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Summary 
 
The foundations of our everyday experience and the experience of any animal lie in 

the structure and function of the underlying sensory systems in the brain that 

selectively extract and profoundly filter information from our environment, being it a 

ray of light, a sound wave or an odorant particle. Sensory neural networks evolved 

over hundreds of millions of years, from unicellular organisms that sense light 

gradients to human visual cortex with billions of neurons and trillions of synaptic 

connections. Like any biological system, sensory brain networks comprise emergent 

properties: The selective transcription of a gene combination in an individual neuron 

results in a cell morphology that is suited for filtering motion direction; a network of 

neurons that combine their filter properties generate adaptive behavioral responses 

to environmental stimuli. Here, I present two studies that uncover fundamental 

workings of the visual system in developing zebrafish on two levels of emergence. In 

the first study, I identified a neuronal circuit for selective recognition of social visual 

signals that is essential for social behavior in the juvenile zebrafish thalamus. By 

using a combination of brain-wide activity mapping and large-scale volumetric two-

photon imaging, I pinpointed a cluster of thalamic neurons that exhibited selective 

activation to social motion cues. Upon ablation of these cells, animals lost social 

attraction. Anatomical reconstruction of this nucleus revealed that upstream 

information comes from the tectum, the major hub for sensorimotor transformation. 

In the second study, I investigated how transcriptomic cell types give rise to 

functional cell types in the tectum. I connected functional and transcriptomic 

identities on a single-cell level in intact brain tissues by combining functional imaging 

and high-resolution in situ RNA labeling. I investigated the functional profiles of 

transcriptomically identified neurons by combining hierarchical clustering, 

dimensionality reduction and non-linear classification algorithms. Neurons from the 

same transcriptomic type responded preferentially to specific combinations of stimuli 

based on their anatomical localization, indicating that positional information drives 

phenotypic diversity in transcriptomic cell types of the tectum. Together, these 

studies provide fundamental examples for the functional organization of the 

vertebrate brain, from transcriptomic cell types to sensation and from sensory circuits 

to social behavior. 
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1. Introduction 

1.1 The neural basis of social behaviors 

Social behaviors exist in all sexually reproducing species. They are either 

conciliatory or antagonistic and existential for the health, survival, and reproduction 

of animal and manifest at multiple scales, from casual conversations between two 

humans to social hierarchies in insect colonies to collective dynamics in flocks of 

birds. Across these scales, brains of individual animals mediate social behaviors, 

instructing interactions between two or more conspecifics. 

Such interactions are inherently complex due to many variables within interaction 

partners such as behavioral state or social rank: For instance, an encounter with a 

mouse pup can evoke either brood care or infanticide in a male mouse, depending 

on the internal state (Elwood and Stolzenberg, 2020). Social stimuli from 

conspecifics can are complex and multisensory, including auditory or olfactory 

communication, visual non-verbal body communication or touch. Traditional 

schemes of brain function as a feed forward transformation of a sensory stimulus 

into a behavioral response are often not applicable for the neural basis of social 

behaviors. Here, two or more animals,  interact with each other through behavior and 

thus form a feedback loop (Chen and Hong, 2018, Fig. 1A). In this loop, decision-

making processes in the brain must factor in past behaviors of both interaction 

partners to generate adaptive behavioral outcomes. This leads to ambiguity about 

the experimental inference of causal links between a social stimulus and the 

behavioral response: Is the behavior from one animal a causal stimulus for the 

following behavior from the conspecific partner or are both behaviors elicited by yet 

another behavioral event earlier in the interaction (Fig. 1B)? The computational 

complexity of untangling this ambiguity warrants the hypothesis that nervous 

systems have adapted to enable social interactions. One evolutionary adaptation to 

social behaviors in the brain could be the emergence of one ore multiple specialized 

brain regions that are dedicated to mediating interactions with conspecifics. Indeed, 

a set of homologous brain regions in the limbic system, first identified in rodents, is 

involved in mediating multiple social behaviors (Newman, 1999). 
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Figure 1: Complexity of social interactions 

(A) Schematic visualizing the reciprocal feedback loop in a social interaction between two 

animals. Conspecific sensory information detected by the other individual triggers an adaptive 

behavioral response. The response in turn generates sensory cues for the other individual, 

perpetuating the loop. Adapted with permission (Chen and Hong, 2018). 

(B) Schematic trajectories of two interacting animals through a 2-dimensional behavioral space. 

At a certain point in time t1, the current behavioral state of one animal could be the result of 

the individual or combined behavioral states at t0 or t-1. 

 

This network of brain nodes is formed by the medial amygdala (MeA), medial bed 

nucleus of stria terminalis (mBNST), lateral septum (LS), anterior hypothalamus 

(AH), ventromedial hypothalamus (VMH), preoptic area (POA) and the 

periaqueductal gray (PAG). In rodents, by definition, neurons within these nuclei 

harbor gonadal hormone receptors, their activity is modulated by social interactions 

and these nodes were shown to be functionally interconnected. Initial lesion studies 

established that individual nodes of the so-called social behavior network (SBN) are 

necessary for mediating different social behaviors such as female sexual behavior, 

aggression, territorial marking, and maternal behavior. The initial overarching 

hypothesis was that differential activity of the individual nodes of the network 

collectively mediates all social behaviors (Fig. 2A). Goodson, O’Connell and 

Hofmann extended the SBN hypothesis to the five main vertebrate lineages based 
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on connectivity and neurochemical findings (Goodson, 2005; O’Connell and 

Hofmann, 2012). Further, the mesolimbic reward system consisting of the ventral 

tegmental area, basolateral amygdala, nucleus accumbens, striatum, hippocampus 

and ventral pallidum was described as an evolutionary conserved network connected 

to the SBN, and, in combination, these two systems were named social decision-

making network (SDM-N) (O’Connell and Hofmann, 2012). While the SBN and SDM-

N have been useful frameworks to promote the idea of a network of homologous 

nodes for social behaviors across vertebrates, the lack of cellular resolution in the 

evidence, the unclear application of criteria to qualify as a node across taxa and 

other factors make the models less nuanced and less applicable to circuit-level 

questions (Kelly, 2022). 

One open question is whether the same neuronal pathways in SBN nodes perform 

computations for mediating multiple social behaviors or, alternatively, separate more 

specific pathways work in parallel (Fig. 2B). Consider a male mouse meeting an 

adult conspecific in an open field: Depending on the opposite sex, the male mouse 

might either attack the opponent or engage in mating behavior. In one scenario, the 

same set of neurons would mediate the overall decision to engage socially with any 

conspecific, while parallel, separate circuits would command the respective 

behaviors, attack or mate. Alternatively, completely different sets of neurons that are 

intermingled in the same brain structures decide on social engagement and the 

entailing sex-specific behaviors, attack or mate.  

While specific anatomical structures of many vertebrate brains govern multiple social 

behaviors, it is still unclear to which extent there is a division of labor on the circuit 

level for social behaviors (Fig. 2B). In the brain of the fruit fly  Drosophila 

melanogaster, P1a neurons promote both aggression and mating through the 

elevation of a social state (Hoopfer et al., 2015), suggesting a convergent node for 

neural control of social behavior (Fig. 2B). Support for parallel channels comes from 

studies of aggression circuits in the ventrolateral subdivision of the ventromedial 

hypothalamus (VMHvl) in rodents (Lin et al., 2011). A large body of work implicate 

VMHvl neurons that contain estrogen (ESR)- and progesterone-receptors in both 

aggression and mating (Anderson, 2016) (Fig. 2C). Yet, activation of the individual 

transcriptomic cell types within this brain area could not confirm a causal effect of a 

single cell type on multiple social behaviors (Liu et al., 2022).  
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Figure 2: Network models for regulation of social behaviors 

(A) The social behavior network (SBN) consists of six nodes and is thought to mediate multiple 

social behaviors through differential activity within nodes. Adapted with permission (Newman, 

1999). 

(B) Two extreme layouts of circuit architecture for mediating two social behaviors, mating and 

aggression. Left: Individual circuits for mating and aggression do not share any connectivity 

or nodes except for reciprocal inhibition. Right: Neural pathways for mating and aggression 

converge onto a common node that controls both behaviors. B-D adapted with permission 

(Anderson, 2016). 

(C) A homogeneous set of anatomically and molecularly defined neurons in the Drosophila brain 

termed P1 cluster has shared functionality for both mating and aggression behavior. 

(D) Location of the ventrolateral subdivision of the ventromedial hypothalamus (VMHvl) in mice. 

Individual neurons in this region either trigger sexual or aggression behavior. 

 

1.2 Role of neocortex 

While the subcortical brain areas of the SBN are in focus of social behavior research, 

the role of the pallium - and in mammals, reptiles and birds especially neocortex - in 

social behavior and decision-making is a prevailing topic. The social brain hypothesis 

therefore proposes group living as the main driver of the evolutionary expansion of 

the neocortex (Byrne, 1996; Dunbar and Shultz, 2007) to meet the computational 

demands that come with constant social interaction. Astonishingly, relative neocortex 

volume strongly correlates with group size in monkeys and apes, though alternative 

explanations for this link are possible (Dunbar and Shultz, 2007). More specifically, 
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numerous studies have pointed at the ventromedial prefontal cortex (vmPFC) as 

important for social decision-making, planning and other social cognitive tasks in 

mice, monkeys and humans (Adolphs, 1999; Báez-Mendoza et al., 2021; Franklin et 

al., 2017; Grossman et al., 2022; Krueger et al., 2009; Milne and Grafman, 2001; 

Murugan et al., 2017; Zhao et al., 2022). From vmPFC, top-down control is exerted 

through projections into PAG, amygdala, nucleus accumbens and other nodes of the 

SBN and SDM-N.  

 

1.3 The sensory basis of social behaviors 

Conspecific animals release a multitude of high-dimensional sensory stimuli. Mating 

dances, vocalizations, pheromones or aggressive displays are just a few of the many 

ways in which animals communicate (Fig. 3). While central circuits for social 

behaviors are widely studied, less is known to what extent sensory systems in 

animal brains are adapted to processing conspecific sensory information in 

dedicated circuits. 

Classically, the relationship between a (sensory) neuron and an environmental 

stimulus is described through the concept of the receptive field. This framework was 

coined by Sherrington to describe a patch of skin that evokes a specific behavioral 

reflex (Sherrington, 1906). Hartline extended this concept to the stimulus location in 

visual space that evokes activity in retinal ganglion cells (Hartline, 1938). Work from 

Hubel and Wiesel pioneered the investigation of more complex, orientation- and 

direction-selective receptive fields in neurons of the cat primary visual cortex area V1 

(Hubel and Wiesel, 1962). The concept of neuronal tuning to specific sensory 

features beyond the spatial location of an object has since been commonplace, 

extending the receptive field to spectral bands within light, shapes or auditory 

frequencies. 

Receptive fields of individual neurons can also be tuned to conspecific features. Few 

examples from the literature describe different levels of abstraction for the 

relationship between conspecific stimuli and neuronal tuning:  

In the Drosophila visual system, a specific subclass of projection neurons is tuned to 

object sizes and speeds that match a mate during courtship (Ribeiro et al., 2018). 
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Activation of these neurons triggers elements of female courtship, indicating that 

mate-recognition by this circuit might be sufficient to drive behavior. This provides 

one of the cleanest examples for a dedicated circuit for social recognition and 

behavior (Ribeiro et al., 2018; Hindmarsh Sten et al., 2021). Cowley and colleagues 

expand this finding by suggesting that many subclasses of visual projection neurons 

act as filters for visual features of conspecifics that in combination activate elements 

of courtship behavior (Cowley et al., 2022) (Fig. 3A). However, the question of 

specificity remains unclear, i.e. whether subclasses of visual projection neurons 

solely respond to social features in a natural setting or have additional purposes. 

In the mouse medial amygdala (MeA), one node of the SBN, individual neurons as 

well as ensembles encode conspecific information such as sex and age in an 

experience-dependent manner (Bergan et al., 2014; Li et al., 2017). In this case, the 

sensory basis of  his representation is well described: Olfactory sensory neurons in 

the vomeronasal organ express odorant receptors that specifically bind pheromones 

of conspecifics. These neurons project to the mitral/tufted cells in the accessory 

olfactory bulb, which in turn connect to MeA (Halpern, 1987; Dulac and Torello, 

2003) (Fig. 3B). Thus, dedicated olfactory circuits at the periphery detect 

pheromones that induce abstract social representations in MeA (Fig. 3C).  

One example for visual social processing in vertebrate brains comes from primates, 

where  individual neurons in inferior temporal (IT) cortex respond specifically to faces 

(Tsao et al., 2003, 2006) (Fig. 3D). This region further harbors a general topographic 

mapping of representations for animate i.e. living objects versus inanimate objects 

(Bao et al., 2020). 
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Figure 3: Sensory processing of social cues across species 

(A) Combinatorial encoding scheme of conspecific visual cues through lobular columnar (LC) 

neuron types in the Drosophila lobula and subsequent activation of courtship modules. 

Adapted with permission (Cowley et al., 2022). 

(B) Neural pathway dedicated for recognition of conspecific pheromones in rodents. VNO: 

Vomeronasal organ, AOB: accessory olfactory bulb, VA: ventral amygdala, H: Hypothalamus. 

Adapted with permission (Dulac and Torello, 2003). 

(C) Example responses of individual medial amygdala neurons to different social cues in the 

awake mouse. Adapted with permission (Li et al., 2017). 

(D) Anatomical location of the face cell patches in monkey IT cortex. Color represents negative 

common logarithm of the significance value for the fMRI signal for faces versus objects. PI: 

posterior lateral, ML: middle lateral, MF: middle fundus, AL: anterior lateral, AF: anterior 

fundus face patches. D-E adapted with permission (Hesse and Tsao, 2020). 

(E) Example responses of individual face cells  in IT cortex to images of different objects, starting 

with faces.  
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The superior temporal sulcus (STS) region, anatomically close to IT cortex, 

processes biological motion as well as still images of faces and body parts in both 

humans and primates and is implicated in interpreting actions of conspecifics (Allison 

et al., 2000). While the face cells in IT cortex are selective for this abstract 

conspecific feature, it is unclear how this representation mediates social behaviors 

and how this information gets there. 

Together, these studies illustrate different levels of abstraction for the representation 

of conspecifics. While the mouse VMO is an example of a dedicated structure for 

olfactory social information, little is known about processing of social visual cues in 

the early visual system of vertebrate animals and potential connections to circuits 

that guide social behaviors. Yet, evidence suggests that even humans extract social 

information from highly reduced visual stimuli: Biological motion is a stimulus that 

consists of point illumination of body joints that move naturalistically (Johansson, 

1973; Neri et al., 1998). This rudimentary body movement devoid of any texture or 

shape contains sufficient information to extract age, sex and other features in 

humans (Dittrich et al., 1996; Mather and Murdoch, 1997). This suggests neural 

circuits in the visual system that extract and classify conspecific motion parameters. 

Interestingly, biological motion is also a salient visual stimulus in other species, from 

chicks (Regolin et al., 2000) to developing zebrafish (Larsch and Baier, 2018). 

 

1.4 Zebrafish as a model system for studying social behavior 

Zebrafish perform various social behaviors in laboratory settings such as shoaling, 

aggression, social learning or mating (Geng and Peterson, 2019). These behaviors 

can be investigated in relatively simple setups using modern tracking algorithms 

based on computer vision (Lopes and Monteiro, 2021) and deep learning (Romero-

Ferrero et al., 2019). The most basic social behavior in zebrafish is the basic drive to 

move towards conspecifics up to a preferred distance, termed social affiliation or 

shoaling. This simple distance rule underlies the formation of fish shoals (Katz et al., 

2011). Shoaling emerges seven days post fertilization (dpf) and increases during the 

following two weeks of development (Engeszer et al., 2007; Hinz and de Polavieja, 

2017).  
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Despite this faithful model of the behavior, it is not immediately clear which stimuli 

trigger social attraction. Social preference assays revealed that adult zebrafish prefer 

conspecific pigment patterns that they experience on conspecifics during early life 

(Engeszer et al., 2004) and bind individual visual features of conspecifics such as 

motion direction and shape into a coherent representation (Neri, 2012). The sight of 

conspecifics is sufficient to drive social affiliation already in developing zebrafish (Fig 

4). Three-week-old juvenile zebrafish stay close conspecifics behind a transparent 

divider in a U-maze (Dreosti et al., 2015). Of the many possible stimuli emitted by 

these separated conspecifics, burst-and-glide motion, typical of developing 

zebrafish, is a sufficient stimulus to drive social affiliation behavior in juvenile 

zebrafish (Larsch and Baier, 2018). Importantly, the stimulus size and type of motion 

that triggered the strongest social response matched same-age conspecifics, raising 

the question whether dedicated visual circuitry for detecting conspecific visual 

features exists already in developing zebrafish. 

 

 

Figure 4: Social behavior emerges during the first three weeks of larval zebrafish development 

(A) Juvenile but not larval zebrafish are attracted by the visual display of same-age conspecifics. 

Positions over time for a 7 dpf and 21 dpf animal in either an empty U-maze or a U-maze with 

an empty arm and an arm with conspecifics, respectively. SPI: Social preference index. 

Adapted with permission (Dreosti et al., 2015). 

(B) Inter-animal distance gradually decreases during larval zebrafish development. Polar density 

plots with the focal animal in the center facing upwards for increasing age. Color denotes 

probability of conspecifics in a certain area with respect to the focal animal. Adapted with 

permission (Hinz and de Polavieja, 2017). 
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(C) Behavioral attraction to bout motion emerges in juvenile zebrafish. Attraction is measured as 

the inverse of inter-animal distance. The bout frequency (interval) is modulated with fixed 

overall speed. The frequency with maximal behavioral attraction is similar to real frequency of 

conspecific bout motion. Adapted with permission (Larsch and Baier, 2018). 

 

Past research on circuits underlying social behaviors in fish used in situ labelling of 

immediate early gene expression to identify brain nuclei activated during hierarchy 

formation in cichlids (Bshary et al., 2014; Maruska et al., 2013). However, developing 

zebrafish offer a large set of advantages for investigating neuronal circuits for 

behavior.  Short generation cycles with 200-500 eggs per week per female make it 

feasible to implement genetic tools for recording and controlling activity in 

populations of neurons (Kawakami et al., 2016). These factors make developing 

zebrafish an attractive model for investigating circuit mechanisms of social 

recognition and behavior. 

 

1.5 The structure and function of the larval zebrafish visual system 

Light travels to the zebrafish brain through the lens of the eye, thus creating an 

image on the retina. Visual information is already heavily processed in the outer 

nuclear layer of the retina: the four different cone types that absorb photons each 

create a specific color representation of the scene through their spectral tuning 

(Yoshimatsu et al., 2021). Photoreceptors connect to bipolar cells (BCs) that reside 

in the inner nuclear layer and combinations of BCs connect with the output cells of 

the eye, retinal ganglion cells (RGCs). Synaptic connections between 

photoreceptors, BCs and RGCs give rise to the outer and inner plexiform layer, 

respectively. Horizontal and amacrine cells modulate the feed-forward pathway by 

performing various computations at the outer and inner plexiform layer, respectively. 

In consequence, individual retinal ganglion cells (RGCs) as the output cells of the 

eye represent highly processed channels of visual information. There are about 50 

different morphological RGC types based on stereotyped dendritic and axonal 

projection patterns, each transmitting subsets of the total visual information to a 

select subset of the 10 retinal AFs in the zebrafish brain (Robles et al., 2014) (Fig. 

5A). This raises the possibility that each morphological type corresponds to a 

specific visual feature channel. Indeed, early work in toads found that specialized 
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RGCs in the retina encode visual features of prey objects or predators and in 

consequence trigger either hunting or escape routines (Ewert, 1987).  

Studies in larval zebrafish found similar specializations in the eye: RGCs that 

innervate the retinal arborization field 7 in the pretectum selectively fire in response 

to small, prey-like objects and their activity is essential for initiating movements of 

hunting routines (Antinucci et al., 2019; Semmelhack et al., 2014). A dark looming 

visual stimulus selectively drives activity in RGCs that innervate AF 6 and AF 8 in the 

pretectum (Temizer et al., 2015), hinting at dedicated retinal information channels for 

escape behavior. Another example of an RGC type with a specific role for behavior 

are transcriptionally defined eomesa+ RGCs which are necessary for phototaxis 

(Kölsch et al., 2021). Similarly, the mouse retina harbours specialized feature 

detectors for local motion or approaching objects (Münch et al., 2009; Ölveczky et 

al., 2003).  

In zebrafish, individual RGCs broadcast filtered information to multiple 

‘retinorecipient’ brain regions including the hypothalamus, thalamus, pretectum, and 

tectum (superior colliculus homolog) (Baier and Wullimann, 2021). The tectum is the 

main retinorecipient brain area in fish and considered a center for transforming 

sensory stimuli into motor commands (Gahtan et al., 2005; Helmbrecht et al., 2018). 

It is a highly ordered structure with four main layers, the stratum opticum (SO), 

stratum fibrosum et griseum superficiale (SFGS), stratum griseum centrale (SGC) 

and stratum album centrale (SAC) and 10 sublaminae (Burrill and Easter Jr., 1994) 

(Fig. 5B). RGCs innervate the anterior to posterior anatomical axis of the tectum 

based on their cell body location in the eye, generating a topographic representation 

of visual space in the tectum (Robles et al., 2014; Stuermer, 1988). Tectal cell 

bodies form a folded sheet, the stratum periventriculare (SPV), which surrounds the 

highly layered synaptic neuropil area. The SPV contains two main anatomical cell 

types, periventricular interneurons (PVINs) and periventricular projection neurons 

(PVPNs) (Nevin et al., 2010; Scott and Baier, 2009). They are further characterized 

by differential branching patterns within the tectal neuropil layers and axonal 

projections to other brain regions or the contralateral tectal hemisphere (Förster et 

al., 2020; Helmbrecht et al., 2018; Kunst et al., 2019). 
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Figure 5: Structural organization of the larval zebrafish visual system 

(A) Confocal stack of the retinal projectome in three views including the color-coded 10 retinal 

arborization fields (AFs) of the larval zebrafish. Adapted with permission (Baier and 

Wullimann, 2021). 

(B) Morphological cell types in the larval zebrafish tectum based on selective arborizations in 

different neuropil layers. Adapted with permission (Förster et al., 2020). 

(C) Axons of projection neurons in the tectum show topographical organization according to cell 

body position along the tectal anterior-posterior axis. Adapted with permission (Helmbrecht et 

al., 2018). 

 

Topographic RGC input into the most superficial tectal layers (SO and SFGS) 

creates a visual map in tectal neuron activity (Niell and Smith, 2005). PVPN axon 

projections to the hindbrain are also topographically organized: Their activity causes 
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steering movements that are dependent on the axon location along a mediolateral 

axis, thus creating a topographic motor map (Helmbrecht et al., 2018) (Fig. 5C).  

This high degree of anatomical and functional organization is well suited for 

ethologically relevant computations. The probably best-studied phenomenon is the 

tectal control of hunting behavior (Gahtan et al., 2005). Small, moving prey objects 

evoke responses in large swaths of the tectum (Muto et al., 2013). Inhibitory 

superficial interneurons (SINs) in the tectal neuropil are receptive to large stimuli and 

thus able to act as a spatial filter for small stimuli (Del Bene et al., 2010). The 

preference to small dots of individual tectal cells is further dependent on their 

anatomical localization and the resulting retinotopic receptive field. Neurons located 

in the posterior tectum with receptive fields in the lateral parts of the visual field tend 

to respond to smaller objects, while anterior tectal neurons are more likely to 

respond to larger visual stimuli (Förster et al., 2020). This posterior-anterior mapping 

is in concordance with the prey size on the respective parts of the retina at the 

beginning and the end of the hunting routine, respectively. Further, responses of 

anterior tectal assemblies to prey-like stimuli coincide with convergent eye saccades, 

a hallmark of the hunting routine (Bianco and Engert, 2015). 

Just like hunting prey, evading predators through a startle response is an essential 

behavior under tectal control in larval zebrafish (Dunn et al., 2016; Temizer et al., 

2015). RGC and thalamic projections to the tectum are essential for triggering 

escape responses and the appropriate escape direction, respectively (Heap et al., 

2018; Temizer et al., 2015). Tectal neurons collectively encode the critical looming 

size at which escapes occur over time (Dunn et al., 2016). When challenged with two 

looming stimuli on opposing sides, individual tectal neurons switch their response 

preference according to relative stimulus sizes, thereby conveying a saliency signal 

(Fernandes et al., 2021). Interhemispheric tectal connectivity loops through the 

nucleus isthmi facilitate this computation and is the basis for a behavioral winter-

take-all strategy.   

Ventral to the tectum, the pretectum and thalamus form two other major visual 

structures that receive RGC input. Their substantially smaller retinal arborization 

fields suggest that only a subset of all retinal information reaches them.  

In zebrafish, many pretectal neurons are mostly responsive to global visual motion 
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cues that result from self-motion such as translations or rotations (Kubo et al., 2014; 

Naumann et al., 2016). Those are equipped with large, often binocular receptive 

fields that are suited for self-motion extraction and form a topographic anatomical 

map of rotational direction (Wang et al., 2019; Zhang et al., 2022). Pretectal neurons 

are essential for eliciting adaptive behavioral responses to global motion cues, 

namely the optokinetic reflex for gaze stabilization in response to rotational motion 

(Kubo et al., 2014) and the optomotor response to stabilize body position upon 

translational motion (Naumann et al., 2016). In contrast, neurons of a distinct 

pretectal nucleus close to AF 7 respond to local motion of prey-like objects and elicit 

hunting routines upon activation (Antinucci et al., 2019; Semmelhack et al., 2014).  

Less is known about the structure and function of zebrafish thalamus. It an 

anatomically heterogeneous structure with several subdivisions, which is broadly 

separated into GABAergic prethalamus and glutamatergic thalamus proper (Mueller, 

2012). Within thalamus proper, the anterior and dorsal posterior nuclei receive visual 

and the central posterior nucleus auditory input (Wullimann and Mueller, 2004).  

Direct retinal information reaches solely the anterior nucleus via AF 4 (Mueller, 

2012). RGCs projecting to AF 4 and neurons in the thalamic anterior nucleus are 

involved in processing ambient luminance change such as dimming and looming 

stimuli as well as the resulting behaviors phototaxis and escapes, respectively (Heap 

et al., 2018; Suryadi et al., 2020; Zhang et al., 2017). The dorsal posterior nucleus 

does not receive retinal input (Wullimann and Mueller, 2004). In other fish species, 

the tectum is the main presynaptic visual partner of this nucleus (Northcutt, 2006; 

Striedter, 1990). It might be phylogenetically related to the mammalian pulvinar 

complex, a nucleus in the dorsal thalamus that is postsynaptic to the superior 

colliculus and implicated in visual attention (Benarroch, 2015; Mueller, 2012). 

Whether any of the RGC types, AFs or retinorecipient brain regions contain 

dedicated circuits for processing conspecific stimuli such as burst-and-glide motion 

remains to be established. Since shoaling behavior is dependent on a precise 

balance of attraction and repulsion to keep a preferred distance to conspecifics, it is 

reasonable to assume that separate circuits in the visual system of larval zebrafish 

signal whether a conspecific is too far away or too close. In the latter case, 

previously identified circuits for detecting looming stimuli might also mediate social 

avoidance. In consequence, a separate ‘attraction circuit’ would detect conspecifics 
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from far away and and induce approach behavior. The OT would be a likely brain 

region to harbor neurons that localize a salient social signal and initiate directed 

approach. 

 

1.6 Volumetric 2-photon microscopy for large-scale functional imaging 

One well-suited strategy to screen the larval zebrafish visual system for neurons that 

detect social cues would be volumetric calcium imaging. The larval zebrafish is 

particularly well suited for imaging neuronal activity due to its transparency and small 

size, allowing for whole-brain activity recordings at cellular resolution in embedded 

(Ahrens et al., 2013; Bruzzone et al., 2021; Portugues et al., 2014) or unrestrained 

animals (Cong et al., 2017; Kim et al., 2017). Recent technical advances enable 

functional two-photon recordings of brain activity in juvenile and even adult zebrafish 

(Bergmann et al., 2018; Chow et al., 2020; Huang et al., 2020). 

Since the invention of two-photon microscopy by Denk and colleagues in 1990, this 

technology has revolutionized the field of neuroscience (Denk et al., 1990). 

Measuring neuronal activity of neurons in the intact brain was now possible with 

unprecedented penetration depth and spatial resolution. Key is the concept of the 

two-photon effect, where the absorption of two photons in the infrared range (700-

1300 nm) by a fluorophore yield the same energy as the absorption of one photon in 

the blue spectrum (450 - 500 nm). Using pulsed lasers with femtosecond precision 

increases the probability of two infrared photons hitting the same fluorophore at the 

same time, and still restricted to a narrow focal point. This way, fluorophores in 

genetically encoded calcium indicators (GECIs) such as GCaMP are excited only in 

small subvolumes, leading to very high spatial resolution. Fast scanning of the laser 

beam using motorized mirrors in combination with photon multiplier tube (PMT) 

detection of green emission light from GECIs enables rapid 2D and even 3D 

reconstruction of brain activity over time, limited only by the respective GECI calcium 

binding dynamics. Advances in optical technologies enable recording in larger and 

deeper brain areas through light wave front shaping (Hampson et al., 2021), or 

mesoscale imaging of whole cortical areas (Lu et al., 2020). The most recent 

development are miniature two-photon microscopes that allow recording in freely 

moving animals, even to the point of volumetric imaging (Skocek et al., 2018; Zong 
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et al., 2022). Further, imaging of whole brains in invertebrate species is feasible 

(Kato et al., 2015).  

 

1.7 Precise registration and alignment of brains for functional anatomy  

Through the innovation in hardware for recording brains came the need for analytical 

software tools that could bring order to the vast amounts of functional and structural 

data that large-scale two-photon imaging produces. It has proven very useful to 

mend brain data into one common anatomical reference frame (Randlett et al., 2015; 

Marquart et al., 2017). A shared coordinate system for all data leads to 

interpretability in variation between individual animals, localization of functional 

nodes of activity and intersection between functional and anatomical modalities. 

Initially developed for medical applications such as magnetic resonance imaging 

(MRI) or computer tomography (CT), several registration applications were adopted 

for aligning brain data of model organisms into one reference such as CMTK 

(Rohlfing and Maurer, 2003), Elastix (Klein et al., 2010), ANTs (Avants et al., 2011) 

and greedy (Venet et al., 2019). The underlying algorithms combine linear and non-

linear transformations to achieve registration of two or more brain volumes with up to 

cellular precision (Lovett-Barron et al., 2017). The computed transformation matrices 

can be used to register secondary imaging channels such as transgene expression 

patterns, functional ROI pixels or anatomical reconstructions of individual neurons 

into the reference coordinate system (Panser et al., 2016). Taken together, 

functional two-photon calcium imaging in combination with brain registrations is well 

suited for investigating visual circuits for to social recognition because it enables the 

rapid and precise identification of functional nodes within brain areas or even whole 

brains. Yet, even neurons within an anatomically localized functional cluster can fulfill 

vastly different roles: For example, consider the VMHvl neurons that either elicit 

mating or aggression described earlier, which are intermingled in a small nucleus 

(see Figure 2). Untangling different cell types within a localized cluster or brain area 

can then guide understanding how one or multiple functional properties emerge from 

that set of neurons. 
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1.8 Identification of neuronal cell types through single-cell RNA sequencing and 

spatial transcriptomics 

Understanding the inner workings of a machine, one ideally knows about all the cogs 

and screws within the device that act in concert. Likewise, to understand a neuronal 

circuit or a brain area in the context of social behavior and beyond, it may be 

desirable to have a complete ‘parts list’, i.e. a catalogue of its neurons cell types. 

Neuronal cell types can be identified across different modalities such as their 

morphology, connectivity, neurotransmitter identity or transcriptome. First attempts to 

categorize neurons date back to the very inception of neuroscience with Cajal’s 

classic drawings of different neuronal morphologies. The new frontier is molecular: 

with the advent of single-cell RNA sequencing (scRNAseq), there has been an 

explosion in endeavors to generate catalogues of neuronal cell types based on their 

gene expression profile: 

For instance, researchers from the Allen Brain Observatory found consensus 

transcriptomic classes of neurons in motor cortex of human, marmoset and mouse 

(Bakken et al., 2021). Other studies reported conserved and clade-exclusive neuron 

types by comparing transcriptomic cell types in reptile, amphibian and mammalian 

brains, collectively enabling insights into brain evolution (Hain et al., 2022; Tosches 

et al., 2018). For the larval zebrafish brain, transcriptomic cell types have been 

described in the eye (Kölsch et al., 2021), tectum (Martin et al., 2022), hindbrain 

(Tambalo et al., 2020) and even throughout early development (Raj et al., 2018). 

The resulting cell catalogues are valuable resources for understanding neuronal cell 

type diversity. By comparing gene expression profile of single neurons in homologue 

brain regions between species, one can further infer which neuronal cell types are 

conserved throughout evolution and might execute similar functions in the brain 

(Hahn et al., 2023; Pandey et al., 2023; Tosches et al., 2018). 

However, when it comes to understanding how this diversity enables brain function, 

the integration of multiple modalities is key. Recent studies combine several 

techniques to achieve such cross-modality, from generating transgenic animals to 

filling individual neurons with dyes to linking two-photon imaging with spatial 

transcriptomics. For example, by combining scRNAseq and transgenic labeling, 

Kölsch et al. discovered a transcriptomic retinal cell type that is necessary for 

phototaxis through functional imaging and targeted ablations (Kölsch et al., 2021). A 
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study focused on transcriptomic cell types in mouse visual cortex area V1 revealed 

that cell type specific activity correlates with behavioral state of the animal (Bugeon 

et al., 2022). Here, the authors incorporated a technique that visualizes RNA 

molecules in intact tissues or tissue slices with up to single-molecule precision and 

puts recorded and sequenced cells in their spatial context. The need to visualize as 

many genes as possible led to the development of various multiplexing and 

barcoding techniques such as MERFISH (Chen et al., 2015). Here, multiple rounds 

of probe annealing with separate fluorescent markers enable combinatorial encoding 

of hundreds of genes. In a different approach, fluorescent molecules are recruited 

and amplified with a linker molecule directly to a specific RNA molecule in a process 

called hybridization chain reaction (HCR). This and similar techniques enable the 

encoding of up to five marker genes in one round of fluorophore staining within intact 

3D tissues (Choi et al., 2018; Wang et al., 2012). Recent projects have shown that 

this technique is suitable for whole-brain staining of developing zebrafish (Lovett-

Barron et al., 2017; Shainer et al., 2023). In the same animal, whole-brain gene 

expression data can be overlayed with functional time series through registration into 

a common reference frame. This technique yields multimodal investigation of cell 

type composition, only limited by the number of marker genes. 

Taken together, the intersection of novel research techniques enables a holistic view 

on the molecular and functional organization of the developing zebrafish brain. 
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Visual recognition of social signals by a 
tectothalamic neural circuit

Johannes M. Kappel1, Dominique Förster1, Katja Slangewal1,4, Inbal Shainer1, Fabian Svara1,2, 
Joseph C. Donovan1, Shachar Sherman1, Michał Januszewski3, Herwig Baier1 ✉ & 
Johannes Larsch1 ✉

Social affiliation emerges from individual-level behavioural rules that are driven by 
conspecific signals1–5. Long-distance attraction and short-distance repulsion, for 
example, are rules that jointly set a preferred interanimal distance in swarms6–8. 
However, little is known about their perceptual mechanisms and executive neural 
circuits3. Here we trace the neuronal response to self-like biological motion9,10, a visual 
trigger for affiliation in developing zebrafish2,11. 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 in a 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 function12–14. 
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 animals live in 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 play3, and is also a proximal cause of swarm, flock and herd 
formation. Although neural circuits that mediate such behaviours 
have received much attention3,15, relatively little is known about the 
sensory detection of social signals (beyond pheromones)15,16, 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 behaviours17–19, and elicit a social percept in humans9,10. Bio-
logical motion is also a key driver of zebrafish shoaling, a collective 
behaviour with well-characterized interaction rules in groups or pairs 
of animals2,6,11,20, 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, respectively2 (Fig. 1b). We then recorded a snapshot of 
neuronal activity by rapid fixation and labelling of c-fos (official gene 
symbol, fosab) mRNA21 using third-generation in situ hybridization 
chain reaction22 (HCR) analysis in 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 
31 distinct 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 in a subset 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 stimulus23. By contrast, real conspecifics moving at 
the same elevation as the imaged fish activated the anterior and dorsal 
TeO more strongly (Fig. 1d). Virtual and real conspecifics activated a 
cluster in the dorsal thalamus (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 landmark24 
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(Extended Data Fig. 2a,b). One cluster in the posterior tuberculum (PT) 
stood out as selectively active with bout-like motion and real conspecif-
ics. By contrast, c-fos in 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-fos inten-
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 at least one stimulus relative to the no-stimulus condition 

(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 is modulated 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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Fig. 1 | Fish-like motion activates a conserved social behaviour network.  
a, Schematic of stimulus presentation for activity mapping. b, Attraction 
towards stimuli shown in a. n = 17 (no stimulus) or n = 9 (continuous; bout-like) 
single animals; and n = 8 animals tested in 4 pairs (conspecific). Data are mean 
(black dots) ± 1 s.d. Exact P values were calculated using two-tailed t-tests 
compared with the no-stimulus group: P = 0.16 (continuous); P = 5.2 × 10−8 
(bout-like); P = 8.1 × 10−11 (conspecific). Bonferroni-corrected α values: NS, 
P > 0.05/3 (NS); ***P < 0.001/3. c, Representative slices of maximum-intensity- 
normalized c-fos signal merged across all 28 registered animals. The views are 
horizontal (top row), sagittal (bottom left) and coronal (bottom right). The solid 
grey lines indicate the corresponding planes across the slices. The dashed line 
indicates the midline. Coloured patches indicate activity clusters (Extended 
Data Fig. 1). A, anterior; D, dorsal; L, lateral. d, The average normalized c-fos 
signal at the three representative horizontal planes indicated in c. 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-fos induction compared with 
the no-stimulus condition. Negative values indicate a lower signal compared 
with the no-stimulus condition. The dendrogram represents hierarchical 

clustering. Statistical analysis was performed using two-tailed t-tests in each 
activity cluster versus the no-stimulus group. *P < 0.05/3, **P < 0.01/3, 
***P < 0.001/3 (α values were Bonferroni-corrected per activity cluster). Animal 
numbers are the same as in d. Additional statistical information is provided as 
Source Data. Scale bars, 200 µm. DT, dorsal thalamus; En, entopeduncular 
nucleus; Hc1, caudal hypothalamus 1; Hc2, caudal hypothalamus 2; Hc3, caudal 
hypothalamus 3; Hi1, intermediate hypothalamus 1; Hi2, intermediate 
hypothalamus 2; Hi3, intermediate hypothalamus 3; Hrl, rostral hypothalamus, 
lateral; mHr, rostral hypothalamus, medial; MOd, medulla oblongata, dorsal; 
MOi, medulla oblongata, intermediate; nMLF, nucleus of the medial 
longitudinal fasciculus; OB, olfactory bulb; P, pallium; Pl, 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.
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paraventricular and anterior hypothalamic nuclei commonly assigned 
to the conserved social behaviour network12–14 (Hrl, mHr, PPp). Clusters 
in groups 3 and 4, which were modulated exclusively by real conspecifics  
(Hc3, Hi2, PPp, Hc2), might reflect neuronal responses beyond those 
necessary for acute social affiliation. They may contribute to perception 
of threat or homeostatic stress mechanisms, potentially through visual 
cues that are not present in bout-like dot stimuli or additional sensory 
modalities such as olfaction and mechanosensation16,21,25,26. 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-fos labelling method highlights putative visual input pathways for 
social affiliation. Biological motion probably enters the brain through 
the TeO and DT27, therefore providing an opportunity to investigate 
sensory detection of this social cue. To understand stimulus selectivity 
of individual neurons in these visual areas, we turned to volumetric two- 
photon calcium imaging of juvenile brain activity in response to presen-
tation of virtual conspecifics.

Fish that expressed nuclear-localized GCaMP6s in almost all neu-
rons (carrying the transgene elavl3: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 × 600 × 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 Data Fig. 4), quali-
tatively matching the c-fos mapping results (Fig. 2c).

To identify neurons that encode biological motion, we computed a 
bout preference index (BPI) as the normalized difference in the response 
to behaviourally attractive bout-like motion versus unattractive  
continuous motion (Fig. 2d,e). The majority of neurons did not differen-
tiate between bout frequencies (mean BPI 0.01 ± 0.07). However, 13 ± 5% 
of all neurons scored BPI > 0.5, corresponding to a threefold increase in 
∆F/F for bout-like motion compared with continuous motion in these 
neurons. We next focused our attention on these putative bout prefer-
ence neurons (BPNs). In a subset of animals, we determined that the BPN 
population was largely unresponsive to looming and moving grating 
control stimuli (Extended Data Fig. 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 
a response peak at a stimulus bout frequency of 1.2 ± 1.6 Hz, closely 
matching the juvenile’s typical swim bout frequency of around 1.25 Hz, 
which also most effectively elicits shoaling2 (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-BPNs were barely modulated by stimuli moving at 2 to 150 mm s−1. At 
1.5 Hz, DT-BPNs yielded maximal responses at 7.2 ± 1.7 mm s−1 (Fig. 2h), 
similar to a juvenile’s typical swim speed at around 5 mm s−1 and, again, 

matching the behavioural tuning2. Morphing acceleration from contin-
uous to bout-like along Gaussian speed profiles at fixed average speed 
of 5 mm s−1 and 1.5 Hz bout frequency modulated DT-BPN responses as a 
function of acceleration with a maximum at the highest possible accel-
eration of 12 m s−2 (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.

To relate DT-BPN responses 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 
during shoaling 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 neurons27 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 at around 
two weeks of age2,6,28, whereas younger fish show mainly interanimal 
repulsion2,29. 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, with the KDE centre in the DT (Fig. 2j). 
Registration of the larval data to the Max Planck Zebrafish Brain Atlas30,31 
(https://mapzebrain.org) confirmed localization of the DT-BPN cluster 
to the vglut2a-positive DT area, ventrally touching the gad1b-positive 
VT32. The larval DT-BPN cluster was molecularly defined by the expres-
sion of cort, as seen in juveniles, and pth2 (Extended Data Fig. 5e), a 
gene of which thalamic expression tracks the density of conspecifics in 
zebrafish through mechanosensory signals33. Overlap with pth2 raises 
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 motion in DT is 
largely independent of social experience (Extended Data Fig. 5g). Thus, 
functional BPN maturation precedes shoaling, and the developmental 
transition is either gradual in nature or requires a change in additional 
circuit nodes. The presence of BPNs in pre-juvenile stages provides an 
opportunity to investigate 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 information32,34. We hypothesized that DT-BPNs could serve 
that role for social cues, connecting visual brain areas and the conserved 
social behaviour network12,27. 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 
resolution35. We registered the larval DT onto the EM volume to identify 
the cell body location of putative BPNs (pBPN) in the DT (Extended 
Data Fig. 6a–c). We randomly selected and completely traced 34 cells 
in this region (Fig. 3a,b). All of these cells extended their primary neurite 
ventrolaterally and showed both dendritic and axonal arborizations 
in a thalamic neuropil region, posterior to retinal arborization field 
AF4 (Fig. 3b,c). In this region, we randomly selected presynaptic con-
tact sites on putative BPN dendrites, supported by an automated syn-
apse segmentation35 (Methods), and identified their partner neurons 
(Fig. 3c). A total 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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tectal periventricular projection neurons (PVPNs; Fig. 3d). We also 
identified synaptic input from the VT (16.7%), ipsi- and contralateral 
nucleus isthmi (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) 

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 a single BPN can receive input from several 
PVPNs, both ipsi- and contralaterally (Extended Data Fig. 6f). Next, we 
quantified presynaptic partners of DT-projecting PVPNs: 55% of all input 
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per 1,000 μm3. n = 11 fish. g, DT-BPN tuning to stimulus frequency. The mean 
peak across neurons was 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 
animals in e with a number of recorded DT-BPNs of >30. n = 6 animals. h, DT-BPN 
tuning to average speed at 1.5 Hz or 60 Hz and acceleration. The cartoons show 
stimulus displacement over time. Data are mean ± 1 s.d. of all of the neurons 
shown above. n = 291 neurons. The black lines indicate individual animals. n = 4 
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and whole-field motion and their anatomical distribution. Circles (left) show 
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and 200 μm (c, e, f and j).
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synapses arrived from a specific class of retinal ganglion cells, which 
exclusively arborized in the SFGS3/4 layer of the tectum36 (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 
of traced neurons residing in the BPN-KDE of the light microscopy map-
zebrain atlas30. We identified 13 putative BPNs that all extended their 
primary neurites ventrolaterally into a neuropil area posterior of AF4, 
consistent with the EM data. Of these neurons, 12 projected into other 

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 preoptic region, and clusters 
in the rostral, intermediate and caudal hypothalamus, which showed 
c-fos signal 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 stage37.

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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We genetically targeted tectal cells for chemogenetic ablation using 
the SAGFF(lf )81c enhancer trap line to drive expression of nitroreduc-
tase. SAGFF(lf )81c is 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 
a severe 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 a ring 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 
Data Fig. 7a,b). Moreover, looming-induced startle responses were at 
the control level in ablated animals (Extended Data Fig. 7c). Finally, we 
confirmed that SAGFF(lf )81c 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(lf )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 1.5 and 60 Hz 

(continuous), at which tectal ablation significantly reduced the number 
of top-scoring neurons (P < 0.01). Responses to looming and translational 
grating motion in the surrounding pretectum were also reduced in ablated 
21 d.p.f. juveniles but not in ablated 7 d.p.f. larvae (Extended Data Fig. 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 s1026tEt 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 21 d.p.f. animals. After ablation, we found a selective loss of attrac-
tion, whereas short-range repulsion, visual escapes and overall swim 
kinetics remained intact (P = 0.002; Fig. 4j,k and Extended Data Fig. 7e). 
Together, these results suggest that SAGFF(lf )81c neurons and DT-BPNs 
are essential elements of a pathway that mediates the affiliative aspect 
of shoaling, but are dispensable for collision avoidance during shoaling 
and visual escape from a looming threat.
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image of 21 d.p.f. SAGFF(lf)81c:Gal4, UAS:NTR-mCherry and 
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attraction (d) in 81c:NTR-ablated animals. Short-range repulsion is intact. n = 13 
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probability of finding the stimulus in space with the animal at the centre of the 
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animals coloured by mean ΔF/F to bout-like motion. n = 25 (ablated) and n = 849 
(control). The yellow area shows the DT. h, Quantification of DT-BPNs per 
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Discussion
Affiliation with conspecifics is a core building block of social behaviours 
that offer benefits for collectives, such as efficient food detection or 
evasion of predators3,8,38. 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 
repulsion into an appropriate distance1,4,5. Although empirical models 
of collective behaviour have postulated distinct individual-level behav-
ioural rules5,7,8, the neuronal implementation of such coordination has 
remained unclear, largely because mutual interactions mask causal 
relationships between conspecific signals and receiver responses. Our 
results in shoaling zebrafish now highlight fish-like motion2,11 as a salient 
trigger signal of an attraction pathway that converges on a multimodal33, 
socially activated DT cluster and feeds into hypothalamic areas that are 
probably homologous with nodes of the proposed social behaviour 
network12–14,21. Neuronal activity in this circuit therefore represents an 
inherently kinetic metric of neighbouring animals, in contrast to cur-
rent shoaling models that emphasize positional information1,4,6,20. By 
contrast, short-range repulsion engages a separate circuit, probably 
overlapping with the collision-avoidance pathway39–41. These results 
add support for the emerging importance of visual motion cues in social 
recognition10,42–44. 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 computations in individuals.
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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 
ROB55.2Vet-2532.Vet 02-16-122. Experimental animals were outcrosses to 
TL or TLN (nacre) unless otherwise noted. The following transgenic lines 
were used: Tg(elavl3:H2B-GCaMP6s)jf545, SAGFF(lf )81c (TeO Gal4 line)46, 
Tg(UAS-E1B:NTR-mCherry)c26447, Et( fos:Gal4-VP16)s1026t (DT Gal4 line)48, 
Tg(UAS:BGi-epNTR-TagRFPT-utr.zb3)mpn420 (this study).

Larvae were raised in Danieau solution under a 14–10 h light–dark 
cycle at 28.5 °C until 6 d.p.f. For experiments in juveniles, animals were 
then raised under standard facility conditions at 28.5 °C in groups of 
20–25 individuals. The fish were fed by feeding robots once a day 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 
described2. 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 a grid of visual barriers and resting on a pro-
jection screen. Custom-written Bonsai49 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 5 mm s−1. 
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 0 mm in the no-stimulus condition.

To assay shoaling of pairs of real conspecifics, we introduced a second 
animal in the same dish and did not show any projected stimuli. Fast-
Track50 was used for post hoc tracking of real pair shoaling.

Attraction and neighbourhood maps were quantified as previously 
described2 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.

Repulsion was quantified as the reduction in attraction at the centre 
of each animal’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).

Looming stimuli were presented in the virtual shoaling setup41. 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 ms to 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 
as far in a time window of 1 s immediately following the loom compared 
to the 1.3 s before. Bout duration was computed using peak detection 
on the velocity time series of each animal.

c-fos activity mapping
Shoaling assay for c-fos. For c-fos labelling, we used nacre;elavl3:H2B- 
GCaMP6s fish 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 groups 1 and 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 h with 1× PBS and the samples were gradually dehydrated and per-
meabilized with methanol and stored in −20 °C for several days until 
the HCR in situ 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. In brief, the samples were separated into 2 juvenile fish per single 
1.5 ml Eppendorf tube. Rehydration steps were performed by washing 
for 5 min each in 75% methanol/PBST (1× PBS + 0.1% Tween-20), 50% 
methanol/PBST, 25% methanol/PBST and finally five times with 100% 
PBST. The samples were permeabilized with 30 µg ml−1 proteinase K 
for 45 min at room temperature, followed by postfix with 4% PFA for 
20 min at room temperature and 5 washes in PBST for 5 min each. The 
samples were prehybridized in a 500 µl probe hybridization buffer (Mo-
lecular Instruments) for 30 min at 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 elavl3 (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 a wash buffer (Molecular 
Instruments) at 37 °C, followed by 2 washes of 5 min each with 5× SSCT 
(5× SSC + 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 µl of 
the snapped-cooled hairpins (3 µM stock concentration) to a 500 µl 
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 5× 
SSCT for 20 min each wash, and the samples were stored in 5× SSCT in 
the dark at 4 °C until imaging.

For dorsal imaging, the samples were embedded in 2.5% low melting 
agarose in 1× PBS. Imaging was performed with a Leica SP8 confocal 
microscope equipped with a ×20 water-immersion objective. z-Stacks, 
comprising four tiles, covering of the entire brain were taken (final 
stitched image size: 1,950 px × 1,950 px, 1,406 µm × 1,406 µm, 3 µm 
in z). 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 ventral imaging and were therefore excluded entirely from the 
subsequent analysis.

Image registration. Image registration was performed using Ad-
vanced Normalization Tools (ANTs51) 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, split into 
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 elavl3 HCR channel of dorsal or ventral HCR confocal stacks to a 
live-imaged two-photon reference of elavl3-H2B-GCaMP6s 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 via antsLandmarkBasedTransformInitializer 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. To nor-
malize to a drop in signal intensity with tissue depth, the c-fos signal 
was divided voxel-wise by the elavl3 HCR signal. For visualizations of 
imaging planes, the elavl3 signal used in normalization was filtered by a 
3D gaussian (filter width: 55 µm, 55 µm, 15 µm x,y,z). For area-wise c-fos 
quantification, unfiltered elavl3 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. A combined RGB hyperstack was generated that showed c-fos 
signal for each condition, cort HCR and elavl3 HCR 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 elavl3 reference to the mapzebrain  
atlas30 and additional resources13,52,53.

Individual cort- and c-fos-positive cells in DT were counted manually 
using the ImageJ 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’s d 
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 t-tests 
and corrected for multiple comparisons in each family of tests (each 
activity cluster) using the Bonferroni correction. Hierarchical cluster-
ing of the 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 calcium imaging was performed on 6–8 d.p.f. 
larvae and 17–22 d.p.f. juvenile elavl3:H2B-GCaMP6s transgenic fish 
without paralysis or anaesthesia. The 6–8 d.p.f. larvae were embedded 
in 2% agarose with the tail freed as previously described39. Juveniles 
(17–22 d.p.f.) were embedded in 3% agarose. As juvenile zebrafish are 
prone to hypoxia in this preparation, several precautions were taken. 
A drop 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 to restore 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 
NaH2PO4 and 23 mM NaHCO3

54. To monitor health, we checked heart-
beat and breathing movements of gills and 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 ×20 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 volumetric imaging of the tectum and/or thalamus was performed 
using a custom-built remote focusing arm added 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, AHWP05M-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 ×16 0.8 NA), and a gold mirror (Thorlabs, PF05-03-M01) 
mounted onto a custom piezo (PPS-D08300-001 nanoFaktur, 300 µm 
closed loop range, with a nPoint LC.402 controller). The piezo was 
mounted on a xyz translation 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 
sequential imaging of 6 planes with a nonlinear step size ranging from 
6–24 µm at 5 volumes per second. Remote focusing was not used for the 
high-resolution single-plane imaging in Fig. 2h,i. The plane size ranged 
from 370 µm × 370 µm for larvae to 1,075 µm × 1,075 µm for juveniles. 
Laser power ranged from 12.3 mW to 15.4 mW. The spatial sampling 
(0.7–2.1 µm px−1) and optical resolution enabled discrimination of single 
cells with cell body diameters typically in the range of 5 µm to 8 µm.

z-Stack acquisition and image registration. For each function-
ally imaged fish, a z-stack of the entire brain was taken (512 × 512 or 
1,024 × 1,024 pixels, 2 µm in z, 835–920 nm laser wavelength, plane 
averaging 50–100×) with the two-photon microscope. Larval data were 
registered to the mapzebrain atlas30 using the elavl3:H2B-GCaMP6s 
reference. For juvenile data, a standard brain was generated from three 
high-quality z-stacks (150× frame averaging) as described in the ‘c-fos 
activity mapping’ section and each juvenile brain was registered to it. 
The generation of a standard brain and the parameters used for ANTs 
registration have been described in detail previously30.

To align functional regions of interest (ROIs) from 2P data to a com-
mon reference frame, a two-step strategy was used. First, average 
frames of all imaging planes were registered to individual z-stacks using 
template matching. Converted ROI 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-
jected by an LED projector (Texas Instruments, DLP Lightcrafter 4500, 
with 561 nm long-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 
speed of 5 mm s−1 (15.9 degrees (deg) s−1). Each frequency was presented 
using a dot diameter of 4 mm (12.7 deg). Moreover, 1.5 Hz and 60.0 Hz 
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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, direction and, if applicable, size were ran-
domly drawn at each stimulus instance. Each stimulus had a duration of 
22.6 s and was followed by a 20 s break. A total of 13 stimuli were shown 
per 10 min recording. Five to nine of these recordings were performed 
in each fish, leading to an average of four to six presentations of each 
stimulus. For Fig. 2b, only responses to dots (4 mm diameter) with 
1.5 Hz and 60 Hz bout frequency were analysed. For Fig. 2g, again only 
responses to 4 mm dots were analysed.

Specificity. Naturalistic stimulus trajectories consisted of a 4 mm diam-
eter dot (12.7 deg) moving along real trajectories from one of two inter-
acting juvenile zebrafish that were previously recorded2. The trajectory 
was computed as a fish-centric view of the conspecific with respect to 
a focal fish. To avoid noise in the heading calculation due to tracking 
jitter, the trajectory was convolved with a normalized hamming kernel 
(mode: valid, window length: 20). The naturalistic motion sequences 
were shown for 1 min each (Extended Data Fig. 5b). For the whole-field 
motion stimulus an image was created by combining random intensi-
ties and restricted spatial distributions in Fourier space, matching the 
size of the moving dot (Extended Data Fig. 5c). 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−1 
(8, 15.9, 47.7, 159.2 and 477.5 deg s−1). Five speeds at a bout frequency 
of 1.5 Hz were tested by increasing the distance the dot moved during 
each bout. This increased both the average speed and the acceleration 
during bouts. The following parameters were tested: 1.25 mm s−1; 3 m s−2, 
2.5 mm s−1; 6 m s−2, 5 mm s−1; 12 m s−2, 10 mm s−1; 24 m s−2, and 20 mm s−1; 
48 m s−2 (4 deg s−1; 9.5 × 103 deg s−2, 8 deg s−1; 19.1 × 103 deg s−2, 15.9 deg s−1; 
38.2 × 103 deg s−2, 31.8 deg s−1; 76.4 × 103 deg s−2 and 63.7 deg s−1; 
152.8 × 103 deg s−2). Finally, for changing acceleration during each bout, 
we modelled each bout as a gaussian speed profile and changed the 
width of the curve. Each stimulus still had an average speed of 5 mm s−1 
(15.9 deg s−1) through a normalization factor. The following peak ac-
celerations were tested: 0.0, 0.02, 0.5, 2.0 and 12.0 m s−2 (0, 0.06, 1.6, 
6.3 and 38.2 × 103 deg s−2).

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 deg to 110 deg in 83 ms, delay 10 s with disk and 20 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 min each and were 
separated by a 1 min break to avoid potential habituation or response 
suppression due to the looming stimulus.

Data analysis for two-photon imaging
Suite2P55 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 
to ripple noise stemming from the resonant mirror: to avoid spurious 
alignment to the noise pattern, rigid and non-rigid motion correction 

was performed on a spatially low-pass filtered time series (Gaussian, 
sigma = 4). The resulting motion-correction parameters were applied 
to the raw data. Next, the time series were downsampled fivefold to one 
volume per second. On the 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 a mean 
∆F/F response to any stimulus above the 95th percentile (Fig. 2)/90th 
percentile (Fig. 4).

Mean ∆F/F responses. For each functional ROI, the fluorescent trace 
was normalized and split into stimulus episodes. ∆F/F was computed 
by using the 5 s before stimulus onset as the baseline. ∆F/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 frequency2, 
stimuli were split into bout-like (0.75–3 Hz) and continuous (6–60 Hz) 
categories, regardless of stimulus size or directionality. BPI was de-
fined as the difference in mean over mean ∆F/F to bout-like stimuli 
and mean over mean ∆F/F to continuous stimuli divided by their sum 
(equation (1)). BPNs were considered all ROIs that scored BPI >0.5, 
which equates to a threefold higher bout response.

F F F F
F F F F

mean ∆ / (bout) − mean ∆ / (continuous)
mean ∆ / (bout) + mean ∆ / (continuous)

(1)

Tuning peaks. For computing peaks in the tuning of neurons to a vari-
able, mean ∆F/F responses 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 
brain was divided along the rostrocaudal axis and, for each hemisphere, 
a separate 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 brain itself had values > 0 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 expression52. The elavl3 reference stain was used to 
identify the diencephalic regions. Proliferative cells, however, which 
are abundant in the anterior DT at the larval stage, are not labelled by 
elavl3. The neurogenin line was used to indicate the early glutamatergic 
cells belonging to DT. Neurogenin is absent in the prethalamus (VT). 
The VT/DT boundary was further defined using gad1b and dlx4, which 
label late and early GABAergic cells, respectively. GABAergic cells are 
mainly found in VT, although the intercalated nucleus and the anterior 
nucleus of DT may contain some gad1b positive cells. The pretectum/DT 
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boundary was defined using gad1b and th. The latter marks dopamine 
cells present in the pretectum.

EM and segmentation of mapzebrain regions
A detailed description of the EM dataset and region mapping is pub-
lished elsewhere35. In brief, the Serial Block Face Scanning EM dataset 
was of a 5 d.p.f. larval zebrafish imaged at a resolution of 14 × 14 × 25 nm. 
A diffeomorphic 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 
brain regions with an alignment error of maximal ~5 µm (midbrain) to 
~20 µm (hindbrain). We applied flood-filling networks for an automated 
reconstruction of all neurons56 within the whole-brain EM dataset35. 
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 
been automatically segmented using the SyConn v2 pipeline35. 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 l−1 dimethylsulfoxid (DMSO) for larvae, or 7.5 mM MTZ 
in fish facility water with 2 ml l−1 DMSO for juvenile fish, respectively. 
Control fish were only treated with the respective DMSO concentra-
tion in the absence of MTZ. For SAGFF(lf )81c ablations, the canonical 
UAS-E1B:NTR-mCherry(c264) nitroreductase was used47.

Transgenic animals (RFP+) and control sibling fish (RFP−) were incu-
bated in MTZ + DMSO solution for 16–24 h overnight. For the experi-
ment shown in Extended Data Fig. 7b,e, we additionally incubated RFP+ 
and RFP− animals in DMSO only. Animals recovered for 16–24 h in 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 musculature31,48. We found 
that MTZ mediated ablation of s1026tEt, UAS-E1B:NTR-mCherry(c264) 
double transgenic fish was lethal in 100% of animals. We therefore used 
a nitroreductase transgene of which the background muscle expres-
sion was suppressed by a 3′UTR: UAS:BGi-epNTR-TagRFPT-utr.zb357. 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.zb3 together with Tol2 mRNA into the TLN 
s1026tEt background. We outcrossed individual founders to TLN and 
raised transgenic RFP+ offspring and control RFP− siblings. At 19 d.p.f., 
we selected transgenic offspring of one founder for homogeneous RFP 
signal in the DT. This founder established the allele mpn420 of which the 
expression is largely confined to the DT (Extended Data Fig. 8). Half of 
transgenic and control animals were randomly assigned to MTZ + 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 (20–23 d.p.f.) elavl3:H2B-GCaMP6s transgenic fish were embed-
ded as described above, anesthetized with Tricaine and placed under a 
two-photon laser scanning microscope (Femtonics). The DT-BPN region 

within each brain was visually identified by the experimenter. A 20 μm 
ROI was specified on the DT-BPN region of each brain hemisphere and 
scanned with a 800 nm/400 mW laser beam for 30 ms. After each scan, 
one image was captured to observe the resulting damage and potential 
off-target effects. This procedure was repeated 7 ± 3 times until no more 
nuclei could be observed in the target region that could be targeted 
without blood vessel damage. Fish were removed from the embed-
ding and anaesthesia immediately after ablation. One fish that did not 
start swimming within a few minutes was excluded from subsequent 
behaviour testing and analysis. Fish were allowed to recover for at least 
16 h before they were tested in a shoaling assay as described above.

Social isolation
Individual eggs from elav:H2B-GCaMP6s incrosses were placed into small 
petri dishes at 0 d.p.f. The side walls of the dishes were taped to prevent 
visual contact between dishes. For controls, 15 eggs were placed in one 
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 
fish manually. The response threshold for data analysis was adjusted to 
50% due to a lower number of recorded neurons in single-plane imaging.

Statistical analysis
All analyses 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 1 s.d., unless noted otherwise. 
N denotes the number of animals, unless noted otherwise.

Data collection software
The following data collection software were used: Bonsai (v.2.4.1); Leica 
LAS X (v.3.5.7); and ScanImage (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 ImageJ 
(v.1.53c).

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

Data availability
All data to evaluate the conclusions in 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)58. The EM stack will be publicly available in a companion 
paper35. 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 Data Fig. 1 | Overview of all manually segmented c-fos activity 
clusters. Horizontal and coronal slices showing manually segmented c-fos 
activity clusters overlaid on the mean registered elavl3 signal across all 28 

animals. For visualization purposes, the elavl3 signal was non-linearly 
transformed using a gamma adjustment of 0.5. Top three rows are horizontal 
sections, bottom three rows are coronal sections. Scale bar: 200 μm.
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Extended Data Fig. 2 | Quantification of c-fos and cort HCR labelling.  
a, Dorsal thalamic plane showing HCR labelling of c-fos and cort in one animal 
after interaction with a bout-like motion dot stimulus. Expression occurs  
in the same regional cluster (DT) but only one cell expresses both markers 
(arrowhead). Representative for 6 examined animals. b, Left: Expression of cort 
and c-fos induction by shoaling stimuli localize to the same area. elavl3, cort and 
c-fos were 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 channel is maximum intensity over all 28 animals. Right: c-fos+ 
and cort+ cells were counted in the dorsal thalamus of N = 2,6,6,6,8,8 animals 
for no stim, continuous, bout like, conspecific, cort, and cort & c-fos groups, 
respectively. Data are mean ± 1SD. c, Normalized bulk c-fos signal for each 
activity cluster. Bars represent median±1SD, N = 6,8,6,8 animals for ‘No stim’, 
‘Continuous’, ‘Bout-like’, ‘Conspecific’, respectively. Individual data points are 
available in the figure source data. Scale bars: 100 μm.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Schematic of the setup for calcium imaging.  
a, Top view of the embedding preparation for 2-photon imaging of juvenile 
zebrafish. To enable active respiration, agarose columns are cut out in front of 
the mouth and gills. The tail is also freed to improve oxygen uptake through the 
skin. Oxygenated water in the imaging chamber is constantly renewed with a 
peristaltic pump. b, Side view of the preparation and remote focusing system. 
The imaging chamber, consisting of a small petri dish, is placed in a large petri 
dish filled with water. Diffusive paper serving as a screen and a small spacer are 
placed between the large and small petri dish. The large petri dish is placed on a 
custom-made sample holder. A cold mirror is placed under the preparation to 
reflect projector images onto the screen. The input beam to the remote 
focusing system (red), passes through a half-wave plate and is reflected by a 

polarizing beam splitter. The beam is enlarged by two lenses, passes through a 
quarter-wave plate, and is focused by an objective onto a mirror mounted to a 
custom piezo stage. The piezo moves the mirror and thus adjusts the effective 
focal distance of the reflected beam, which ultimately changes the collimation 
of the beam at the main objective, changing the focus. The second pass through 
the quarter-wave plate on the return trip results in a change of polarization 
compared with the input beam, so the reflected beam now continues straight 
through the polarizing beam splitter, reaching the microscope. To bypass the 
remote focusing path, the input half-wave plate can be rotated so the input 
beam instead passes through the polarizing beam splitter, hits a mirror and 
passes through a quarter-wave plate twice, and then is reflected into the 
microscope. The detection path is standard and is not depicted.
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Extended Data Fig. 4 | BPN quantification across brain areas. a, Bar plots 
showing average numbers and fractions of neurons per fish per brain area. Bars 
indicate mean across animals, error bars represent 1SD. Dots show mean of 
individual fish. Top: Number of recorded neurons per brain area. Second: 
Number of recorded neurons above response threshold, see methods. Middle: 
Fraction of recorded neurons that surpassed response threshold per brain 

area. Fourth: Average number of BPNs per brain area. Bottom: Fraction of 
recorded neurons that were classified as BPNs per brain area. N = 11 animals.  
b, Anatomical location of recorded neurons in each brain area. Dots represent 
individual neurons. c, Distribution of tectal BPNs along anterior-posterior (AP) 
and dorso-ventral (DV) axis. Scale bar: 200 μm.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | BPN response specificity in juvenile and larval 
animals. a, Responses of DT-BPNs (n = 56 ± 51) and all other recorded neurons 
above threshold (n = 1679 ± 1065) to looming and translational grating stimuli 
from 3 animals where these stimuli were included in the protocol. DT-BPNs are 
not strongly activated by either of the two control stimuli. b, Dot shoaling 
stimulus. Dot position recapitulates the location of a conspecific relative to a 
focal fish facing up. Cross marks location of the focal fish. c, Whole-field 
motion stimulus used in Fig. 2i. d, DT-BPNs respond to dot shoaling stimulus. 
Top red trace shows instantaneous dot stimulus acceleration, bottom red trace 
the same time series convolved with GCaMP6s kernel (see methods). Dot 
shoaling, 1.5 Hz and 60 Hz stimuli were shown in pseudo-random order as 
indicated. Median trace represents n = 84 DT-BPNs from one fish, including 
four representative neurons shown below. e, Expression of cort, pth2, gad1b 
and vglut2a defines the location of the larval BPN KDE as dorsal thalamus. 
gad1b positive ‘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 
to the mapzebrain atlas. cort and pth2 are HCR labels, mean of N = 3 animals 
each. gad1b and vglut2a are Gal4 enhancer trap lines driving expression of GFP, 
N = 5 animals each. Also see Video S1. f, Larval DT-BPN (n = 51 ± 14 neurons per 
fish, N = 4 animals) tuning curve to stimulus frequencies from 0.75 to 60 Hz 
shown in red. Mean tuning peak of individual neurons (shown above) was 
1.1 Hz ± 1.3 Hz. Black lines represent means of individual animals. Data from  
a subset of all animals in Fig. 2j with number of recorded DT-BPNs > 30.  
g, Number of neurons in DT responding to different visual stimuli of larvae 
raised in social isolation compared to group-raised larvae (N = 5 animals per 
group). Number of responsive neurons to bout-like motion as well as the 
number of DT-BPNs are not significantly different in socially isolated animals. 
Error bars: 1SD. P-value: two-tailed student’s t-test, no corrections. Scale bars: 
b, 2 cm; e, 100 µm.

39



Extended Data Fig. 6 | Representative example neurons and brain areas in 
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 = 1 EM stack. d, Frontal views of the BPN KDE in EM 
reconstructions showing two examples (top and bottom) for synaptically 
connected putative BPN partners across brain hemispheres. e, Dorsal view of 
three putative BPNs (red) and their presynaptic partners in the nucleus isthmi 

(glutamatergic and GABAergic domains are annotated). f, A single putative 
BPN (red) receives ipsi- and contralateral synaptic input from at least three 
identified tectal PVPNs (green). g, Three examples for putative BPNs (red, 
orange, purple) with axonal projections to the ipsi- and contralateral tectum. 
Eight tectal PVINs (cyan), which are postsynaptic to the red putative BPN are 
shown. h-i, Mapzebrain atlas showing single cells in the BPN KDE and their 
targeted brain regions in lateral (h) and frontal (i) views. AF4 (yellow) is shown 
as a reference. Scale bars: a, 150 µm; b, c, 55 µm.
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Extended Data Fig. 7 | See next page for caption.

41



Extended Data Fig. 7 | Additional behavioural analysis of ablated animals. 
a, Definition of short-range repulsion. Top left shows a representative 
neighbour map for one of 45 similar control animals interacting with a dot of 
4 mm diameter. Colour map as in Fig. 4e. Top right and bottom left show 24 
radial line scans of smoothed neighbour density. Each scan begins at the centre 
of the map. Black dots label the maximum of each scan. Bottom right shows the 
mean of all line scans in black. Repulsion is quantified as the area above the 
mean line, left of the peak (blue shading). This defines the reduction of 
attraction at the centre of the map. Dotted line in bottom panels indicates 
baseline neighbour density (random distribution). b, Attraction and neighbour 
density are strongly reduced in 81c:NTR ablated animals. Short-range repulsion 
is intact. N = 15 ablated, 45 control animals. Data represent individual animals 
and mean (attraction) or median (repulsion). Neighbour maps show mean 
probability of finding the stimulus in space with the focal animal at the centre 
of the map, heading up. Values represent ratios, relative to time-shuffled data. 
Each map is 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 

Bonferroni corrected for 7 comparisons. See figure source data for individual 
p-values. c, Loom induced startle responses are intact in 81c:NTR ablated 
animals. Same animals as in Fig. 4c, d. Data represents mean, shading 
represents 1SD. N = 13 ablated, N = 15 control animals. d, Shoaling with real 
conspecifics is disrupted in 81c:NTR ablated animals. Fish as in 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 
behaviours in animals shown in Fig. 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 
data as 2 mm dots in b. RFP: red fluorescent protein indicates expression/ no 
expression of nitroreductase, respectively. MTZ: Metronidazole incubation/ 
DMSO control, respectively. N = 15 animals in each group. g, Attraction shown 
separately for s1026tEt:NTR-RFP ablation +/− RFP and MTZ +/− control groups, 
same data as in e. N = 7 animals in each group. Data in d-g show individual 
animals or pairs and mean. Error bars are 1SD. p: Two-sided student’s t-tests, 
uncorrected. d: Cohen’s d. Scale bar: 20 mm.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Evoked neuronal activity in SAGFF(lf)81c ablated 
animals. a, Juvenile expression of SAGFF(lf)81c:Gal4, UAS:NTR-mCherry and 
s1026tEt, UAS:NTR-mCherry relative to BPN KDE (yellow outline). Markers were 
imaged in separate 21 dpf fish and registered to the juvenile standard brain. 
SAGFF(lf)81c: average of 3 animals. s1026tEt: average of 2 animals. elavl3:H2B-
GCaMP6s: mapzebrain reference channel. Merged view is shown in 3 
orthogonal axes. White crosshairs indicate the orthogonal planes. b, Larval 
expression of SAGFF(lf)81c:Gal4, UAS:NTR-mCherry relative to BPN KDE (yellow 
outline) and cort HCR. Markers were imaged in separate 5–7 dpf fish and 
registered to the mapzebrain standard brain. 81c: average of 4 animals 
SAGFF(lf)81c:Gal4, UAS:NTR-mCherry. elavl3: mapzebrain reference channel. 
cort: average of 3 animals, HCR label. Merged view is shown in 3 orthogonal 
planes. White crosshairs indicate the orthogonal planes. Also see Video S3.  
c, 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 
well as in pretectum for translational gratings and looming stimuli of 81c: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 
per stimulus. N = 7 ablated, 9 control animals. d, Same experiment as in Fig. 4e–h, 
and Extended Data Fig. 8c, but in 7dpf larvae. Here, significant reduction of 
responding neurons in 81c:NTR ablated animals is only observed for DT-BPNs 
and bout-like dot motion in DT, whereas continuous dot motion, translational 
gratings and looming do not evoke significantly less responses in the 
pretectum of ablated animals. N = 8 ablated, 9 control animals. Error bars: 1SD. 
Scale bars: a, b, 100 µm; d. p-values in c,d result from two-sided Mann-Whitney 
U test (uncorrected).
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Summary 

Neuronal phenotypic traits such as morphology, connectivity, and function are dictated, to a large 

extent, by a specific combination of differentially expressed genes. Clusters of neurons in 

transcriptomic space correspond to distinct cell types and in some cases (e.g., C. elegans neurons1 and 

retinal ganglion cells2,3) have been shown to share morphology and function. The vertebrate optic 

tectum is composed of a spatial array of neurons that transform visual inputs into motor outputs. While 

the visuotopic map is continuous, subregions of the tectum are functionally specialized4,5. To uncover 

the cell-type architecture of the tectum, we transcriptionally profiled its neurons, revealing 

approximately 60 cell types that are organized in distinct anatomical layers. We then measured the 

functional tuning of thousands of neurons to a battery of ethologically relevant visual stimuli by two-

photon calcium imaging and matched them to their cell-type identities. Surprisingly, we found that 

neurons that are transcriptionally similar can diverge functionally and morphologically. Incorporating 

the spatial coordinates of neurons within the tectal volume as a classifier revealed functionally defined 

subclusters within individual transcriptomic clusters. Our findings suggest that extrinsic, position-

dependent factors expand the phenotypic repertoire of genetically similar neurons.  
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Main 

Neurons can be grouped into types and subtypes by the complement of genes they express6–8. The cell 

type-specific transcriptome (t-type) is believed to encode the genetic instructions for a neuron’s 

differentiation trajectory during development and thus its morphology (m-type), connectivity and 

function (f-type). For example, each of the 118 anatomically distinct neuron types in the roundworm C. 

elegans express a unique, sparse combination of transcription factors, which regulate downstream 

genes, thus shaping the neuron’s phenotype and contribution to network function1,9. Similarly, in the 

mouse visual cortex, morpho-electric properties measured in tissue slices were found to be relatively 

homogeneous within individual t-types10,11. 

However, the dogmatic view of "t-type = m-type = f-type" is problematic, as functional responses and 

dendritic arbor elaborations are often shaped by modulatory influences and individual experience12,13. 

For instance, GABAergic interneurons in the visual cortex have been found to exhibit tuning properties 

dependent on behavioral state rather than t-type14. Moreover, it was recently shown that mouse cortical 

neurons of the same t-type vary strongly in their functional tuning15, as well as in their m-type, showing 

divergent long range projections and local connectivity16. It is therefore essential to determine the 

extrinsic factors that influence the expression of a neuron’s phenotype and how these interact with the 

transcriptome. 

In this study, we examine if the interplay between transcriptome, development and topography plays a 

role in shaping morphological and functional neuronal phenotypes. The zebrafish optic tectum (OT) 

receives topographically organized input from retinal ganglion cells (RGCs) along the anterior-posterior 

(AP) and dorsal-ventral (DV) axes17,18. In its superficial-to-deep (SD) dimension, which runs 

orthogonally to the retinotopic axes, the OT contains a neuropil layer, in which RGC axons form 

synapses with the dendrites of tectal neurons, and a cell-body layer, the stratum periventriculare (SPV). 

Cellular birthdating studies have shown that newborn neurons are added to the OT from the ventricular 

zone, with older neurons being gradually displaced into the SPV as they mature and extend neurites 

into the neuropil19,20. Extrinsic factors, including morphogens and chemotropic cues, change with 

location and over the course of development21. Moreover, interactions with other cells are certain to 

vary along all three axes of the OT. These cues may affect the neurons’ t-, m- and f-types. Indeed, taking 

advantage of systematic functional imaging of neuronal responses followed by transcriptional 

profiling22, we discovered here that a combination of both transcriptomic identity and cell-body position 

in this topographically structured tissue are important determinants of a neuron’s phenotype. 

Diversity of neuronal and non-neuronal tectal cell types 

To characterize the t-type composition of the zebrafish OT, we performed droplet-based single-cell 

RNA sequencing (scRNA-seq; see Methods; Extended data Fig. 1). We grouped 20,197 sequenced cells 

according to their transcriptomes into 30 major clusters (Fig. 1a), which corresponds to 3.5x coverage 
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of cells in a single tecta (~5800 cells 4). Based on differentially expressed (DE), cluster-specific genes 

(Supplementary Table 1, Extended data Fig. 2-3), we identified four clusters of progenitor cells, three 

clusters of radial glia, fourteen clusters of neurons and nine additional non-neuronal populations 

(Extended data Fig. 2-3). 

The postmitotic neurons (>13,500 cells, expressing elavl3) were reclustered (Fig. 1b) and separated into 

inhibitory (gad1b+) and excitatory (gad1b–) neurons (Fig. 2c, Extended data Fig. 3e-d). This resulted 

in 29 excitatory t-types (clusters: c21, e1-e4, e6-e29; total number of cells = 6,182) and 29 inhibitory t-

types (clusters: n24, i2-8, i10-30; total number of cells = 2,060). For 27 neuronal types, we identified 

single DE genes that serve as mutually exclusive markers; for the remaining types, sparse combinations 

of DE genes suffice for an unambiguous definition (Fig. 1d-e, Supplementary Table 1). Overall, we 

identified 58 t-types in the larval zebrafish OT. 
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Fig. 1. scRNA-Seq of the optic tectum reveals a multitude of neuronal types. 

a. The sequenced cells were clustered according to similarity of gene expression, 31 different clusters were 

identified. Each dot represents a single cell, color coded according to the cluster.  

b. Neurons (clusters expressing elavl3) were subset and reclustered to further identify the variety of 

neuronal types. 

c. The neuronal clusters were separated into excitatory and inhibitory cells according to gad1b expression 

(Extended data Fig. 3) and further clustered.  

d. Dotplot of the highly DE genes for each of the excitatory cell types (clusters: c21, e1-e4, e6-e29). The 

DE genes were grouped according to their molecular function and annotated according to ZFIN GO 

terminology23. 

e. Dotplot of the highly DE genes for each of the inhibitory cell types (clusters: n24, i2-8, i10-30).  

 

 

 

Extended data Fig. 1. QC of the scRNA-Seq clustering analysis. 

a. Experimental procedure: the optic tectum and the torus longitudinalis (TL) were dissected from 6-7 dpf 

WT larvae in eight experimental batches. The cells were dissociated, single-cell barcoded cDNA was 

generated using the 10x Chromium system and sequenced. 
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b. After batch correction using Harmony24 and removal of IEGs (Methods), we identified a total of 31 

clusters of cells. Each dot represents a single cell, color coded according to the cluster.  

c. Same UMAP as in b, color coded according to the batch. Clusters include cells from all batches. Cluster 

c16 was only represented in batch 5, and expressed genes typically associated with the eye (Extended 

data Fig. 3). We therefore treated these cells as a contamination and omitted cluster c16 from further 

analysis.  

d. Same UMAP as in b, color coded according to the larvae age. The larval age did not affect the clustering 

analysis, as clusters include cells from all ages. 

e. QC metric of the sequenced cells after filtration, according to cluster. Cells were filtered (see Methods) 

in order to remove outliers that contain either low or high number of genes and UMI (representing either 

poorly sequenced cells or doublets), as well as cells containing high percentage of mitochondrial genes 

(representing stressed cells). Different cell types contained different levels of genes and UMIs, matching 

their biological profile (for example high levels of UMIs in some of the progenitor cells).  

 

 

 

 

Extended data Fig. 2. Pseudotime analysis 

a. Pseudotime analysis was performed with Monocle325. Cells belonging to clusters c8 and c10 were 

identified as progenitor cells and defined as the root point. These cells expressed proliferating cell nuclear 

antigen (pcna), a key component of DNA replication machinery and a marker of the G1 phase26, and 

ccnd1, a member of the cyclin family that regulates the cell-cycle transition from G1 to S phase27. Cells 

are color coded according to their pseudotemporal ordering.  
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b. Expression patterns of selected marker genes, representing the different stages of proliferation and 

differentiation. The markers fabp7a and her4.1 are typically expressed in radial glia28,29. Abhd6a 

(abhydrolase domain containing 6, acylglycerol lipase a) is homologous to the mammalian abhd6, which 

is involved in regulation of synaptic transmission and expressed in progenitors as well as in adult 

neurons30, and elavl3 is expressed in committed neurons. 
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Extended data Fig. 3. Cell type classification 

a. Dotplot of the highly differentially expressed genes for each tectal cluster. Clusters were grouped 

according to cell function. Cluster c19 cells expressed torus longitudinalis marker genes and were 

therefore omitted from downstream tectum analyses. The composition of cell types we identified differed 

from a recent study characterizing the zebrafish OT 31. In that study, FACS sorting of tectal neurons from 

a specific transgenic line was used prior to the scRNA-seq, most likely biasing the sequenced data toward 

cells only labeled by that line31.  

b. Dotplot of the highly differentially expressed genes for each neuronal cluster. Clusters were grouped 

according to transmitter use and developmental stage. Several clusters of neurons expressed the 

transcription factors uncx and tal1, which are typically expressed in differentiating neurons32–34.  

c. Based on gad1b expression, we separated the inhibitory and excitatory clusters, and reclustered them. 

We still detected gad1b as a marker gene of cluster e5. This cluster most likely represents cells 

contaminated with external RNA, and therefore was omitted from the final excitatory cell type analysis. 

d. Two of the inhibitory clusters, i1 and i9,  expressed the glutamate transporter slc17a6a (vglut2b), and 

therefore was omitted from the final inhibitory cell type analysis. 

 

 

Neuronal cell types are non-uniformly distributed in the tectum 

To test whether t-types are spatially organized relative to the three axes of the OT volume (Fig. 2), we 

selected DE genes, which were expressed in a single or a small number of clusters, and examined their 

spatial expression patterns using multiplexed RNA in situ hybridization chain reaction (HCR) 

(Extended data Fig. 4). We co-registered the HCR patterns within the standard coordinates of the 

mapzebrain.org atlas35,36 and measured their expression levels at the same transverse and coronal 

sections (Fig. 2, Extended data Fig. 5). 

This visualization revealed that genetically identified neurons are frequently enriched in specific 

domains along the SD axis, which is orthogonal to the visual map. Most prominently, GABAergic and 

glutamatergic neurons largely populate the deepest and most superficial layer of the SPV, respectively, 

with cholinergic neurons sandwiched between them (Extended data Fig. 4). Individual excitatory and 

inhibitory t-types generally follow this rule, but can also break it. For example, the excitatory marker 

bhlhe23 is expressed in deep SPV neurons, where it is surrounded by inhibitory insm2, chodl npb, and 

npy neurons (Fig. 2, Extended data Fig. 4). The excitatory markers ccka, onecut1, pitx2, and zic2a are 

restricted to superficially located neurons in the SPV (Fig. 2, Extended data Fig. 4), whereas irx1b, 

cart2, and nrgna are expressed by neurons in the middle of the SPV (Fig. 2). Some t-types are present 

in all SPV regions, namely those expressing atf5b, sp5l, gfra1a, and neurod1, while the inhibitory 

markers esrrb and rpp25b show a two-layer expression pattern (Fig. 2). We rarely find neurons 
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expressing the same marker directly adjacent to each other (Fig. 2, Extended data Fig. 4-5), suggesting 

that neurons of the same type form a mosaic in the SPV, similar to individual RGC types in the retina. 

To obtain a holistic picture of OT cell-type architecture, we manually labeled the neurons’ centroid 

positions (Fig. 2c-d), and measured the nearest neighbor distances (NND) in 3D, between each centroid 

in a given t-type to its NN of all other t-types. We then performed hierarchical clustering on the mean 

NND vector for  each t-type  (Fig. 2e). The spatial organization of the clustered NND vectors divided 

the SPV into three distinct layers: superficial, intermediate and deep (Fig. 2e-f), illustrating locally 

neighboring t-types. This organization disappeared with shuffled labels (Extended data Fig. 6). Given 

that the superficial cells of the SPV are born before the deep cells, this finding suggests that, similar to 

the retina37, cell classes and cell types develop in a prespecified order, with excitatory t-types generally 

preceding inhibitory t-types (Fig. 2; Extended data Fig. 4c). 
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Fig. 2. Transcriptomic cell types form molecular layers orthogonally to the retinotopic map. 

a. Multiplexed RNA in-situ hybridization of selected marker genes were registered to the reference brain 

of the mapzebrain.org atlas. We measured the expression level by examining the pixel intensity profile 

of each gene in the same transverse (projection of planes z289-z291) and coronal section ( projection of 

planes x463-x465). The pixel intensity measured area is labeled with a white dashed rectangle and 

confined to the SPV (S; superficial, D; deep).  

b. Z-scored pixel intensity of selected inhibitory and excitatory marker genes. Black line represents the 

average (n=3, simple moving average with window size=3), the gray shade represents standard error. 

Scale bar= 50 µm. 

c. Centroids of selected tectal cell type markers located within the SPV were manually labeled. Dorsal and 

lateral brain views with the right hemisphere tectal SPV highlighted in burgundy are shown, representing 

the labeled area of the centroids, as well as the tectal coordinate system.  

d. The labeled centroids of bhlhe23 and ccka are shown, demonstrating the segregation of these cells along 

the tectum in 3D. 
e. The distance from each cell in a given cell type to its nearest neighbors of all other cell types was 

measured in 3D (NND). Hierarchical clustering of the average NND for each cell type revealed three 

main clusters, dividing the SPV layer into three molecular layers.  
f.  3D visualization of bounded Gaussian kernel densities for the three molecular layers from e.  

 

 

 

Extended data Fig. 4. Multiplexed HCR labeling of cell type markers. We applied HCR in-situ to analyze and 

validate the spatial arrangement of the cell types’ marker genes. 

a. The marker gene ccka was co-expressed with pitx2 in cluster e17 but not in cluster e14. Dashed square 

area is enlarged and the pixel intensity (z-scored) is plotted, demonstrating both the co-expression and 

the localization to the superficial part of the SPV. Scale bar= 10 µm. 

b. The expression of the neuropeptides npb, marker of cluster i29, and npy, marker of cluster i30 was 

mutually exclusive. In-situ HCR  analysis demonstrated both the expression and the localization to the 

deep sublayer of the SPV. Scale bar= 10 µm. 

c. Registered in-situ data of gad1b, vglut2a (slc17a6b), and chata revealed that glutamatergic, cholinergic, 

and GABAergic neurons are segregated along the tectal superficial to deep axis. Scale bar= 10 µm. 
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Extended data Fig. 5. Marker genes expression patterns. Registered HCR in-situ data for the examined cell 

type markers. Projection of transverse planes z289-z291 and coronal planes x463-x465 of single animals. 

Excitatory markers are shown in cyan, inhibitory markers are shown in magenta. All the data can be viewed 

through mapzebrain.org36. 

 

 

Extended data Fig. 6. Shuffling of the tectum cell type centroids results in a loss of the observed molecular 

layers within the tectum. 
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Individual tectal t-types are selectively tuned to multiple visual stimuli 

We next asked if neurons of a given transcriptomic type shared selectivity to visual stimuli in their 

functional responses. To this end, we recorded calcium activity by 2-photon volumetric imaging in 

tectal neurons of elavl3:H2B-GCaMP6s transgenic larvae, exposed to a battery of ethologically relevant 

visual stimuli. The stimuli included both local and global motion cues: dots moving in different 

directions, either continuously or in a saltatory fashion (bout-like or continuous motion38), a forward 

moving grating (evoking optomotor responses), a looming black disk (simulating a predator or an object 

on a collision course) and ambient luminance changes (Fig. 3a). We then fixed the imaged animal and 

performed iterative multiplexed HCR, labeling up to six t-type markers per sample. Markers were 

chosen for their mutually exclusive expression in single t-types (except for pitx2 and ccka; Extended 

data Fig. 7). The 2-photon live 3D volume was then aligned to the in-situ 3D HCR-labeled volume. In 

1,204 neurons from 6 animals, we could unambiguously assign a t-type to a functionally recorded 

neuron (Fig. 3b). 

Perhaps surprisingly, we found that average t-type responses had elevated scores for at least two stimuli 

of the set (Fig. 3c). For example, moving dots as well as moving gratings evoked strong activity in the 

sp5l type, while itpr1b neurons scored highest for looming and OFF ramp (Fig. 3c). To test whether 

individual neurons within the same t-type or between t-types have similar functional responses we 

correlated calcium traces of all t-type+ neurons with each other across animals (Fig. 3d). A correlation 

matrix of raw calcium traces, sorted by t-type, and within t-type by overall response score to local 

motion stimuli, i.e., moving dots, revealed stereotyped clusters of positive and negative pairwise 

correlations within and between all t-types (Fig. 3d). This indicates a functional diversity within each 

t-type, varying mostly in the relative frequency of local- and global-motion tuned neurons. Mean 

pairwise correlations of calcium responses were significantly higher within t-type than between t-types 

for six out of nine marker genes tested (Fig. 3e). We conclude that neurons of the same t-type show 

diverse but partially coherent visual tuning that is distinctive from other t-types. 
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Fig. 3. t-types show diverse visual responses and form coherent functional subclusters 

a. Experimental procedure: 6 dpf larvae were exposed to a battery of visual stimuli while volumetric 

functional 2-photon calcium imaging was performed in most neurons of the tectum. The larvae were then 

stained in consecutive rounds for up to 6 marker gene mRNAs using HCR labeling. 

b. Result of aligning functional and HCR brain volumes and registering all ROIs that overlap with one of 

9 marker genes into a common anatomical reference frame (ROIs=1204, N=6). 



 
 

61 
 

c. Average t-type response scores to the visual stimulus battery scaled to unit variance and zero mean of 

overall tectal population. Most t-types showed elevated or decreased responses to at least two different 

stimuli. 

d. Top: Pictogram of temporal sequence of visual stimuli. Left: Raw calcium traces of all 1204 t-type+ 

functional ROIs sorted by first t-type and within t-type by response score to local motion. Responses to 

global motion (beginning, end) as well as local motion (middle section) are visible in all t-types. Right: 

Correlation matrix of all pairwise correlations using pearson correlation coefficient. Red and blue clusters 

of positively and negatively correlated neurons are found between and within all t-types. 

e. Mean pairwise correlations of each neuron with all neurons of the same t-type (color) and all neurons 

(gray) of other t-types. Within t-type correlation is significantly increased for six out of nine tested t-

types. Two-sided Mann-Whitney-U Test, Bonferroni-corrected. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Position in the tectum contributes to the functional differentiation of genetically identified 

neurons  

While functional responses varied within neurons of the same t-type, discrete functional phenotypes 

might still be specific to certain t-types. To explore these possibilities, we first identified functional 

neuronal phenotype classes in the tectum. For this, we clustered the 8-dimensional stimulus response 

vectors of the most responsive tectal neurons for any given stimulus regardless of transcriptomic 

identity (n=7,127), yielding 15 distinct f-types (Fig. 4a). The response vectors of most responsive 

neurons formed five superclusters in a two-dimensional t-SNE embedding, corresponding to broad 

classes of neurons tuned to local motion, ON, OFF, looming, and grating motion, respectively (Fig. 4b-

c). The 15 functional clusters were locally enriched in regions of the OT (Extended data Fig. 8), 

consistent with regionally specialized information processing in the tectum4. 

Next, we mapped t-types into the functional space to search for t-type specific subclusters. To this end, 

we computed for each of the most responsive tectal neurons the ratio of how common all t-types are in 

the 50 nearest neighbors to the expected proportion (if t-type distribution was independent) (Fig. 4d). 

Visualizing this metric in the functional embedding revealed that specific t-types are locally enriched 

within f-type superclusters in functional space. A similar result was obtained when mapping response 

vectors from neurons in transgenic lines expressing GCaMP6s under the control of the atf5b, itpr1b, or 

sp5l regulatory regions (see Methods; Fig. 4e; Extended data Fig. 9). 
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Extended data Fig. 7. HCR labeling of marker genes post calcium imaging. 

a. HCR was performed on a set of nine marker genes. The expression levels of these genes measured by 

scRNA-Seq showing their expression is restricted to one or a few non-overlapping clusters, except for 

ccka that overlaps with pitx2 expression.  

b. Multiplexed interactive HCR labeling post functional imaging. Five genes were labeled and registered. 

Similar to the scSeq data, these genes were not co-expressed in the same cells, representing different 

tectal t-type populations. Circles and arrowheads point to example cells shown in C, color coded similar 

to the gene HCR color. Single z-plane is shown, scale bar = 50 µm.  

c. Same view as b, split according to the genes labeled.  

d. Example of another multiplexed interactive HCR post functional imaging, with a different set of labeled 

cell type marker genes. 

 



 
 

63 
 

We next directly assigned one of the 15 f-types to each of the 1204 t-type+ neurons. We found that no 

f-type was exclusive to a single t-type (Extended data Fig. 8). Based on the layered structure of t-types 

we wondered whether neurons of the same f-type would be anatomically localized within t-types.  For 

this, we determined the anatomical distributions of such t/f-clusters that shared functional and 

transcriptomic identity. This analysis yielded a sufficiently large sample, consisting of at least 10 

neurons per t/f-cluster for four of our t-type markers. For each t/f-cluster, we computed a gaussian 

kernel density estimate (KDE) and measured the pairwise spatial overlap of t/f-cluster KDEs within t-

types and f-types, respectively. We discovered that t/f-clusters show significant anatomical separation 

compared to shuffled controls (Fig. 4f). This indicates that cell body position within a tectal t-type 

strongly influences its functional phenotype. Interestingly, neurons of different t-types but the same f-

types also show significantly lower spatial overlap compared to shuffle controls, suggesting that 

neurons of the transcriptomic identity and functional phenotype are anatomically clustered for both 

modalities in the tectum. 

Support vector machine (SVM) classification revealed that cell-body position in the OT volume is a 

better statistical predictor for t-type than position in functional space for tectal neurons. Combining both 

spaces yields even higher predictive power (Fig. 4h-i). Taken together, these results indicate a strong 

contribution of anatomical position to the functional phenotype of neurons with a given transcriptomic 

type. 
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Fig. 4. Localization in functional and anatomical space varies between t-types. 

a. Hierarchical clustering of all strongly responding tectal neurons (N=7127) to identify functional cell 

types (f-types). Left: Dendrogram of clustering all 145 exemplars that were identified using affinity 

propagation. Middle: Heatmap showing response vectors of all exemplars based on stimulus battery. 

Functional clusters and exemplars are primarily divided into local (clusters 1-10) vs. global (clusters 11-

15) motion responses. Right: Raw calcium traces of all exemplars. 
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b. t-SNE visualization based on response vectors, overlaid with color code according to the f-type 

assignment. 

c. t-SNE visualization of all responding neurons from b, with four different color codes for response score 

to different stimuli. 

d. T-types accumulate locally in functional space. Left: Fold-changes in t-type+ nearest neighbor 

frequencies for each strongly responding neuron in 8-dimensional functional space mapped onto t-SNE 

visualization. k=50 NN. 

e. Response vectors of the transgenic t/f-ROIs, mapped into the same functional embedding, largely 

confirmed the enrichments observed d.  

f. Anatomical localization of t/f-clusters within t-types and f-types. Dots represent individual ROIs, colored 

areas show gaussian kernel density estimates (KDEs) of t/f-clusters. ROIs of the same t-type (left) / f-

type (right) comprise anatomically separated clusters based on functional (left) / transcriptomic (right) 

identity.  All ROIs mirrored to the left tectal hemisphere. 

g. t/f-clusters are significantly separated in anatomical tectal space within t-types and f-types. Left: Pairwise 

KDE overlap values for cell types of different functional clusters for real data and shuffled t-type labels. 

Right: Same as left for different t-types within functional clusters. Mean pairwise overlap values of t/f-

clusters across t-types and across f-types are significantly lower than respective shuffled controls, 

respectively, indicating anatomical separation of cell types within functional clusters. Two-sided Mann-

Whitney-U Test, Bonferroni-corrected. *p < 0.05, **p < 0.01, ***p < 0.001. 

h. Confusion matrices of three SVM classifiers predicting transcriptomic identity based on functional 

response vectors, cell body position, or both. Numbers and saturation indicate a true-positive rate. 

Predictive performance increases from left to right, indicated by the saturation of the diagonal (true 

positive predictions per cell type). 

i. Accuracy of SVM classifier performances from h (grey dots and violin plots). Position in functional 

space can recover t-type identity in roughly one out of five cases, for anatomical space accuracy was 

10% higher. Combining both spaces resulted in elevated performance. For all classifiers, negative 

controls with shuffled cell type labels resulted in significantly lower performance (white dots and violin 

plots).  
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Extended data Fig. 8. T-types comprise anatomically coherent functional clusters 

First column: average response scores of each f-type scaled to tectal population mean. Second column: Anatomical 

localization of f-types in the tectum. First row: average response scores of each t-type scaled to tectal population 

mean. Second row: Anatomical localization of functionally recorded t-types. Inner matrix: Anatomical 

localization of t-type ROIs assigned to respective f-types. Color code depicts tissue depth.  
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Extended data Fig. 9. Comparison of functional responses between HCR labeled t-types and the 

corresponding transgenic lines. 

a. Raw traces of all t-type+ ROIs for atf5b, itpr1b, and sp5l from HCR-labeling, or transgenic lines (Tg) 

expressing GCaMP6s exclusively in atf5b+, itpr1b, or sp5l+ neurons. Traces are sorted according to an 

overall local motion response score. Proportions of ROIs responding to local motion vs. grating/looming 

stimuli are similar between conditions. 

b. Left: Average response scores of three marker genes atf5b, itpr1b, and sp5l from Figure 5E. Right: 

Average response scores of recorded ROIs from three transgenic lines for the same marker genes, scaled 

to tectal population response. Average responses were similar between experiments for itpr1b while 

atf5b+ neurons showed broader tuning in the HCR experiments and s5l+ neurons were tuned more 

broadly in transgenic fish. 

 

Transcriptome and position influence tectal neuron morphology 

Tectal neurons exhibit a rich diversity of morphologies, including specific dendritic and axonal 

targets4,5,39–42. We asked whether t-type is related to m-type, making use of transgenic reporter lines 

labeling the atf5b, itpr1b, pcbp3, and sp5l t-types. We sparsely labeled  single neurons in these 
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transgenic lines and traced their morphologies (see Methods). The excitatory atf5b and sp5l neurons 

included specific sets of ipsilaterally or contralaterally projecting neurons and interneurons with a range 

of dendritic stratification patterns (Fig. 5a, d; Extended data Fig. 10a-e). The pcbp3 neurons are 

inhibitory interneurons with monostratified neurite arbors and with cell bodies located in the superficial 

half of the neuropil or the SPV (Fig. 5c; Extended data Fig. 10d). The itpr1b neurons are a relatively 

homogeneous population, which resides exclusively in the neuropil (Fig. 5b), with morphologies 

reminiscent of tectal pyramidal/type I neurons39,42. 

We asked if we could further differentiate atf5b and sp5l projection neurons with comparable projection 

patterns (Figure 5e-f). By registering confocal images of these two transgenic lines, we discovered that 

the fluorescent intensity of their ipsilateral projections differed: sp5l neurons have collaterals within the 

GABAergic domain of a tegmental nucleus, the nucleus isthmi43, while atf5b neurons form collaterals 

in its glutamatergic domain (Figure 5f). As is the case for t/f-clusters, the morphology of neurons 

belonging to the same t-type varies across the OT: sp5l cells tend to develop into interneurons in the 

anterior OT and into projection neurons in the posterior OT (Fig. 5d), while the reverse appears to hold 

for atf5b cells. Together, this suggests that individual t-types accommodate a distinct range of 

morphologies, which are expressed in a position-dependent manner across the AP axis of the OT. 
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Fig. 5. Combination of morphological types within tectal t-types.  

a. Left- z-projection of Tg(atf5b:QF2; QUAS:epNTR-RFP) larva. Center - sparsely labeled atf5b+ neurons 

were registered into a reference brain (N=31). Neurons are color coded according to their m-type. Right- 

anatomical matrix. 

b. Left- z-projection of Tg(itpr1b:QF2; QUAS:epNTR-RFP) larva. Center - sparsely labeled itpr1b+ 

neurons were registered into a reference brain (N=10). Neurons are color coded according to their m-

type. Right- anatomical matrix. 

c. Left- z-projection of Tg(pcbp3:QF2; QUAS:epNTR-RFP) larva. Center - sparsely labeled sp5l+ neurons 

were registered into a reference brain (N=21). Neurons are color coded according to their m-type. Right- 

anatomical matrix. 

d. Left- z-projection of Tg(sp5l:QF2; QUAS:epNTR-RFP) larva. Center - sparsely labeled sp5l+ neurons 

were registered into a reference brain (N=22). Neurons are color coded according to their m-type. Right- 

anatomical matrix. 

e. Registered confocal stack of atf5b and sp5l transgenic fish. A single focal plane spanning the optic tectum 

is shown. Scale bar = 50 µm. 

f. Z-projection of the nucleus isthmi area, showing atf5b and sp5l projections forming collaterals at 

different parts of the nucleus isthmi.  

Abbreviations: A; anterior, NIN; neuropil interneurons, P; posterior, PVPN; periventricular projection neurons, 

PVIN; periventricular interneurons neurons, SIN; superficial interneuron, V; ventral 
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Extended data Fig. 10. Stratification within the tectal neuropil of the traced neurons 

a. Illustration of the larval zebrafish brain, highlighting the tectal neuropil layers. Abbreviations: SAC; 

stratum album centrale, SFGS; stratum griseum et fibrosum superficiale, SGC; stratum griseum centrale, 

SM; stratum marginale, SO; stratum opticum. 

b. - e.  Stratification of m-types within the tectal neuropil. * Neurons mirrored from right to left hemisphere 
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Discussion 

A neuron’s shape, synaptic connectivity, and function, i.e., its phenotype, are dictated, or at least 

bounded, by the genes it expresses. High-throughput barcoding and sequencing efforts promise to offer 

deep insights into brain function, provided that transcriptomic datasets can be read out at scale and 

eventually translated into wiring diagrams44. This formidable task is aided by the observation that 

single-cell transcriptomes can be clustered by similarity of their gene expression profiles, with clusters 

corresponding to individual cell types. Such dimensionality reduction allows researchers to focus on 

characterizing the connectional and functional properties of reproducible sets of neurons, ‘cell type by 

cell type’ and across animals. Single-cell RNA sequencing and spatial transcriptomics have successfully 

matched cell types to specific brain regions45,46, to developmental trajectories47–49 and to specific 

functions2,3,6,50, although the latter with less stringency and consistency14,15,51. 

There are at least two factors that confound this straightforward cell-type concept: topography and 

development. First, it is unclear if and how transcriptionally defined cell types vary in brain areas that 

are regionally specialized, such as topographic maps, which are prevalent in the visual, auditory, and 

somatosensory systems. Are different cell types employed for each local circuit? Or are the same cell 

types repurposed for local processing demands, with the consequence that their connectivity, 

morphology, and function vary across the map? Second, neurons are not manufactured in one sweep 

like transistors are printed on a microchip; they grow in number by cell division and wire up by 

extending neurites often over long distances and searching for molecularly matching synaptic partners. 

Thus, neurons respond to dynamically changing local cues depending on when and where in the tissue 

they are born, differentiate and form connections. 

Studying the zebrafish tectum, we find that both development and topography contribute to the 

expression of functional and morphological traits of genetically identified neurons. Positional 

information influences cell-type function along all three axes of the tectal volume. For the retinotopic 

axes of the tectum, regional differences in f-type distribution probably reflect either input 

heterogeneities18,52,53 or asymmetric circuit layout across the spatial array of neurons54. Visual 

processing is adapted to stimulus statistics, and these are not uniform across the visual field. The 

principle is well illustrated by the example of prey capture, a prominent tectum-dependent behavior 4. 

For a hunting zebrafish larva, protozoan prey is most likely to appear in the distance and in the 

peripheral visual field; accordingly, RGCs residing in the nasal retina and (their topographically 

matched) posterior tectal neurons respond preferentially to small, motile objects4. Anterior-dorsal tectal 

cells and their RGC inputs from the temporal-ventral retina, on the other hand, respond to larger-sized 

objects, which match a prey object that is positioned right in front of the fish, shortly before the capture 

strike55. Similarly, different tectal domains are specialized for driving task-specific motor commands 

including approach of prey and escape from a predator5. 
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For the superficial-to-deep axis of the tectum, transcriptomic identity correlates strongly with time of 

birth: early-born neurons come to reside closer to the surface of the SPV, as they are displaced by later-

born neurons, which stay near the deep ventricular zone19,20. A similar temporally staggered 

development of cell types has been reported in other systems37,56. However, neurons that share their 

transcriptomes do not necessarily have the same functional profile, and vice versa. An influence of 

positional information on the expression of cell-type traits supports the notion that a limited number of 

global transcriptomic states (cell types) are re-used and locally adapted to generate functioning 

circuits57. While the repertoire of genetically distinguishable neuronal cell types is already 

enormous6,10,11,58, local extrinsic cues can generate even more variants of genetically programmed 

circuitry. 
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Methods 

 

Zebrafish husbandry and maintenance 

Adult zebrafish were kept at 28°C under a day/night cycle of 14/10 hours, pH of 7-7.5, and a 

conductivity of 600 µS. The following transgenic lines were used in this study: Wild type (WT) fish of 

the TL stain, Tg(elavl3:H2b-GCaMP6s), Tg(atf5b:QF2)mpn422, Tg(itpr1b:QF2)mpn423, 

Tg(pcbp3:QF2)mpn429, Tg(sp5l:QF2)mpn421, Tg(QUAS:GCaMP6s)mpn164. All larvae produced by 

natural matings and raised until 6 days post fertilization (dpf) at 28°C in Danieau´s solution in petri 

dishes. The animal experiments were performed under the regulations of the Max Planck Society and 

the regional government of Upper Bavaria (Regierung von Oberbayern), approved protocols: ROB-

55.2-2532.Vet_03-19-86, ROB-55.2-2532.Vet_02-19-16, ROB-55.2-2532.Vet_02-21-93. 

 

Single-cell RNA sequencing 

Tissue dissections and cell dissociation 

6-7 dpf WT larvae were anesthetized in tricaine (one larvae at a time), followed by removal of the eye 

and the skin around the brain using a fine Tungsten needle. The OT and TL were carefully dissected 

out of the brains and transferred into a low-binding protein eppendorf tube containing ~50µL of PBS, 

which was placed on ice. Cell dissociation procedure was performed immediately after the dissections 

(see below). Eight batches of dissections were performed on different days, 20-25 OTs and TLs were 

dissected in each batch.   

 

Cell dissociation 

Cell dissociation was performed using Papain (Papain dissociation system, Worthington Biochemical 

Corporation). A 500μl of oxygenated papain was added to the eppendorf tube containing the 50μl PBS 

and the dissected tissue, and incubated at 37°C with superficial oxygen flow. The samples were gently 

pipetted every 10 minutes, and were fully dissociated after 45 minutes (a 2μl sample was visually 

inspected to assess cell separation). The cells were then centrifuged for 10 minutes at 400g, at 4°C, 

using a swinging bucket centrifuge. The supernatants were carefully removed, and the cells were 

resuspended in 260μl of equilibrated ovomucoid solution and 30μl of DNaseI. The cells were then 

centrifuged for 10 minutes at 400g, at 4°C, the supernatants were removed, and the cells were 

resuspended in 500μl PBS and 0.04% BSA. This step was repeated once again, after which the cells 

were filtered using 30μm cell strainer. Lastly, the cells were centrifuged, and the supernatants were 

removed, leaving 80μl in which the cells were pipette gently. 5μl of the dissociated cells were 
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transferred into a new low-binding protein eppendorf tube and mixed with 13μl PBS,  0.04% BSA and 

0.4% Trypan blue for cell counting and viability assessment.  

 

Library preparation and sequencing 

The dissociated cells were loaded onto a commercially available droplet-based single-cell barcoding 

system (10x Chromium Controller, 10x Genomics). The Chromium Single Cell 3′ Reagent Kit v3 (10x 

Genomics) was used to prepare single-cell 3′ barcoded cDNA and Illumina-ready sequencing libraries 

according to the manufacturer’s instructions. The cDNA libraries were sequenced using an Illumina 

HiSeq 2500 machine, with a mean of  ~90,000 reads per cell over the 8 batches. The raw sequencing 

data will be made available upon publication through NCBI’s Gene Expression Omnibus (GEO). 

 

Quality check, batch correction and clustering analysis 

The sequenced data was processed using CellRanger (filtering, barcode and UMI counting) with default 

command line options. The sequenced reads were aligned to the zebrafish GRCz11 genome assembly 

(Ensembl release 101). To prevent confounding effects of  the tissue dissection and cell dissociation on 

gene expression analysis, immediate early genes (IEGs) that were induced during the procedure59, were 

removed prior to the analysis. We have curated a list of 43 zebrafish IEGs (Extended data table 2), and 

excluded them from the cell-gene matrix. The data from the 8 batches was then merged into a single 

Seurat object and analyzed using the Seurat R package version 460. Additional filtration steps were 

performed to ensure analysis of high quality cells, including filtering out cells expressing less than 200 

or higher than 4000 genes, cells with higher than 4000 unique molecular identifiers (UMIs), or 

containing higher than 20% mitochondrial genes. This resulted in a final dataset of 20,197 cells with a 

median of 660 genes per cell and 1495 UMIs. The data was then normalized using the Seurat 

“LogNormalize” methods with a scale factor of 10,000. A set of 2,000 variable features were identified 

using the “vst” selection method, and the data was scaled using the “ScaleData” command with default 

parameters. The detected variable features were used for principle component analysis. We then 

performed batch correction using “Harmony”24, grouping the variables according to their original batch 

followed by dimensionality reduction with Uniform Manifold Approximation and Projection (UMAP). 

Clustering analysis was performed by applying the Seurat “FindNeigbors” command with 

reduction=”harmony” and dims=30, and the “FindCluster” command with resolution set to 1.2 (sub-

lcustering resolution was: neurons=1.7, excitatory neurons= 2.5, inhibitory neurons=4). Differentially 

expressed genes were identified using the Wilcoxon Rank Sum test integrated in the Seurat 

“FindAllMarkers” command. Pseudotime analysis was performed using Monocle361.  
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Multiplexed and iterative in situ hybridization chain reaction (HCR)  

All the HCR experiments were performed on Tg(elavl3:H2b-GCaMP6s) larvae to enable registration 

onto the mapzebrain.org atlas and a common coordinate system between images. All the HCR reagents 

including probes, hairpins and buffers were purchased from Molecular Instruments (Los Angeles, 

California, USA). The staining was performed according to previously published and modified 

protocol22,36. Tg(elavl3:H2b-GCaMP6s) positive larvae were anesthetized in 1.5 mM tricaine and fixed 

with ice-cold 4% PFA/DPBS overnight at 4°C with gentle shaking. The following day, larvae were 

washed 3 times for 5 minutes with DPBST (1x Dulbecco’s PBS + 0.1% Tween-20) to stop fixation, 

followed by a short 10-minute treatment with ice-cold 100% Methanol at −20°C to dehydrate and 

permeabilize the tissue samples. Next, rehydration was performed by serial washing of 50% 

MeOH/50% DPBST and 25% MeOH/75% DPBST for 5 minutes each and finally 5 × 5 minutes in 

DPBST. 10-12 larvae were transferred into a 1.5 ml Eppendorf tube and pre-hybridized with pre-

warmed hybridization buffer for 30 minutes at 37°C. Probe solution was prepared by transferring 2 

pmol of each HCR probe set (2 µl of 1 µM stock) to 500 µl of hybridization buffer at 37°C.  The 

hybridization buffer was replaced with probe solution, and the samples were incubated for 12-16 hours 

at 37°C with gentle shaking. To remove excess probes, larvae were washed 4 × 15 minutes with 500 µl 

of pre-warmed probe wash buffer at 37°C. Subsequently, larvae were washed 2 × 5 minutes with 5x 

SSCT (5x sodium chloride sodium citrate + 0.1% Tween-20) buffer at room temperature. Next, pre-

amplification was performed by incubating the samples in 500µl of amplification buffer for 30 minutes 

at room temperature. Separately, 30 pmol of hairpin h1 and 30 pmol of hairpin h2 were prepared by 

snap-cooling 10 µl of 3 µM stock by incubating the hairpins in 95°C for 90 seconds, and cooling down 

to room temperature in a dark environment. After cooling down for 30 minutes, hairpin solution was 

prepared by transferring the h1 and h2 hairpins to a 500 µl amplification buffer. The pre-amplification 

buffer was removed and the samples were incubated in the hairpin solution for 12-16 hours in the dark 

at room temperature. Excess hairpins were washed the next day 3 × 20 minutes using 5x SSCT at room 

temperature. Larvae were then long-term stored at 4°C in 5X SSCT until imaging. 

For iterative HCR staining, the HCR probes and hairpins were stripped using DNAseI treatment. The 

imaged fish were placed separately in eppendorf tubes and incubated in a mix of 5µl 10x reaction buffer 

(Invitrogen #AM2238), 5µl Turbo DNAseI (final concentration 0.2U/µl, Invitrogen #AM2238) and 

40µl DPBS for 4 hours at 37°C. The samples were then washed 3 × 5 minutes with DPBST and the 

complete removal of the HCR signal was validated under a confocal microscope. The HCR striped fish 

were kept separated in eppendorf tubes and underwent another round of HCR staining and imaing, 

beginning from the pre-hybridization step. 

HCR data was registered onto the HCR reference brain as previously described36 using Advanced 

Normalization Tools (ANTs)62. For the functional HCR experiments (see below), where iterative HCR 
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stainings were performed, each iteration was registered to the first iteration of the same animal. A total 

of 3 HCR rounds were performed on single animals without any noticeable morphological distortions 

or reduction of the endogenous fluorescence of the Tg(elavl3:H2b-GCaMP6s) used as the reference 

registration channel. 

 

HCR image registration 

All the HCR images were aligned onto the Tg(elavl3:H2b-GCaMP6s) average brain35,36. 

The ANTs registration command used was: 

antsRegistration -d 3 --float 1 -o [${output1},${output2}] -- interpolation WelchWindowedSinc --use-

histogram-matching 0 -r [${template},${input1},1] -t rigid[0.1] -m 

MI[${template},${input1},1,32,Regular,0.25] -c [200×200×200×0,1e-8,10] -- shrink-factors 

12×8×4×2 --smoothing-sigmas 4×3×2×1vox -t Affine[0.1] -m 

MI[${template},${input1},1,32,Regular,0.25] -c [200×200×200×0,1e-8,10] -- shrink-factors 

12×8×4×2 --smoothing-sigmas 4×3×2×1 -t SyN[0.01,6,0.5] -m CC[${template},${input1},1,2] -c 

[200×200×200×200×10,1e-7,10] --shrink- factors 12×8×4×2×1 --smoothing-sigmas 4×3×2×1×0 

 

followed by applying the transformation files on the HCR image channels using the ANTs command: 

antsApplyTransforms -d 3 -v 0 -- float -n WelchWindowedSinc -i ${input3} -r ${template} -o 

${output4} -t ${output1}1Warp.nii.gz -t ${output1}0GenericAffine.mat 

All the registered HCR data used in this study are publicly available through the mapzebrain.org atlas. 

 

Confocal imaging 

HCR labeled or immunostained samples were embedded in 2% low-melting agarose in 1x DPBS 

(Dulbecco’s PBS) and imaged with a Zeiss LSM700 confocal scanning microscope (upright), equipped 

with a 20x water immersion objective. Z-stacks, composing 2 tiles (or 1 tile for functional HCR 

experiment), were taken and stitched to produce a final image with size of 1039 × 1931 pixel (463.97 

× 862.29 µm, 1 µm in z). 
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Pixel intensity quantification of HCR data 

For each HCR labeled gene, three larvae were imaged and registered as described above. A maximum 

intensity projection was generated for each image for planes z289-z291. Coronal sections were 

generated using Fiji “reslice” option63, and the maximum intensity projection was generated for planes 

x463-465. ROIs spanning the SPV for both the transverse and coronal section were used to measure the 

pixel intensity profile using a custom Fiji macro. The data was analyzed and plotted using R.  

 

Cell centroids labeling 

Cell centroids in the HCR data were manually labeled using napari points layer tool64, by examination 

of HCR signal together with the nuclear labeling of the Tg(elavl3:H2b-GCaMP6s). The points were 

then registered onto a reference brain using ANTs and the R package ANTsR. The nearest-neighbor 

distances between centroids were measured in 3D using the R package spatstat65. The centroids were 

visualized using the R package Plotly, hierarchically clustered using complete linkage method 

implemented in the “hclust” function with default parameters, and plotted using the R package 

pheatmap66. 

 

Functional two-photon calcium imaging of Tg(elavl3:H2b-GCaMP6s)  

Two-photon functional calcium imaging was performed on 6–8 dpf Tg(elavl3:H2b-GCaMP6s) larvae 

that expresses a nuclear calcium indicator in all neurons, without paralysis or anesthesia. The animals 

were embedded in 2% agarose and mounted onto the stage of a modified two-photon moveable 

objective microscope (MOM, Sutter Instrument, with resonant-galvo scanhead) with a ×20 objective 

(Olympus XLUMPLFLN, NA 1.0) and recorded for 20 min. Fish that drifted along the dorsoventral 

axis in the preparation were excluded from analysis. Volumetric imaging of the tectum was performed 

with a custom-built remote focusing arm 38. Refocusing through the remote arm enabled rapid sequential 

imaging of 6 planes (512x512 px) spanning 60-100 µm of the tectum along the dorsoventral axis at 5 

volumes per second. In each fish neuronal activity in the tectum was recorded over two 10-minute 

sessions to cover the whole tectum, resulting in 12 imaging planes per fish in total. Laser power out of 

the objective ranged from 10 mW to 15 mW.  

 

Two-photon functional calcium imaging of transgenic lines 

Animals were embedded and placed under a commercial two-photon laser scanning microscope 

(Femtonics) as previously described67. Sequential single-plane imaging at 1.5 fps was performed at 4-
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7 different depths along the tectum for a 10-minute session each, with the same stimulus set as detailed 

below. No anatomical stack (see below) was acquired from these animals, hence no registration was 

performed. 

Visual stimulation 

Visual stimuli were designed with PsychoPy and projected by an LED projector (Texas Instruments, 

DLP Lightcrafter 4500, with 561 nm long-pass filter) from below onto Rosco tough rolux 3000 diffusive 

paper water-immersed in a 10 cm petri dish. The embedded animal was placed into a 6 cm petri dish on 

top of  the diffusive paper in the larger dish, with a spacer in between that ensured a water film between 

the diffusive paper and the smaller petri dish. The fish was placed at 12 mm distance from the projection 

screen. The fish head was manually centered in the imaging chamber, aided by projecting crosshairs on 

the screen. Stimuli were shown in a predetermined sequence: gratings, dot motion (8x, see below for 

details), gratings, OFF ramp, ON ramp, looming (2x). All stimuli were shown black on a red background 

to not interfere with the green GCaMP fluorescence signal. Individual stimulus presentations were 

separated by 20 seconds inter-trial intervals, except for the two loom stimuli, for which a 1-min interval 

was used. The whole duration of the stimulus protocol was 10 minutes. 

Grating 

A grating moving caudo-rostrally with respect to the fish was shown once at the beginning and after the 

dot stimuli with 20 mm width and 2 Hz temporal frequency for 20 seconds. 

Dot motion 

A black dot moving on a circular trajectory (radius, 18 mm) was shown starting in front of the fish. The 

dot stimulus moved either in discrete jumps at 1.5 Hz or perceptually smooth at 60.0 Hz (projector 

frame rate) with the same overall speed of 5 mm s−1 (15.9 degrees (deg) s−1), resulting in a stimulus 

duration of 22.6 seconds. Each frequency was presented using a dot diameter of 4 mm (12.7 deg). Both 

clockwise and counter-clockwise presentations were shown, resulting in 4 different stimuli. The whole 

dot stimulus set was repeated twice in each session, so 8 dot stimuli were shown in succession. 

OFF/ON ramp 

Whole-field luminance of the projected blank image was decreased to zero over the course of 2 seconds, 

and ramped up to normal background luminance within 2 seconds after 20 seconds delay. 

Looming 

An expanding disk was displayed with expansion from 0.6 deg to 110 deg in 83 ms centered below the 

fish.  
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z-Stack acquisition, registration and ROI matching 

After each functional recording, a high-resolution 2-photon z-stack of large parts of the brain including 

the full midbrain region was taken (1,024 × 1,024 pixels, 1 µm in z, 835 nm laser wavelength, plane 

averaging 100×). Each time series average of the 12 imaging planes were registered to this stack using 

the scikit-learn template matching algorithm. The 2-photon brain volume was then registered to the 

volume of the first round HCR confocal imaging as described above (see HCR image registration).  

To transform functional ROIs from 2-photon space into HCR space, ROI pixel coordinates were 

transformed first from imaging plane reference frame (RF) to 2-photon z-stack RF and finally to the 

first round HCR RF the by running the ANTs command antsApplyTransformsToPoints two times using 

the respective transformation matrices from each registration step.  HCR cell centroid annotations from 

each round were transformed into the first round HCR RF, and all coordinates were used as seeds for 

generating 3x3 pixel volumes that were overlaid with registered functional ROI pixels. HCR centroids 

were assigned to a functional ROI based on the largest fractional overlap. Finally, all assigned as well 

as unassigned functional ROIs were registered to the average brain as described above. 

 

Data analysis for two-photon imaging 

Suite2p68 was used for motion correction, ROI detection, classification and signal extraction (time 

constant tau=7 s, diameter=4 px). In detail, raw recording files were deinterleaved into individual time 

series for each imaging plane. Rigid and non-rigid motion correction was performed with suite2p on a 

low-pass filtered time series in xy (gaussian, sigma=4). The motion-correction shifts were applied to 

the raw imaging time series. ROIs were detected on fivefold downsampled & motion-corrected time 

series and fluorescent traces were extracted using the average pixel intensities of ROIs over time. All 

functional ROIs were initially thresholded based on built-in suite2p classification algorithm iscell and 

an anatomical tectal mask drawn in the reference brain (see mapzebrain.org).  

Response score 

For each stimulus, a regressor was constructed by convolving a boxcar function with an exponential 

decay kernel that mimics the H2B::GCaMP6s off-kinetics. The resulting 8 regressors were separately 

fitted to the calcium trace of each functional ROI, using a linear regression model on the stimulus time 

window. The response score was calculated as the product of the regression coefficient (equivalent to 

dF/F) and the coefficient of determination R2. For clustering and dimensionality reduction (Fig 6 f-h), 

the analysis included all functional ROIs that scored above the 95th percentile of the population 

response score for any of the visual stimuli.  Response score vectors of all high-scoring neurons 

excluding any t-type positive ROIs (n=7127) were scaled to unit variance and zero mean for subsequent 

analysis. 
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Hierarchical clustering & embedding 

Functional clusters were identified in a two-step analysis: First, exemplars of the 7127 high-scoring 

ROIs in 8-dimensional functional space were identified using affinity propagation 

(sklearn.cluster.AffinityPropagation, default parameters). Exemplars with less than 16 associated ROIs 

were excluded from subsequent analysis The remaining 145 exemplars were clustered using 

hierarchical clustering (scipy.cluster.hierarchy.linkage, method=’complete’, metric=’correlation’; 

scipy.cluster.hierarchy.fcluster, criterion=’maxclust’). In parallel, the 2-dimensional embedding for 

visualizing the tuning manifold was computed from the 8-dimensional response vectors of all high-

scoring ROIs with T-distributed Stochastic Neighbor Embedding (t-SNE, sklearn.manifold.TSNE, 

default parameters). 

Nearest neighbor t-type frequencies 

Fold-changes in nearest neighbor frequencies of different t-types were calculated for each functional 

ROI as the relative frequency of a certain t-type within the k=50 euclidean nearest neighbors in 8-

dimensional functional space divided by the relative frequency of the same t-type within all t-type+ 

ROIs. This calculation was performed for each high-scoring ROI and the fold-change values were then 

used as a color-code in the t-SNE embedding to visualize the localization of t-types on the tuning 

manifold. 

Anatomical overlap metric 

3D coordinates of each t/f-cluster that contained more than 10 ROIs were used to generate a gaussian 

kernel density estimate with scipy.stats.gaussian_kde(bandwidth=0.75). For computing pairwise 

overlap, the KDEs were sampled, normalized, and the minimum of the joint KDEs was taken at each 

point. The overlap metric is bounded from 0 to 1 (0 if no overlap, near 1 if the same). Controls were 

generated by shuffling t-type labels of all ROIs in the whole dataset. 

T-type classification  

Response scores of t-type+ ROIs were scaled to unit variance and zero mean. A support vector machine 

(SVM) classifier (sklearn.svm.SVC, kernel=’rbf’, gamma=’scale’, C=1) was trained on 90 % of all t-

type+ response vectors and gene labels. To counter the biased distribution of t-types, the training data 

was upsampled so that each t-type had 1000 samples. Evaluation of the classifier performance was done 

on 10 % holdout test data. This process was repeated 20 times with permutated training/test data splits. 

The same classification was performed with anatomical centroid positions of t-type+ ROIs as dependent 

variables as well as using both response vectors and anatomical positions. Each classification was run 

again with shuffled marker gene labels as negative control. 
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Generation of knock-in transgenic lines 

The knock-in (KI) lines Tg(sp5l:QF2)mpn421, Tg(atf5b:QF2)mpn423 and Tg(itpr1b:QF2)mpn424, 

Tg(pcbp3:QF2)mpn429 were generated by locus-specific insertions using CRISPR-Cas9 and the 

GeneWeld approach69. gRNA target sequences were identified using the CCTop tool70. The gRNA 

target sequences are: atf5b 5’-ATTTGGACGTCATGCTCCAGAGG-3’ ; itpr1b 5’-

CATCTGCTCCCTGTATGCGGAGG-3’; pcpb3 5’-CATGAGGAGCCGGATGGTCAGGG-3’; sp5l 

5’-AGGCTCGCAGCTCCCTTACGAGG-3’. Short homology sequences of 48bp spanning the 

upstream and downstream of gRNA site were ordered as complementary oligonucleotides (MWG) and 

cloned into donor plasmids using the GoldenGATEway strategy71. Universal gRNAs (ugRNA) 

(Wierson et al., 2020) were introduced into the donor to release the insert from plasmid after injection. 

The order of components of all the donor constructs was the following: ugRNA, upstream homology 

arm, short GSG linker, T2A, QF2, polyA signal, downstream homology arm and second ugRNA 

(inverted). CRISPR-Cas9 RNP complex was prepared at a concentration of 1.5 μM as described before3. 

The gRNA was produced by annealing customized crRNA (IDT, Alt-R® CRISPR-Cas9 crRNA) with 

tracrRNA (IDT, CAT# 1072533) in annealing buffer (IDT, CAT# 11-05-01-12). The gRNA was 

incubated with Cas9 protein (IDT, CAT# 1081060) for 15 minutes at 37°C and the donor plasmid was 

added to the injection mix, at a final concentration of 20 ng/μl. The CRISPR-Cas9 mix was injected 

into Tg(QUAS:epNTR-RFP)mpn165 embryos at the single-cell stage. Positive transient expressor fish 

were raised and screened at adulthood for germline transmission. 

 

Cellular tracing and morphology analysis 

Single neurons were sparsely labeled either during the KI generation procedure in mosaic F0 animals, 

or by transiently microinjecting 12.5 ng/μL QUAS:eGFP-caax into the Tg(atf5b:QF2)mpn423, 

Tg(itpr1b:QF2)mpn424, Tg(pcbp3:QF2)mpn429 or Tg(sp5l:QF2)mpn421 transgenic embryos at the 

single-cell stage. At 6 dpf the injected larvae were anesthetized in a lethal dose of tricaine, fixed in 4% 

PFA and immunostained with Mouse anti-ERK1/2 (Cell Signaling Technology) and Chicken anti-GFP 

(Invitrogen), according to the protocol previously published35. 

Confocal imaging was performed as described above. Individual neurons were semi-automatically 

traced using the freeware NeuTube72, saved as SWC files and registered to the mapzebrain.org atlas 

using ANTs as described above and previously35.  

The traced neurons were plotted using the R package natverse73 and manually clustered according to 

the projection terminals. A matrix for the anatomical crossing areas for each neuron was generated with 

the mapzebrain.org atlas, and the heatmap was plotted using the R package pheatmap66.  

 

https://www.zotero.org/google-docs/?broken=3oGK6k
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Code availability 

All the python, R and imageJ custom scripts used in this study will be made publicly available upon 

publication. 
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3. Discussion 

 

The senses of the brain provide access to the sensory Umwelt, but at the same time 

gate and thus constrain its perception. At the sensory periphery, photoreceptors in 

the retina capture only certain wavelength ranges of light, while hair cells in the inner 

ear capture only a certain spectrum of auditory frequencies. Further downstream, 

these primary information channels converge and integrate to discern key features of 

the sensory environment. In many cases, hard-wired feature detectors recognize a 

specific ethologically significant stimuli such as the sight of an approaching predator 

or the scent of a conspecific. Activation of these feature detectors can then initiate 

innate, stereotyped behaviors - such as escape or mating - that increase survival 

prospects. The brain of the developing zebrafish employs hard-wired feature 

detectors to enable several innate behavioral responses to salient sensory features 

right after hatching, from prey detecting retinal ganglion cells to thalamic neurons 

that respond to looming stimuli.  

In my thesis, I studied feature detectors for social recognition and molecular 

underpinnings of different sets of feature detectors in the visual system of developing 

zebrafish. I discovered an information pathway that detects visual features of 

conspecifics. Thalamic neurons equip zebrafish with the ability to recognize motion 

patterns, so-called ‘swim bouts’ of other larvae soon after hatching and innervate 

brain areas that are conserved nodes for mediating social behaviors. Ultimately, the 

individual filter properties of these neurons might be a requirement for the formation 

of a fish shoal. Secondly, I investigated the relationship between functional 

responses of visual neurons to ethological stimuli and their transcriptomic identities 

in the larval zebrafish tectum, the main center of sensorimotor transformation. 

Shainer and I discovered that that a combination of both transcriptomic identity and 

cell body position in this topographically structured brain region are important 

determinants neuronal phenotypic traits. 

In the following, I will discuss how a hard-wired visual circuit could give rise to a 

matched filter for bout motion and propose a wiring diagram for a swim-bout motion 

detector. I will consider whether this visual circuit can be deemed dedicated for 

social recognition. I will propose multiple roles for this thalamic circuit in different 
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aspects of affiliative social behavior and draw parallels to thalamic circuits described 

in other vertebrate species. 

I will then elaborate on our definitions of transcriptomic and functional cell types in 

the tectum. Finally, I will speculate on functional and anatomical diversity of 

transcriptomic cell types in the larval zebrafish tectum and their role in generating 

adaptive behavioral responses to ethological stimuli.  

 

3.1 A dedicated circuit for detecting visual social features 

In juvenile zebrafish, the replay of characteristic burst-and-glide motion termed bout 

motion of conspecifics is sufficient to trigger social affiliation (Larsch and Baier, 

2018), warranting the hypothesis that specialized circuits of the visual system readily 

detect these conspecific signals. I have discovered a nucleus in the juvenile 

zebrafish thalamus that comprises a high concentration of neurons with selective 

responses to bout motion (Kappel et al., 2022). In my study, a reduced motion 

stimulus replaced a real conspecific to discover the neural basis of social 

recognition. Interestingly, the bout motion stimulus is akin to a type of optical illusion 

called beta motion: An object briefly appears at a certain location, disappears, and 

reappears at a different location, thereby creating the illusion of directed motion in a 

human observer (Wertheimer, 1912). In my imaging experiments, juvenile zebrafish 

perceived systematic variations of these stimuli with altered apparent motion 

frequencies and distances between individual locations, ranging from large distances 

between objects and low temporal frequencies to increasingly small distances and 

high temporal frequencies, i.e. from discontinuous to continuous motion. I recorded 

the strongest response in dorsal thalamus neurons to the bout frequency matching 

conspecific motion. When I further refined the experiment to only adjust distances 

while maintaining the same frequency the preferred overall stimulus speed of dorsal 

thalamus neurons still matched conspecific swimming speed. Moreover, I changed 

the degree of beta-like motion by morphing a positional step function via sinusoidal 

functions into a linear function while keeping bout frequency constant. Here, the 

stimulus with the strongest apparent motion elicited the strongest response. To 

exclude that these responses were signaling changes of the visual scene that match 

self-motion speed, I showed whole-field motion stimuli with the same spatial and 
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temporal frequencies. These stimuli, alongside grating and looming stimuli, did not 

yield strong responses in this nucleus. Finally, the acceleration of a naturalistic 

conspecific motion stimulus was well captured by the mean population response of 

dorsal thalamus neurons. While only a small fraction of the potential stimulus space 

was probed, the inferred tuning curves and selective responses argue that this 

anatomical nucleus acts specifically as a matched filter for conspecific motion 

statistics.  

How could a neural circuit achieve such a selective response? The most common 

and biologically relevant models for local motion detection are correlation-type 

models based on spatiotemporal cross-correlation (Borst and Egelhaaf, 1989). The 

first and most established of them is the Hassenstein-Reichardt model, which takes 

the difference between two filtered and multiplied luminance signals separated in 

space (Fig 6a). The distance between two sensors in visual space, or sampling base 

φ, as well as the delay term Ɛ define the minimal spatial frequency and velocity of the 

motion stimulus that generate a signal. In the special case of bout motion, Larsch 

and Baier showed that, in addition to bout frequency, the overall velocity and 

stimulus size modulate behavioral attraction. Moreover, juvenile zebrafish maintain a 

preferred distance to virtual and real conspecifics.  

 

3.2 The bout motion detector as an elementary unit for social recognition 

A simple bout detector could be a derivation of the Hassenstein-Reichardt detector 

with overlapping spatial center-surround inhibition, so that only discontinuous, beta-

like motion would generate a signal (Fig 6b). The delay and sampling base could be 

set so that conspecific displacement at the preferred inter-animal-distance results in 

the biggest downstream signal. Such a dedicated bout motion detector could reside 

already in the eye: Bipolar cells with center-surround receptive fields are described in 

many vertebrate species (Euler et al., 2014). Given an appropriate spacing of 

receptive field centers and inhibitory surround, multiple bipolar cells in series could 

provide a downstream saliency signal in retinal ganglion cells that detects the 

preferred distance, speed and bout frequency of a conspecific.  

While this implementation is a possible solution to a motion detector for preferred 

bout frequency, speed and distance simultaneously, it would not be a sufficient 
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signal in the context of affiliative behavior. To maintain a preferred distance to 

conspecifics, juvenile zebrafish have to detect each other’s motion patterns from a 

range of distances and respond with approach or avoidance accordingly. Approach 

and avoidance in response to motion cues are elementary behaviors that also 

underlie hunting and escape, which are implemented in the larval zebrafish tectum 

(Barker and Baier, 2015; Helmbrecht et al., 2018). 

 

Figure 6: Hassenstein-Reichardt detector as a basis for processing bout motion 

(A) The classical Hassenstein-Reichardt detector model is based on two sensors that are 

reciprocally connected, and whose signals are multiplied (M) and summed (+/-). Through a 

delay term Ɛ, the preferred direction of motion and speed can be specified, while the sampling 

base φ limits the spatial frequencies that can be detected. 

(B) By adding non-linear spatial band-pass filters on top that represent particularly arranged 

center-surround inhibition in space, the model responds only to apparent motion of a specific 

bout frequency, speed and stimulus size. 

(C) A canonical local motion detector model can be turned into a bout detector downstream 

through an intracellular temporal band-pass filter for the preferred bout frequency. 
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Distance-invariant bout detection could be achieved by separating spatial and 

temporal components of the stimulus: Neurons that selectively respond to 

conspecific motion frequencies across a range of stimulus sizes or distances could 

serve as a parallel, contextual signal (Fig. 6C). These types of flicker responses via 

temporal bandpass filters are common in the visual system across species, from 

salamander retina to monkey visual cortex (Armstrong-Gold and Rieke, 2003; 

Hawken et al., 1996). Hypothetical bout frequency detectors in the zebrafish retina or 

tectum could innervate tectal neurons with spatial high- or low-pass filters, in 

combination generate approach or avoidance signals when a conspecific stimulus is 

too far away or too close, respectively. Since size-selective visual tuning for 

decision-making is a hallmark of sensory processing in the tectum (Barker and Baier, 

2015), it might also compute stimulus size dependent social approach and 

avoidance in this structure. Indeed, we have found neurons tuned to bout motion in 

the tectum, distributed broadly along its anatomical retinotopic map. If tectal neurons 

mediate the instantaneous behavioral response to a bout motion stimulus, what 

could be the role of the dorsal thalamus? 

 

3.3 Diverse functions for the tectothalamic bout detection circuit 

We discovered that motion frequency tuning of DT-BPNs in juvenile zebrafish 

recapitulates the stimulus optimum for behavioral attraction. Upon fixing bout 

frequency to the optimum of 1.5 Hz but modulating overall velocity, we found that DT 

neurons show an optimum response to conspecific speed. Recording DT-BPN 

responses to naturalistic conspecific motion stimuli revealed that their collective 

activity represents stimulus acceleration. We showed through electron microscopic 

reconstruction of the DT circuit that sensory input is most likely coming from the 

tectum, with multiple tectal periventricular projection neurons (PVPNs) converging on 

individual DT neurons. 

In turn, the diverse downstream connectivity of individual DT neurons suggests 

multiple roles for this node: First, reciprocal loops between tectal BPNs and DT-

BPNs as well as between DT-BPNs could selectively amplify tectal representation of 

conspecifics during social affiliation and thus enable sustained pursuit over hours, as 
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observed by Larsch and Baier. This recurrent amplification could serve to keep the 

conspecific locked in a preferred area of the visual field.  

Additionally, DT neurons might regulate competition between multiple conspecific 

stimuli or social and non-social stimuli (Fig. 7A). Traditionally, the tectum/superior 

colliculus is thought to contain a ‘saliency map’ that selectively amplifies certain 

visual stimuli through focal excitation and global inhibition (Ben-Tov et al., 2015; 

Knudsen, 2018). Previous work showed that developing zebrafish turn preferentially 

towards the side with more conspecifics (Hinz and de Polavieja, 2017). This 

competition between visual hemifields and tectal hemispheres could be resolved 

through DT neurons that weigh incoming bout motion information from the tectum 

and either selectively enhance or suppress stimulus representations on one tectal 

hemisphere indirectly through the nucleus isthmi or directly via connections to the 

tectum. This role would be in accordance with the axonal projections to the tectum 

and nucleus isthmi we found as well as a recent study that detailed tectal-isthmic 

interactions during stimulus competition (Fernandes et al., 2021).  

In our connectomics analysis, DT neurons also project to the medulla oblongata, part 

of the brainstem. Here, incoming activity driven by bout motion might instruct the 

temporal alignment of motion between conspecifics, which has been described 

previously for juvenile as well as adult zebrafish (Dreosti et al., 2015; Stednitz et al., 

2018). In the adult stage, social orienting behavior is dependent on a group of 

cholinergic neurons in the ventral telencephalon (Stednitz et al., 2018). Other studies 

have also focused on the role of the teleost telencephalon in social behavior 

(Cabrera-Álvarez et al., 2017; Shinozuka and Watanabe, 2004). The mapzebrain.org 

atlas contains several light-microscopic reconstructions of DT neurons that project to 

the telencephalon, suggesting that social visual information is transmitted to this 

brain region via DT (Fig. 7B). In our electron-microscopic dataset we did not yet find 

a direct projection from DT to the telencephalon. This discrepancy might be due to 

undersampling DT neurons or due to the young age of only 5 dpf in the EM dataset, 

where this connection might not be established yet. 

Lastly, DT responses to conspecific motion might further report the close presence of 

conspecifics as a homeostatic social signal. It is widely studied that social isolation 

has long-lasting effects on behavior and physiology in humans and other animals, 
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and the drive to maintain a social connection is akin to physiological homeostatic 

systems that regulate hunger or thirst (Matthews and Tye, 2019). Social interactions 

alleviate stress responses through modulation of the hypothalamic-pituitary-

adrenocortical (HPA) system, termed social buffering (Hennessy et al., 2009). 

 

Figure 7: Functional roles of broadly connected dorsal thalamus (DT) neurons for social 
behavior 

(A) Top: DT circuit model for sensorimotor functions. Incoming visual information of tectal BPNs 

(red circle) reaches DT-BPNs. DT neurons project to both the GABAergic and glutamatergic 
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regions of nucleus isthmi, which facilitates focal enhancement and global suppression in the 

tectum to increase saliency of the social stimulus compared to other stimuli in the 

environment. In parallel, DT neurons project to neurons in the medulla oblongata, where they 

modulate activity of oscillatory circuits to synchronize bouts between the animal and 

conspecifics based on perceived bout motion. Bottom: Individual DT neurons from the 

mapzebrain single-cell atlas project to both the nucleus isthmi and medulla oblongata. Tectal 

neurons and tectum volume are omitted for clarity. 

(B) Top: DT circuit model for homeostatic and stateful functions. DT neurons project to the 

preoptic area (PoA), where the homolog of the mammalian paraventricular nucleus (PVN) 

resides. Their activity decreases release of corticotropin-releasing hormone (CRH) by PVN 

neurons, which in turn regulates adrenocorticotropic hormone (ACTH) release by the anterior 

pituitary, thereby modulating the HPA stress axis. In parallel, DT neurons directly or indirectly 

project to the telencephalon, where sensory information about conspecifics is integrated for 

cognitive functions such as social learning. Bottom: DT neurons project to the preoptic area 

and the telencephalon.  

 

We have demonstrated axonal projections of DT neurons to the preoptic area, 

anterior (rostral) and intermediate hypothalamus. The homolog of the mammalian 

paraventricular nucleus (PVN) in zebrafish is likely the preoptic area, whose neurons 

form axonal contacts with the pituitary gland (Nagpal et al., 2019; Wulliman et al., 

2012). Taken together, zebrafish DT neurons might relay conspecific motion cues to 

the PVN as a social buffering signal that modulates the HPA axis (Fig. 7B). In line 

with this proposed homeostatic signaling, a recent study showed that selective gene 

expression level of parathyroid hormone 2 (pth2) in DT of larval and juvenile 

zebrafish scales with the presence and density of conspecifics, mediated through the 

detection of social touch (Anneser et al., 2020). The neuropeptide Pth2 has been 

implicated in the regulation of social behaviors such as maternal care (Cservenák et 

al., 2013; Gellén et al., 2017). Interestingly, multisensory integration of conspecific 

signals in combination with pth2 expression has also been reported for a dorsal 

thalamic region in rats (Keller et al., 2022). Future studies will show whether 

individual neurons in zebrafish DT integrate visual and somatosensory conspecific 

motion cues and whether the information about social environment in DT modulates 

wider brain and body functions on longer time scales. 

Taken together, the DT node for processing bout motion is likely a multi-functional 

hub that, as we have shown, drives affiliative behavior and likely has additional roles 
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for social interactions such as social homeostasis, stimulus competition or social 

cognition. 

Is the implication of DT in social behavior a conserved function in other clades and 

species? Anatomically, the pulvinar complex in the mammalian thalamus is the most 

likely homolog of the zebrafish DT. Like the zebrafish posterior DT, it receives direct 

visual input from the superior colliculus, the optic tectum homologe and is further 

interconnected with different cortical structures such as the visual cortex, prefrontal 

cortex and amygdala (Bridge et al., 2016; Grieve et al., 2000). In line with the 

previous speculation on the role of DT in shoaling, the pulvinar nucleus is a central 

node for visual attention (Benarroch, 2015). In addition, subsets of pulvinar neurons 

in monkeys and humans respond selectively to face-like stimuli (Nguyen et al., 2013) 

and emotional facial expressions (Maior et al., 2010), respectively. These analogies 

make the pulvinar a potential mammalian homolog of the larval zebrafish DT in terms 

of anatomy as well as function. 

 

3.4 Multimodal identification of tectal cell types in the larval zebrafish 

Larval zebrafish DT neurons respond selectively to bout motion without previous 

exposure, and animals raised in social isolation instantly perform shoaling behavior, 

implying hard-wired preference to specific bout motion frequency independent of 

social experience. This is in line with other studies that reported experience-

independent functionality of sensory behaviors such as prey capture, though here 

experience improves hunting skills (Avitan et al., 2020; Oldfield et al., 2020). The 

larval zebrafish brain needs to be functional right upon hatching, even though the 

animal is still developing and naïve to many stimuli. To accommodate those two 

processes simultaneously, transcriptomically defined cell types could make up hard-

wired circuits that enable individual behaviors. Recently, Sherman and colleagues 

showed that even without RGC input, the visual system comprises all transcriptomic 

cell types or t-types in the correct anatomical locations and fractions in the brain, 

corroborating the idea that t-types make up building blocks for functional circuits 

(Sherman et al., 2021). In Shainer, Kappel et al. (2023, in prep.), my colleagues and 

I aimed at unraveling these building blocks in the larval zebrafish tectum, the main 

brain area for sensorimotor transformation. We identified t-types in the larval 
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zebrafish tectum and related them to functional and morphological cell types (Fig. 8). 

We discovered that a combination of both transcriptomic identity and cell-body 

position in this topographically structured tissue are important determinants of a 

neuron’s phenotype. Our study detailed for the first time the relationship of functional 

and transcriptomic identity of neuronal cell types in a brain region that contains a 

topographic map of sensory and motor space.  

 

3.5 Functional and anatomical diversity of cell types in the larval zebrafish tectum 

In our study, we defined f-types as functional clusters based on response scores to 8 

discrete visual stimuli. Two recent studies defined functional cell types in V1 and 

superior colliculus based on visual stimulus responses (Bugeon et al., 2022; Li and 

Meister, 2022). In our study, we cannot exclude that more exhaustive sampling of 

stimulus space would reveal additional functional response types that individual t-

types would converge on as the smallest common denominator. Yet, our results 

show that despite the comparatively sparse sampling of the vast potential stimulus 

space, responses are certainly heterogeneous across all t-types for the given 

stimulus set. This response diversity within t-types already strictly excludes a one-to-

one correspondence between a functional and transcriptomic cell type for the tested 

marker genes. Further, we found diverse projection patterns within two out of four t-

types. This is consistent with previous studies that found diverse morphological traits 

within cortical interneuron and projection neurons (Peng et al., 2021; Scala et al., 

2021). Yet, these studies limited their scope to one type of morphological class, 

whereas we find both interneurons and projection neurons in individual t-types (Fig. 

8B). 

Multiple confounding factors could be the source of the observed phenotypic 

variability within t-types. First, the transcriptomic resolution of our t-type definition 

might be too shallow. For instance, atf5b and sp5l are broadly expressed in the 

tectum and both comprise local interneurons as well as projection neurons. 

Additional marker genes could further increase the resolution of these cell types: 

atf5b+ and sp5l+ cells might be further separated according to foxb1a and barhl1a 

expression, respectively, or other genes for which the RNA sequencing depth was 

not sufficient. While we cannot exclude additional markers that would, in 
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combination, lead to coherent phenotypic traits, the identified marker genes certainly 

label neuronal classes that are largely transcriptomically coherent. 

 

Figure 8: Cell type modalities of the larval zebrafish tectum in their respective spaces 

(A) Low-dimensional embedding of tectal neurons according to their transcriptomic profile. 

(B) Different morphological types of atf5b+ tectal neurons in the larval zebrafish standard brain. 

(C) Low-dimensional embedding of tectal neurons according to functional activity. Colors indicate 

response strength to different visual stimuli.  

 

Our discovery of anatomically localized functional subclusters results instead 

suggest that the more likely explanation for diverse phenotypic traits within t-types 

are extrinsic factors arising from differential cell-body position within the tectal 

volume. Whether additional marker genes would anatomically separate t-types in the 

same fashion as functional preference remains to be established. 

Another potential pitfall of our study are the different means of identifying the t-type 

throughout the study. RNA sequencing determines t-type membership through gene 

expression across hundreds of genes via a machine-learning algorithm that assigns 

it a certain cluster. In the imaging experiment, t-types are determined based on the 

chemically amplified marker gene expression that is largely specific to a cluster and 

subsequently scored as positive or negative by a human. Finally, neuronal 

morphologies of different t-types are based marker gene expression where the QF2 

RNA sequence was knocked into the native locus as well as the protein 

concentration of the translated QF2 protein in the neurons. The differences between 

these categorizations might lead to false positives or false negatives. False 
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negatives would have few effects on our current interpretation, since un-assigned 

neurons would not lead to phenotypic variability in the analysis. On the other hand, 

assigning a given cell to the false cluster might add phenotypic traits that do not 

match those of the true positive neurons. Yet, we have demonstrated in our studies 

that neurons of the same t-type share broad functional response preferences 

between the HCR-based approach and the transgenic lines. Further, we have shown 

that neurons categorically do not co-express any t-type specific marker genes in our 

multiplexed HCR labeling approach, demonstrating that these markers are non-

overlapping between neuronal populations and thus suited for labeling transcriptomic 

identity. 

With variable visual response profiles and morphology, individual t-types might still 

have coherent electrophysiological properties. Recent studies in mammals have 

compared resting membrane potential or spike frequency for the functional 

characterization of cell types, often finding large consensus between t-type and 

electrophysiological type. This might also be the case in the tectum. While neurons 

of the same t-type might be involved in mediating behaviors to different stimuli, their 

respective circuit function might be stereotyped. For instance, long-range projections 

of atf5b+ tectal neurons could regulate gain control for forward swims either towards 

a local object of interest or in the context of an optomotor response. Tectal neurons 

that express pitx2 might facilitate contrast enhancement across stimuli. Along these 

lines, t-types might be individual cogs and screws of a machine that have the same 

functional properties within different circuits, based on where they localize 

anatomically. Future studies on the individual tectal t-types will show whether 

transcriptomic identity defines respective circuit functions within tectal neurons.  

Lastly, the larval zebrafish brain is still undergoing profound developmental changes.  

While the tectum needs to provide essential functions for survival throughout this 

process, its structural and functional architecture probably still changes drastically 

until adulthood, which is a timespan of more than two months for zebrafish larvae. A 

recent study of retinal ganglion cell types in the zebrafish retina suggests that many 

larval RGC t-types split up into multiple t-types during maturation, while other t-types 

ostensibly vanish (Kölsch et al., 2021). The described functional-anatomical-

transcriptomic relationship we observed is therefore a snapshot of a marvelous 

system that accomplishes to both function and develop at the same time. A one-to-
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one correspondence for the encoding of visual features and transcriptomic identity is 

probably too rigid in such a dynamic system. Along these lines, animals need to 

learn throughout their lifetime and adjust their behavioral responses dynamically to 

changing environments. This calls for flexible underlying circuits that can respond to 

the same visual stimulus with different responses based on situational context, inner 

state or individual experience. A system made up of rigid information channels 

solidified by differential gene expression for each ethologically relevant stimulus 

might not be suitable to a system that grows, transforms and learns over its lifetime. 
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