built-in Suite2p classification algorithm iscell was applied
using the default parameters. Second, iscell* ROIs that showed amean
AF/Fresponse to any stimulus above the 95th percentile (Fig. 2)/90th
percentile (Fig. 4).

Mean AF/F responses. For each functional ROI, the fluorescent trace
was normalized and splitinto stimulus episodes. AF/F was computed
by using the 5 s before stimulus onset as the baseline. AF/F temporal
responses were averaged across stimulus presentations per stimulus
and then averaged over time to receive one value per stimulus.

BPI. On the basis of the behavioural tuning curves to bout frequency?,
stimuliwere splitintobout-like (0.75-3 Hz) and continuous (6-60 Hz)
categories, regardless of stimulus size or directionality. BPl was de-
fined as the difference in mean over mean AF/F to bout-like stimuli
and mean over mean AF/Fto continuous stimuli divided by their sum
(equation (1)). BPNs were considered all ROIs that scored BP1>0.5,
which equates to a threefold higher bout response.

mean AF/F (bout) — mean AF/F (continuous)
mean AF/F (bout) + mean AF/F (continuous)

@

Tuning peaks. For computing peaks in the tuning of neurons to a vari-
able, mean AF/Fresponses were interpolated with a one-dimensional
spline (scipy.interpolate.InterpolatedUnivariateSpline, k =2, second
degree) and the location of the maximum was computed.

Gaussian KDE. To generate a kernel density estimate of BPNs in an-
atomical space, BPN coordinates were used to fit a Gaussian Kernel
(sklearn.neighbors.KernelDensity(*, bandwidth =10 (14 for 7 d.p.f.),
algorithm="auto’, kernel="gaussian’, metric="euclidean’).In detail, the
brainwas divided along the rostrocaudal axis and, for each hemisphere,
aseparate kernel was fitted with the contained BPNs. The resulting
two kernels were used to generate probability density fields of each
hemisphere, which were then merged again. The resulting density was
thresholded so that only voxels within the brainitself had values > O and
all voxels in the volume surrounding the brain equalled 0. Probability
values were then normalized so that the sum would result in the total
number of BPNs. To draw contours of areas with certain threshold BPN
density, the KDE volume was binarized so that all voxels above thresh-
old equalled 1. Of the resulting binarized volume a two-dimensional
maximum intensity projection was computed for each orthogonal
anatomical axis and a contour-finding algorithm (skimage.measure.
find_contours) was applied to the two-dimensional projection.

Definition of the larval DT

The outline of the larval thalamus proper was refined with expert
help of M. Wullimann (LMU). The refinement was based on extensive
analysis of gene expression®. The elavi3 reference stain was used to
identify the diencephalic regions. Proliferative cells, however, which
areabundantin the anterior DT at the larval stage, are not labelled by
elav(3.The neurogenin line was used to indicate the early glutamatergic
cells belonging to DT. Neurogenin is absent in the prethalamus (VT).
The VT/DTboundary was further defined using gad1b and dlx4, which
label late and early GABAergic cells, respectively. GABAergic cells are
mainly foundin VT, although theintercalated nucleus and the anterior
nucleus of DT may containsome gad1b positive cells. The pretectum/DT
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boundary was defined using gad1b and th. The latter marks dopamine
cells presentinthe pretectum.

EM and segmentation of mapzebrain regions

A detailed description of the EM dataset and region mapping is pub-
lished elsewhere®. In brief, the Serial Block Face Scanning EM dataset
wasofaS5d.p.f.larval zebrafishimaged at aresolution of 14 x 14 x 25 nm.
Adiffeomorphic mapping between the mapzebrain light-microscopy
brain reference coordinate system and the EM coordinate system
generated by the dipy (https://dipy.org/) Python library was used to
overlay mapzebrain (https://mapzebrain.org) region annotations
over the EM data. Registration accuracy was reviewed for different
brainregions with analignment error of maximal -5 pm (midbrain) to
~20 pm (hindbrain). We applied flood-filling networks for an automated
reconstruction of all neurons® within the whole-brain EM dataset™.
To correct for split and merge errors of the segmentation, we used
the Knossos application (www.knossos.app). Proof-reading of single
pBPN-DT cells started at the cell body location and ended when all
branches were completely traced. Growth cones defined premature
neurons. Proof-reading of partner cells started at the synapse and was
again performed until the whole cell was completed. Synapses have
beenautomatically segmented using the SyConnv2 pipeline®. Input to
pBPN-DT cells and tectal PVPNs was quantified by randomly selecting
ten incoming synapses per cell and tracing input partner cells, until
their cell bodies were identified.

Nitroreductase ablations

To chemogenetically ablate neurons, fish expressing nitroreductase
(NTR) were treated with 7.5 mM metronidazole (MTZ) in Danieau’s solu-
tion with 1 ml 1! dimethylsulfoxid (DMSO) for larvae, or 7.5 mM MTZ
in fish facility water with 2 ml I DMSO for juvenile fish, respectively.
Control fish were only treated with the respective DMSO concentra-
tion in the absence of MTZ. For SAGFF(If)81c ablations, the canonical
UAS-E1B:NTR-mCherry(c264) nitroreductase was used’.

Transgenic animals (RFP*) and control sibling fish (RFP") were incu-
bated in MTZ + DMSO solution for 16-24 h overnight. For the experi-
mentshowninExtended DataFig. 7b,e, we additionally incubated RFP*
and RFP”animalsin DMSO only. Animals recovered for 16-24 hin system
water before starting imaging or behaviour experiments.

In larvae, s1026tEt drives strong expression in the DT, dorsal VT,
ventral pretectum and ventral telencephalon, and additional back-
ground expression in the heart and trunk musculature®*¢, We found
that MTZ mediated ablation of s1026¢tEt, UAS-E1B:NTR-mCherry(c264)
doubletransgenic fish was lethal in100% of animals. We therefore used
anitroreductase transgene of which the background muscle expres-
sionwas suppressed by a3'UTR: UAS:BGi-epNTR-TagRFPT-utr.zb3%. To
overcome strong variegation of the existing allele (y362) in s1026tEt
cells, we created new alleles via Tol2 mediated transgenesis. We injected
UAS:BGi-epNTR-TagRFPT-utr.zb3together with To2mRNAintothe TLN
s1026tEt background. We outcrossed individual founders to TLN and
raised transgenic RFP* offspring and control RFP”siblings. At19 d.p.f.,
we selected transgenic offspring of one founder for homogeneous RFP
signalinthe DT. This founder established the allele mpn420 of which the
expressionislargely confined to the DT (Extended DataFig. 8). Half of
transgenic and control animals were randomly assigned toMTZ + DMSO
versus DMSO-only treatment. We observed no lethality after ablation
in this line. Analogous, non-transgenic siblings were also split into
two groups for MTZ + DMSO versus DMSO-only treatment. MTZ had
no detectable effect on non-transgenic animals and we subsequently
pooled all three control conditions.

Laser ablations

Juvenile (20-23d.p.f.) elavi3:H2B-GCaMPé6s transgenic fish were embed-
ded asdescribed above, anesthetized with Tricaine and placed under a
two-photon laser scanning microscope (Femtonics). The DT-BPNregion

withineachbrain was visually identified by the experimenter. A20 pm
ROl was specified on the DT-BPN region of each brain hemisphere and
scanned witha800 nm/400 mW laser beam for 30 ms. After eachscan,
oneimage was captured to observe the resulting damage and potential
off-target effects. This procedure wasrepeated 7 + 3 times untilnomore
nuclei could be observed in the target region that could be targeted
without blood vessel damage. Fish were removed from the embed-
ding and anaesthesiaimmediately after ablation. One fish that did not
start swimming within a few minutes was excluded from subsequent
behaviour testing and analysis. Fish were allowed torecover for at least
16 hbefore they were tested in a shoaling assay as described above.

Socialisolation

Individual eggs from elav:H2B-GCaMP6sincrosses were placed into small
petridishesatO d.p.f. Theside walls of the dishes were taped to prevent
visual contact between dishes. For controls, 15 eggs were placed inone
small petri dish. Larvae were imaged at 7 d.p.f. As no brain stacks were
acquired for these animals, anatomical DT masks were drawn for each
fishmanually. The response threshold for data analysis was adjusted to
50% due to alower number of recorded neuronsin single-planeimaging.

Statistical analysis

Allanalyses were performed in Python, using NumPy, Scipy, MatplotLib,
Suite2p, Pandas and Scikit-learn. All statistical details are described in
the figure legends and the Methods. All tests were two-tailed, unless
noted otherwise. Error bars represent 1s.d., unless noted otherwise.
Ndenotes the number of animals, unless noted otherwise.

Data collection software
Thefollowing data collection software were used: Bonsai (v.2.4.1); Leica
LAS X (v.3.5.7); and Scanlmage (v.5.6).

Data analysis software

The following data analysis software was used: Python (v.3.9) with
NumPy (v.1.21.0), Scipy (v.1.7.0), MatplotLib (v.3.4.2), Pandas (v.1.3.0)
and additional packages (full python environments are available with
our code on bitbucket); Ants (v.1.9); Suite2p (v.0.9.3); and Image)
(v.1.530).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Alldatato evaluate the conclusionsin the paper and to reproduce the
analysis are provided in the Article or made publicly available. Raw
HCR data, two-photon time series for individual neurons and behav-
iour tracking data are available at Edmond (https://doi.org/10.17617/
3.2QCFQP)%*. The EM stack will be publicly available in a companion
paper®. Source data are provided with this paper.

Code availability

Python scripts to recapitulate our data analysis are available at bit-
bucket (https://bitbucket.org/mpinbaierlab/kappeletal2022).
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Extended DataFig.1|Overview of all manually segmented c-fos activity animals. For visualization purposes, the elavl3 signal was non-linearly
clusters. Horizontal and coronal slices showing manually segmented c-fos transformed using agamma adjustment of 0.5. Top three rows are horizontal

activity clusters overlaid on the meanregistered elavl3signal across all 28 sections, bottom threerows are coronal sections. Scalebar:200 pm.
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Extended DataFig. 2| Quantification of c-fos and cor¢t HCR l1abelling.

a, Dorsal thalamic plane showing HCR labelling of c-fos and cort in one animal
afterinteraction with about-like motion dot stimulus. Expression occurs

inthe sameregional cluster (DT) but only one cell expresses both markers
(arrowhead). Representative for 6 examined animals. b, Left: Expression of cort
and c-fosinduction by shoaling stimulilocalize to the same area. elavl3, cort and
c-foswere co-labelled in the same animals. A single horizontal imaging plane at
the centre of the DT cluster is shown. elavl3 and cort channels are mean

intensity, c-fos channelis maximum intensity over all 28 animals. Right: c-fos*
and cort’ cellswere counted in the dorsal thalamus of N=2,6,6,6,8,8 animals
fornostim, continuous, bout like, conspecific, cort,and cort & c-fos groups,
respectively. Dataare mean +1SD. ¢, Normalized bulk c-fos signal for each
activity cluster. Barsrepresent median+1SD, N = 6,8,6,8 animals for ‘No stim’,
‘Continuous’, ‘Bout-like’, ‘Conspecific’, respectively. Individual data points are
availableinthefigure source data.Scale bars:100 pm.
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Extended DataFig. 3 | Schematic of the setup for calciumimaging.

a, Top view of theembedding preparation for 2-photon imaging of juvenile
zebrafish. Toenable active respiration, agarose columnsare cut out in front of
the mouth and gills. The tail is also freed to improve oxygen uptake through the
skin. Oxygenated water in theimaging chamber is constantly renewed with a
peristaltic pump.b, Side view of the preparation and remote focusing system.
Theimaging chamber, consisting of asmall petridish, is placedinalarge petri
dish filled with water. Diffusive paper servingas ascreenand asmall spacerare
placed between thelarge and small petridish. The large petridishis placedona
custom-made sample holder. A cold mirroris placed under the preparation to
reflect projectorimages onto the screen. The input beamto the remote
focusing system (red), passes through a half-wave plate and is reflected by a

polarizingbeam ssplitter. The beamis enlarged by two lenses, passes througha
quarter-wave plate, and is focused by an objective onto a mirror mounted toa
custom piezo stage. The piezo moves the mirror and thus adjusts the effective
focal distance of the reflected beam, which ultimately changes the collimation
ofthebeam at the main objective, changing the focus. The second pass through
the quarter-wave plate onthe returntrip resultsinachange of polarization
compared with theinputbeam, so the reflected beam now continues straight
through the polarizing beam splitter, reaching the microscope. To bypass the
remote focusing path, theinput half-wave plate canbe rotated so the input
beaminstead passes through the polarizing beam splitter, hits amirror and
passesthrough aquarter-wave plate twice, and thenisreflected into the
microscope. Thedetection pathisstandard andis not depicted.
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Extended DataFig. 4 |BPN quantificationacrossbrainareas. a, Bar plots
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individual neurons. ¢, Distribution of tectal BPNs along anterior-posterior (AP)
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Extended DataFig.5|BPNresponsespecificity injuvenile andlarval
animals. a, Responses of DT-BPNs (n =56 + 51) and all other recorded neurons
abovethreshold (n =1679 +1065) to looming and translational grating stimuli
from 3 animals where these stimuliwereincluded in the protocol. DT-BPNs are
notstrongly activated by either of the two control stimuli. b, Dot shoaling
stimulus. Dot position recapitulates the location of aconspecificrelativetoa
focal fish facing up. Cross marks location of the focal fish. ¢, Whole-field
motion stimulus used in Fig. 2i.d, DT-BPNs respond to dot shoaling stimulus.
Topredtraceshowsinstantaneous dot stimulus acceleration, bottomred trace
the same time series convolved with GCaMPés kernel (see methods). Dot
shoaling,1.5Hzand 60 Hzstimuliwere shown in pseudo-random order as
indicated. Mediantracerepresents n = 84 DT-BPNs from onefish, including
four representative neurons shown below. e, Expression of cort, pth2, gad1b
and vglut2a defines thelocation of the larval BPN KDE as dorsal thalamus.
gadlbpositive ‘stripe’ of cells near the midline marks the dorsal edge of VT.

Left four panels show single planes. Right shows merged orthogonal views.
Each channel shows mean expression over multiple individual fish registered
tothe mapzebrainatlas. cortand pth2are HCRlabels, mean of N =3 animals
each.gadlbandvglut2a are Gal4 enhancer trap lines driving expression of GFP,
N=5animalseach. Alsosee Video S1.f, Larval DT-BPN (n = 51+ 14 neurons per
fish, N =4 animals) tuning curve to stimulus frequencies from 0.75to 60 Hz
showninred. Mean tuning peak of individual neurons (shown above) was
1.1Hz +1.3 Hz. Black lines represent means of individual animals. Data from
asubset of allanimalsin Fig. 2j withnumber of recorded DT-BPNs > 30.
g,Number of neuronsin DT responding to different visual stimuli of larvae
raised insocialisolation compared to group-raised larvae (N = 5animals per
group). Number of responsive neurons to bout-like motion as well as the
number of DT-BPNs are not significantly differentin socially isolated animals.
Errorbars:1SD. P-value: two-tailed student’s t-test, no corrections. Scale bars:
b,2cm;e, 100 pm.
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Extended DataFig. 6 | Representative example neurons and brainareasin
the EM dataset. a-c, Registration of mapzebrain regions to the EM dataset.
Shown are top-views of the kernel density estimation for bout-preference
neurons (red) inside the dorsal thalamus proper (green, a) and at different
coronal planes (b, c). N=1EMstack.d, Frontal views of the BPN KDE in EM
reconstructions showing two examples (top and bottom) for synaptically
connected putative BPN partners across brainhemispheres. e, Dorsal view of
three putative BPNs (red) and their presynaptic partnersin the nucleusisthmi

Inferior
ventral medulla
oblongata

ventral medulla oblongata

AF4

(glutamatergicand GABAergic domains are annotated). f, A single putative
BPN (red) receivesipsi-and contralateral synapticinput fromatleast three
identified tectal PVPNs (green).g, Three examples for putative BPNs (red,
orange, purple) withaxonal projections to theipsi-and contralateral tectum.
Eight tectal PVINs (cyan), which are postsynapticto the red putative BPN are
shown. h-i, Mapzebrain atlas showing single cells in the BPN KDE and their
targeted brainregionsinlateral (h) and frontal (i) views. AF4 (yellow) is shown
asareference.Scalebars:a, 150 pum; b, ¢, 55 pm.
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Extended DataFig.7|See next page for caption.




Extended DataFig.7|Additional behavioural analysis of ablated animals.
a, Definition of short-range repulsion. Top left shows arepresentative
neighbour map for one of 45 similar control animals interacting with a dot of

4 mmdiameter. Colour map asinFig.4e. Toprightand bottom left show 24
radialline scans of smoothed neighbour density. Each scan begins at the centre
ofthe map. Black dots label the maximum of each scan. Bottom right shows the
mean of all linescansinblack. Repulsionis quantified as the areaabove the
meanline, left of the peak (blue shading). This defines the reduction of
attraction atthe centre of the map. Dotted linein bottom panelsindicates
baseline neighbour density (random distribution). b, Attraction and neighbour
density are strongly reduced in 81c:NTR ablated animals. Short-range repulsion
isintact. N=15ablated, 45 control animals. Datarepresentindividual animals
and mean (attraction) or median (repulsion). Neighbour maps show mean
probability of finding the stimulusin space with the focal animal at the centre
ofthe map, heading up. Values representratios, relative to time-shuffled data.
Eachmapis 60 x 60 mm.***:p<0.001/7,**:p <0.01/7,ns:p >0.05/7. Two-sided
student’s t-test for attraction, Mann-Whitney U test for repulsion, alpha values

Bonferronicorrected for 7comparisons. See figure source data for individual
p-values.c,Loominducedstartle responses areintactin 8Ic:NTR ablated
animals.Same animals asin Fig.4c, d. Datarepresents mean, shading
represents 1SD.N =13 ablated, N =15 control animals.d, Shoaling with real
conspecificsis disruptedin 81c:NTR ablated animals. Fishasin Fig.4c,d +1
additional animal per group tested in pairs. N = 14 ablated animals, tested as 7
pairs, N =16 control animals, tested as 8 pairs. e, Quantification of control
behavioursinanimals showninFig.4c,d,i,and k. Refer to legend of Fig. 4 and
figure source data for additional statistical information. f, Attraction shown
separately for 81c:NTR-RFP ablation +/-~RFP and MTZ +/- control groups, same
dataas2 mmdotsinb. RFP:red fluorescent proteinindicates expression/ no
expression of nitroreductase, respectively. MTZ: Metronidazole incubation/
DMSO control, respectively. N =15animalsineach group. g, Attractionshown
separately for s1026tEt:NTR-RFP ablation +/-~ RFP and MTZ +/- control groups,
samedataasine.N=7animalsineachgroup.Dataind-gshowindividual
animals or pairsand mean. Error barsare 1SD. p: Two-sided student’s t-tests,
uncorrected. d: Cohen’sd. Scalebar:20 mm.
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8| Evoked neuronal activity in SAGFF(lf)81c ablated
animals. a, Juvenile expression of SAGFF(If)81c:Gal4, UAS:NTR-mCherry and
s1026tEt, UAS:NTR-mCherryrelative to BPN KDE (yellow outline). Markers were
imagedinseparate 21dpffishandregistered to the juvenile standard brain.
SAGFF(If)81c: average of 3 animals. s1026tEt: average of 2 animals. elavl3:H2B-
GCaMP6s: mapzebrainreference channel. Merged viewis shownin3
orthogonal axes. White crosshairs indicate the orthogonal planes. b, Larval
expression of SAGFF(If)81c:Gal4, UAS:NTR-mCherryrelative to BPN KDE (yellow
outline) and cort HCR. Markers were imaged in separate 5-7 dpf fish and
registered to the mapzebrain standard brain. 8Ic: average of 4 animals
SAGFF(If)81c:Gal4, UAS:NTR-mCherry. elavl3: mapzebrain reference channel.
cort:average of 3animals, HCR label. Merged view is shownin 3 orthogonal
planes. White crosshairsindicate the orthogonal planes. Also see Video S3.

¢, Additional analysis of Fig. 4e-h. Number of neurons with mean dF/F above

the 90th percentile in DT for bout-like dot motion, continuous dot motion, as
wellasin pretectum for translational gratings and looming stimuli of 8Ic:NTR
ablated and control animals, respectively. Ablated animals show significantly
less responding neurons for all stimuli compared to controls. Individual data
points denote animals. Color code of individual neurons is z-scored mean dF/F
perstimulus. N =7 ablated, 9 controlanimals. d, Same experimentasinFig. 4e-h,
and Extended DataFig. 8c, butin7dpflarvae. Here, significant reduction of
responding neuronsin8Ic:NTR ablated animalsis only observed for DT-BPNs
andbout-like dot motion in DT, whereas continuous dot motion, translational
gratings and looming do not evoke significantly less responsesin the
pretectum of ablated animals. N =8 ablated, 9 control animals. Error bars: 1SD.
Scalebars: a,b,100 pm; d. p-valuesinc,d result from two-sided Mann-Whitney
Utest (uncorrected).
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