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Animals from insects to humans perform visual escape behavior in response to looming stimuli, and these responses habituate if looms are presented repeatedly without consequence. While the basic visual processing and motor pathways involved in this behavior have been described, many of the nuances of predator perception and sensorimotor gating have not. Here, we have performed both behavioral analyses and brain-wide cellular-resolution calcium imaging in larval zebrafish while presenting them with visual loom stimuli or stimuli that selectively deliver either the movement or the dimming properties of full loom stimuli. Behaviorally, we find that, while responses to repeated loom stimuli habituate, no such habituation occurs when repeated movement stimuli (in the absence of luminance changes) are presented. Dim stimuli seldom elicit escape responses, and therefore cannot habituate. Neither repeated movement stimuli nor repeated dimming stimuli habituate the responses to subsequent full loom stimuli, suggesting that full looms are required for habituation. Our calcium imaging reveals that motion-sensitive neurons are abundant in the brain, that dim-sensitive neurons are present but more rare, and that neurons responsive to both stimuli (and to full loom stimuli) are concentrated in the tectum. Neurons selective to full loom stimuli (but not to movement or dimming) were not evident. Finally, we explored whether movement- or dim-sensitive neurons have characteristic response profiles during habituation to full looms. Such functional links between baseline responsiveness and habituation rate could suggest a specific role in the brain-wide habituation network, but no such relationships were found in our data. Overall, our results suggest that, while both movement- and dim-sensitive neurons contribute to predator escape behavior, neither plays a specific role in brain-wide visual habituation networks or in behavioral habituation.
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INTRODUCTION

For prey animals, avoiding approaching predators is crucial to survival, but unnecessary escape behavior is both energetically costly and disruptive to normal behavioral routines. As a consequence, there has been strong selective pressure to escape from genuinely threatening stimuli while ignoring innocuous stimuli and stimuli that occur repetitively without consequence. In larval zebrafish, input from the auditory (Burgess and Granato, 2007; Marques et al., 2018), somatosensory (Eaton et al., 1977; Douglass et al., 2008), and lateral line systems (McHenry et al., 2009) can all drive startle responses, but vision, which is uniquely informative about an incoming object’s spatial characteristics, has received particular attention in recent years.

In an experimental context, predators can be simulated on a screen with looming stimuli (looms): dark shapes that grow rapidly from a single point (Luca and Gerlai, 2012). If the loom is sufficiently salient, it elicits a stereotyped escape response, which in larval zebrafish takes the form of a rapid body bend followed by a powerful swim sequence (Dunn et al., 2016; Bhattacharyya et al., 2017; Marques et al., 2018). The core sensorimotor circuitry responsible for visual escape in larval zebrafish has been described (reviewed in Marquez-Legorreta et al., 2020), involving the perception of motion and luminance by specialized retinal ganglion cells (RGCs) (Temizer et al., 2015), widespread and powerful loom responses in neurons belonging to the tectum (called the superior colliculus in mammals) contralateral to the stimulus (Helmbrecht et al., 2018), and downstream activation of reticulospinal neurons in the hindbrain (Sato et al., 2007; Yao et al., 2016). However, many details about how particular components of the loom stimulus are detected and integrated, and how behaviors are gated, remain mysterious.

A dark looming stimulus comprises two components: a decrease in luminance and expanding moving edges at the periphery. These components can be separated experimentally with the presentation of a dimming circle (providing decreased luminance without moving edges) or an expanding isoluminant checkerboard on a gray background (moving edges without a change in overall luminance). Behavioral experiments have shown that expanding checkerboards, and therefore moving edges, are sufficient to elicit escape responses, albeit at a lower rate than dark loom stimuli (Dunn et al., 2016; Heap L. A. L. et al., 2018). The neural circuitry detecting these moving edges is incompletely understood, but it has been shown that specific laminae of the tectal neuropil receive edge-specific information, and that RGCs targeting these specific neuropil layers appear to project exclusively to the tectum and not to other retinal arborization fields (Robles et al., 2014; Temizer et al., 2015). On the other hand, the dimming component involves a retino-thalamo-tectal circuit, which increases the probability of an escape response (though dimming alone elicits startles infrequently), and also determines the direction of this startle (Temizer et al., 2015; Heap L. A. L. et al., 2018). These observations suggest that different components of the looming stimulus are processed in distinct pathways and mediate different facets of the behavioral response.

Habituation is a form of non-associative learning that is important for survival, as it minimizes energy expenditure and disruption from unnecessary responses to repetitive stimuli (Thompson and Spencer, 1966; Rankin et al., 2009). The visual escape response and O-bends habituate in larval zebrafish, with the startle probability decreasing with repeated presentations of loom (Marquez-Legorreta et al., 2019) or dark flash (Randlett et al., 2019) stimuli. It has been proposed that this habituation results from the tectum’s “uncoupling” the perceptual visual circuits in the retina and thalamus from premotor circuitry in the hindbrain, thus shifting sensorimotor gating toward non-responsiveness (Marquez-Legorreta et al., 2019). The tectum is well positioned to integrate movement and luminance information, and has been shown to contain populations of neurons whose responses habituate in parallel with behavioral habituation (Marquez-Legorreta et al., 2019). Nonetheless, the neural circuitry responsible for visual habituation, and the specific ways in which luminance and movement information interact in these circuits, remain incompletely understood.

In this study, we have used light-sheet microscopy and genetically encoded calcium indicators to track activity in individual neurons across the brains of larval zebrafish while presenting repetitive loom, checkerboard, and dimming stimuli. The goal has been to describe each neuron’s anatomical position; selective responsiveness to movement, luminance, and full loom stimuli; and degree of habituation to repeated stimuli. By providing links between these anatomical and functional readouts, we have aimed to determine the stimulus properties and brain regions responsible for behavioral habituation to repetitive threatening visual stimuli. Behaviorally, we have found that the visual escape response of zebrafish larvae does not habituate to checkerboard stimuli, and that the habituation to looms requires both the movement and luminance components. We have identified the neuronal substrates for the visual habituation to luminance, movement, and looms, and show that loom habituation at the circuit level also requires both components. We have not identified neurons responding only to full looms, suggesting that the integration of the two components drives the sensorimotor gating.



MATERIALS AND METHODS


Animals

All experiments were conducted in accordance with the University of Queensland Animal Welfare Unit’s ethics approval number SBS/341/19. Larval zebrafish of the tupel longfin nacre (TLN) strain were used at 6 days post fertilization (dpf). Larvae were raised in E3 media with methylene blue in 10 cm diameter petri dishes at a density of 50 larvae per dish. Fish used for SPIM experiments expressed the transgene elavl3:H2B-GCaMP6s for pan-neuronal nuclear expression of calcium indicator GCaMP6s (Chen et al., 2013).



Behavioral Experiments

Larvae were loaded individually into circular wells of 15 mm diameter and about 5 mm depth in a 12 well agar mold on a plastic petri dish lid. Wells were filled with E3 media without methylene blue, and the setup was placed 10 mm above an LED screen (Little Bird, Australia, Marquez-Legorreta et al., 2019). The setup was in a dark cabinet, and a lens (40 mm Thorlabs) and a 665 nm longpass filter (FGL665 - Ø25 mm RG665 Colored Glass Filter, Thorlabs) delivered infrared light to the camera with a weak signal from the screen that confirmed the timing of the looming stimuli. Fish movement was recorded from above with a Basler acA1920 camera at 30 frames per second. Movements were tracked and binned into 1 s increments with Viewpoint software (ZebraLab, ViewPoint Life Sciences, France), and classified into three speed groups: <0.5 mm/s (drift), 0.5–30 mm/s (scoots), and >30 mm/s (escapes). Fish that did not show any escapes during the experiment or were not trackable by the Viewpoint software were excluded. The stimulus train consisted of 5 min without stimuli (gray background: hsl 0% 0% 85%), then 20 presentations of either a black loom, checkerboard loom, or dim, followed by 10 black looms. The black loom expanded from a single point in the center of the well, and reached a maximum angle of expansion of approximately 90°. The checkerboard loom was made up of white and black squares at such a ratio to be isoluminant with the background gray [as measured by a Digital Lux meter (LX1010B)]. The dimming stimulus began at the background luminance and decreased to black (hsl 0% 0% 0%). All stimuli progressed in a hyperbolic manner and reached their maximum state (width of 25 mm for the looms, full darkness for the dims) 5 s after onset. Each stimulus then faded back to the background gray in a linear manner over 15 s. The inter-stimulus interval was variable (20, 25, 30 or 35 s).

The probability of an escape response was calculated as the proportion of larvae that performed an escape in response to a stimulus. Using R software, the nparLD package (Noguchi et al., 2012) was used to test for habituation within each group by comparing responses to the first and last stimuli of the initial block of 20 stimuli, and the first stimulus of the loom block. A Mann-Whitney U test was used to compare responses between the different stimuli trains, with a Bonferroni correction for the multiple comparisons. The fitted curves were produced in GraphPad Prism v 9.1.1 with the exponential one phase decay curve from the 1st to the 20th stimuli of each block, using a Least Squares regression and plateau to 0, and a simple linear regression from the 21st to the 30th stimuli.



Calcium Imaging Experiments

Larvae were mounted in 2% low melting point agarose (Sigma, A9045) in a custom cubic 3D-printed chamber (24 mm width, 24 mm length, 20 mm height), with glass coverslips forming the four walls (Favre-Bulle et al., 2018, 2020). The chamber was filled with E3 media (without methylene blue) after agarose was set. Larvae were imaged using a custom-built light-sheet microscope (Taylor et al., 2018). A single light sheet illuminated the fish from the rostral direction, and the width of the sheet was kept narrow enough (laterally) to minimize the amount of light entering the eyes (Constantin et al., 2020). A total of 50 z-planes over a range of 250 μm dorso-ventrally were imaged to capture data from the full volume of the brain at a rate of 2 Hz. Images were binned 4x to a final resolution of 640 × 540 pixels, in tagged image file format (TIFF).



Loom Stimulus Trains for Calcium Imaging

Stimuli were presented on a 75 mm × 55 mm LCD generic PnP monitor (1,024 × 768 pixels, 85 Hz, 32-bit true color) with an NVIDIA GeForce GTX 970 graphics card (Thompson and Scott, 2016; Thompson et al., 2016). The monitor was positioned 30 mm to the right or left of the larvae, and was covered by a colored-glass alternative filter (Newport, 65CGA-550) with a cut-on wavelength of 550 nm. The maximum angle the loom covered was approximately 86°. Stimuli had the same luminance and expansion dynamics as in the behavioral experiments. All stimulus trains began with 30 s of baseline imaging before the first stimulus onset and finished after the last stimulus finished fading back to background levels. Data for each of the three calcium imaging experiments were collected from different cohorts of larvae. The stimulus train for the first experiment consisted of 10 presentations of either dims, checkerboards, or black looms, followed by five black looms, with an interstimulus interval of 20 s. For the second experiment, the stimulus train consisted of a single dim, then a single checkerboard, then a single loom, spaced apart by 1 min, followed by the same sequence again after a 5-min break. In this dataset, stimuli were presented to the left instead of the right eye. For the third experiment the stimulus train consisted of a dim, checkerboard, dim, checkerboard block, followed by 10 looms, then a repetition of the initial block. This experiment again used a 20 s inter-stimulus interval.



Extraction of Fluorescent Traces of Calcium Activity

Calcium imaging data were reformatted into separate TIFF files for individual z-planes (50 planes per fish) in ImageJ v1.52c. Motion correction was performed using the Non-Rigid Motion Correction (NoRMCorre) algorithm, and fluorescence traces were extracted and de-mixed from the time series using the CaImAn package (version 0.9, 1) (Pnevmatikakis et al., 2016; Pnevmatikakis and Giovannucci, 2017; Giovannucci et al., 2019). We used 4,000 components per slice to ensure that we would not miss any ROIs during the initialization step of CaImAn. The risk of over-segmentation was mitigated by a merge step using a threshold of 0.8 to merge overlapping ROIs. The order of the autoregressive model was set at 1 to account for the decay of the fluorescence, our acquisition speed being too slow to account for the rise time. The gSig (half-size of neurons) was set at 2, based on estimates of the sizes of the nuclei in our images. We did not use any temporal or spatial down-sampling and the initialization method was “greedy_ROI.” The components were updated before and after the merge steps, empty components were discarded, and the components were ranked for fitness as previously (Pnevmatikakis et al., 2016). After the fluorescence traces were extracted, the filtered noise was added back to each ROI to account for possible negative signals (Vanwalleghem et al., 2021).



Analysis of Whole Brain Calcium Activity

For each of the three datasets, fluorescent traces from all of the ROIs found by CalmAn were pooled and Z-scored. In the first calcium imaging dataset, consisting of the three different stimulus trains where 10 stimuli (dims, checkerboards, or looms) were first presented followed by five looms, a linear regression to the first 10 stimuli allowed us to identify ROIs responsive to their respective component. ROIs with an r2 value greater than the median + 2SD (=0.1158) were used for subsequent analyses. The maximum response of these ROIs to each stimulus was calculated as the maximum z-score value within the window of the stimulus presentation minus the baseline prior to the presentation. These were then averaged per fish before they were averaged per stimulus train. Using R software, the nparLD package (Noguchi et al., 2012) was used to test for habituation within each group by comparing the average maximum responses to the first and last stimuli of the initial block of 10 stimuli. A Mann–Whitney U test was then used to compare responses between the different stimuli trains, with a Bonferroni correction to adjust for the multiple comparisons.

Our second dataset consisted of a sequence of dims, checkerboards, and looms repeated twice. Applying linear regression to each pair of stimuli identified visually responsive ROIs, and those with a r2 value greater than the median + 2SD (=0.3164) were used for subsequent analyses. This included a K-means clustering with 10 clusters and 20 replicates. This number of clusters was set to ensure over-clustering in order to allow removal of response profiles which were not common across all animals. In order to be included in subsequent analyses, clusters were validated by checking for consistency: the correlation of each ROI within the cluster to the cluster mean had to be greater than 0.5, the cluster had to contain at least 100 ROIs, and be represented in at least 75% of fish, with no more than 33% of ROIs contributed from any single fish. These exclusion criteria yielded five clusters. Three of these clusters were then manually combined based on similar checkerboard-selective response profiles (Supplementary Figure 1), resulting in three major clusters. We then calculated the average proportion of ROIs across fish that were visually responsive in each brain region, by dividing the number of ROIs that passed the aforementioned criteria by the total number of ROIs identified in that brain region for each fish. Next, we did the same calculations to find the average proportion of ROIs within each brain region belonging to each of the three major clusters above, and then normalized them.

Lastly, the third dataset consisted of a sequence of dim, checkerboard, dim, checkerboard, followed by 10 loom repeats and finishing with another sequence of dim, checkerboard, dim, checkerboard. We applied a linear regression to the first and last four stimuli, and again, ROIs with r2 value greater than the median + 2SD (=0.1256) were kept for subsequent analyses. For these selected ROIs, the maximum response to each stimulus presentation was calculated by identifying the maximum z-score value within a window of that stimulus presentation adjusted by the baseline just prior. To classify ROIs sensitive to dims, checkerboards, or both components, we used the criteria described in Supplementary Table 1. Next, to look at the different rates of habituation within these groups, an exponential decay curve (f(x) = a + be−cx) was fitted to the maximum response to the 10 looms for every ROI. We used the robust least absolute residual regression function of MATLAB to limit the impact of outliers. To look at the rates of decay, we validated the goodness of fit by taking ROIs that had an adjusted r2 value greater than 0.5 and a sum of squares due to error less than 20. A Friedman Test was performed to test for differences between the median of c values for each group within each fish.



Registration to Reference Atlas for Anatomical Classification

We used Advanced Normalization Tools (ANTs, 2) to register the ROIs to the H2B-RFP reference of Zbrain. Images from the SPIM experiments were warped to a common template previously acquired and registered to the Zbrain atlas. The resulting warping parameters were applied to the xyz coordinates of the centroids of the ROIs to map them into the 294 brain regions defined in the Zbrain atlas (Randlett et al., 2015; Poulsen et al., 2021).



Data Visualization

For visualizing the ROIs, we used Unity to represent each as a sphere and map it back to the brain. An isosurface mesh of the zebrafish brain was generated from the Zbrain masks for the diencephalon, mesencephalon, rhombencephalon, telencephalon and eyes using ImageVis3D71 (Poulsen et al., 2021). The mesh was imported in Unity and overlaid to the ROIs. Thus allowing a 3D spatial visualization of the ROIs distributions encountered. Distributions of ROIs are shown in the main figures as the combined registered ROIs from all animals in the experiment. We represent them this way because the distributions were highly consistent from animal to animal (Supplementary Figure 2).




RESULTS

It has previously been shown that drops in luminance (dim), moving edges (checkerboard), and loom (combining dim and edges) stimuli lead to different types and probabilities of visual startle behavior in zebrafish larvae (Dunn et al., 2016; Heap L. A. L. et al., 2018), and that startle behavior habituates in response to repeated loom stimuli (Marquez-Legorreta et al., 2019). This leaves two open questions about the relationships between visual stimulus components and habituation. First, it is unknown whether behavioral responses to repeated dimming or checkerboard stimuli habituate, as they do in response to repeated loom stimuli. Second, it is unclear whether prior exposure to repeated dims or checkerboard stimuli is sufficient to habituate animals to loom stimuli.

To address both questions, we designed a behavioral apparatus (Figure 1A) and stimulus train (Figures 1B,C) in which larvae were presented with 30 visual stimuli in close succession (20–35 s interstimulus interval, ISI). The first 20 stimuli were either checkerboards or dims, followed by 10 looms. A third group of larvae was shown 30 looms. As previously described, loom stimuli initially caused a high rate of visual startle behavior (Temizer et al., 2015; Dunn et al., 2016; Heap L. A. L. et al., 2018) and these responses gradually habituated to repeated loom stimuli (Figure 1D; Marquez-Legorreta et al., 2019). By comparison, larvae startled to looming checkerboards at a lower rate, and these responses did not undergo significant habituation over the course of 20 trials. Dimming stimuli seldom drove escape behavior, and therefore could not be assessed for habituation. When 20 trials of either dims or checkerboards preceded loom trials, no significant reduction was seen in the responses to the first loom (the 21st trial), as compared to naïve animals seeing a loom stimulus as their first trials (Figure 1E). These results provide no evidence for behavioral habituation to checkerboard stimuli, and suggest that the circuits mediating loom habituation may depend on both components of the loom stimuli, rather than either moving edges or dimming in isolation.
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FIGURE 1. Behavioral responses to repeated loom, checkerboard, and dim stimuli. (A) Experimental set up used for behavioral experiments, where 12 larvae were presented with stimulus trains from a screen below while their movements were recorded with a camera above. (B) Properties and timing of the loom, checkerboard, and dim stimuli. (C) The three stimulus trains used for behavioral experiments, comprising 20 presentations of one stimulus (either loom, checkerboard, or dim) followed by 10 looms, all separated by interstimulus intervals ranging between 20–35 s. (D) The average probability of an escape response during these experiments, across all larvae. Habituation was significant (p = 4.28E-7) for loom responses, but not for checkerboard (p = 0.01325535) or dim (p = 0.8195796, tested with the nparLD R package, using Bonferroni correction for multiple comparisons, adjusting the p-value for significance to 0.00625). Responses to the first loom (21st stimulus) were not significantly different from naive loom responses for animals shown checkerboards (p = 0.4875) or dims (p = 0.05995, tested with a Mann–Whitney U test, using Bonferroni correction for multiple comparisons, adjusting the p-value for significance to 0.00625). (E) Fitted curves to the average probability of escape response shown in panel (D) illustrate the habituation profile to each stimulus type.


To probe the functional structure of the circuits underlying these behavioral effects, we showed the equivalent stimulus trains during whole-brain calcium imaging of larvae expressing nuclear-targeted GCaMP6s in all neurons, using a custom-built light-sheet microscope (Figure 2F, see section “Materials and Methods”). We collected volumetric data using 50 planes spanning the brain at 5 μm intervals across the dorso-ventral axis, and tracked activity in individual regions of interest (ROIs) generally corresponding to individual neurons.
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FIGURE 2. Brain-wide calcium responses to repeated loom, checkerboard, and dim stimuli. (A) A raster plot (top), average trace with S.D. shaded (middle), and transverse and lateral spatial distributions (bottom) of dim sensitive ROIs, arrow represents position of stimulus presentation. (B) Shows the same information for ROIs sensitive to checkerboards, and panel (C) shows this information for ROIs responsive to looms. (D) Schematic representation of key regions’ locations in the larval zebrafish brain. (E) The average maximum brain-wide response of dim, checkerboard, and loom sensitive ROIs and the stimulus trains used during these calcium imaging experiments. Habituation was significant (p = 3.42E-18) for loom sensitive ROIs, checkerboard sensitive ROIs (p = 1.91E-8) and dim sensitive ROIs (p = 2.43E-4, tested with the nparLD R package, using Bonferroni correction for multiple comparisons, adjusting the p-value for significance to 0.01). Responses to the first loom (11th stimulus) were not significantly different from naive loom responses for animals shown checkerboards (p = 0.1513) or dims (p = 0.4491, tested with a Mann–Whitney U test, using Bonferroni correction for multiple comparisons, adjusting the p-value for significance to 0.01). (F) Experimental set up used for calcium imaging experiments, where larval zebrafish are presented the stimulus train on an LED monitor. R, rostral; C, caudal; D, dorsal; V, ventral.


In contrast to the behavioral results, we see marked habituation in the responses of dim- and edge-sensitive ROIs during repeated stimulus presentations (Figure 2E). Brain-wide loom-responsive ROIs also undergo pronounced habituation (Figure 2E), in line with startle behavior (Figure 1C). In terms of their abundance and distribution, we identified relatively few dim-sensitive ROIs (1,154 ROIs across 12 animals), and these were primarily in the tectum (Figure 2A). Checkerboard-responsive ROIs were more numerous (4,873 ROIs, 11 animals), and were spread broadly across several brain regions (Figure 2B). Loom stimuli elicited the most numerous (11,050 ROIs, 11 animals) and widespread responses, with an overall distribution resembling that of checkerboard-responsive ROIs (Figure 2C).

There are several interpretations to be drawn from these results. First, we see habituation, as measured by brain-wide calcium responses, to repeated presentations of both dimming and checkerboard stimuli. This is difficult to register to behavior in the case of dim-responsive ROIs, since dimming stimuli seldom trigger escape behavior even in naïve larvae, but it suggests that for motion stimuli, animals sustain behavioral sensitivity to moving edges even as motion-sensitive ROIs (at least as a population) decrease their response strength. It is worth noting the caveat, however, that the stimuli are presented in different orientations (from the bottom for behavioral experiments and from the side during calcium imaging) due to the spatial constraints of the two setups. As has been shown previously (Marquez-Legorreta et al., 2019), brain-wide responses to loom stimuli habituate, paralleling behavioral habituation to looms. Also paralleling our behavioral results (Figure 1), these results provide no evidence of pre-habituation of full loom responses by either checkerboards or dim stimuli, suggesting that only full loom stimuli can cause habituation in the visual escape circuit.

In terms of saliency, at least as judged by the number of brain-wide responses, we find many more and more widespread checkerboard-responsive ROIs than dim-responsive ROIs. Loom responses are more numerous than either, and indeed outnumber the combined dim- and checkerboard-responsive ROIs from the other stimulus trains. This suggests that motion may be the more salient component of the loom, but that there may also be neurons that respond only when a full loom stimulus, with both dimming and motion components, is present.

Because one habituation experiment would likely impact subsequent ones, the stimulus trains used in Figure 2 were played separately, and each animal only observed one of the trains. This, in turn, prevents us from judging how much overlap there is among dim-, checkerboard-, and loom-responsive ROIs. The specificity or overlap of these responses, however, have important implications for the circuit-level processing underlying network-wide and behavioral habituation. In order to determine the degree to which neurons respond to more than one of these stimuli, while minimizing the impacts of habituation, we presented all three stimuli to the same animals with only two repetitions of each stimulus, and with long intervals between stimuli (Figure 3).
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FIGURE 3. Brain-wide calcium responses to dim, checkerboard, and loom stimuli. (A) A raster plot (top left), average trace with S.D. shaded (bottom left) and transverse and lateral spatial distributions (right) of ROIs responsive to dim and loom stimuli. Response strengths are shown in S.D., and the arrow shows the position of the stimulus presentation. (B) Shows the same information for ROIs responsive to checkerboards and looms, and panel (C) shows this information for ROIs responsive to all three stimuli. (D) Average proportion of ROIs within each brain region that are visually responsive. (E) Average proportion of visually responsive ROIs within each brain region that are either dim sensitive (blue), checkerboard sensitive (yellow), or sensitive to both dim and checkerboard (green). R, rostral; C, caudal; D, dorsal; V, ventral; Pal, pallium; Sp, subpallium; Th, thalamus; Hab, habenula; Pt, pretectum; Tec, tectum; Tg, tegmentum; Hb, hindbrain; Cb, cerebellum.


To address the degree to which individual ROIs respond to dim, checkerboard, and/or full loom stimuli, we then used a k-means approach (see section “Materials and Methods”) to identify functional categories of ROIs with distinct response properties to each of the stimuli. This yielded three clusters that were responsive to (1) dims and full looms (but not checkerboards), (2) to checkerboards and full looms (but not dims), and (3) to all three stimuli.

A dim-sensitive cluster (blue, Figure 3A), responsive both to dims and full looms, contained the fewest ROIs, and these were principally spread across the habenulae, thalamus, tectum, and pallium, consistent with previous observations (Cheng et al., 2017; Zhang et al., 2017; Chen et al., 2018; Heap L. A. L. et al., 2018; Robles et al., 2021). On average, these ROIs also had very weak responses to checkerboard stimuli. Another cluster, sensitive to the moving edge component of the loom stimulus (yellow, Figure 3B), comprised checkerboard- and loom-responsive ROIs. Among our three clusters, this was the most abundant in terms of ROI number, and contributed a majority of the ROIs in each of the brain regions that we studied except for the tectum (balanced among the three clusters), and the habenulae (with mostly dim-sensitive ROIs). The final cluster (green, Figure 3C) comprising ROIs sensitive to both dims and checkerboards (and unsurprisingly to looms), was principally contained within the tectum.

These results have a few notable implications. First, neurons responding to moving edges (from checkerboard and full loom stimuli) are much more numerous and broadly distributed in the brain than the luminance signals (from the dim and full loom stimuli), suggesting a rather targeted perception and use of dimming information, at least as manifested by this particular set of stimuli. Second, neurons responding to all three stimuli are numerous in, and largely restricted to, the tectum contralateral to the stimulus (the right tectum in Figure 3). This reinforces the idea that the tectum (superior colliculus) is a key structure in loom perception and likely in visual escape behavior.

However, it is interesting to note that the checkerboard specific responses, and the dim responses to a lesser extent, show a bilateral distribution. This is especially noticeable in the thalamus and tectum, suggesting a position-independent representation of the stimuli. Finally, we did not identify a loom-specific cluster (responsive to looms but not to dims or checkerboards, see Supplementary Methods and Supplementary Figure 3). This suggests that the dim- and checkerboard-responsive ROIs’ responses (Figure 3C) represent the summed inputs of the luminance and movement components of the loom stimulus, rather an emergent signal specific to looms. This notion of the linear summation of the luminance and movement signals is supported by the form of the loom responses in these ROIs, which combines the short, broad double peak seen to dimming stimuli with the tall, sharp single peak elicited by a looming checkerboard (Figure 3C).

Comparing the spatial distributions of dim- and motion-sensitive ROIs (Figures 3A,B) to the distributions of moderately- and fast-habituating ROIs during repeated looms (as seen in Marquez-Legorreta et al., 2019) suggests possible links between these populations (Supplementary Figure 4). Specifically, fast-habituating ROIs are distributed similarly to those responding to motion, while moderately habituating ROIs’ distribution resembles that of dim-sensitive ROIs. To test whether these are, indeed, the same populations, we devised a stimulus train in which we could identify each ROI’s inherent responsiveness to dims and motion, and its habituation rate to repeated looms (Figure 4). This stimulus train begins with two dims and two checkerboard looms at the beginning of the train, followed by ten loom stimuli, and finishes with two more dims and checkerboard stimuli. This experiment permits us to categorize ROIs by their responsiveness to dims and checkerboards (using the first four trials, analogous to the analysis done in Figure 3), and separately to gauge their habituation rate using the ten looms, as previously performed (Marquez-Legorreta et al., 2019).
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FIGURE 4. Component sensitive responses and their associated rates of habituation. (A) A raster plot (top left), average trace with S.D. shaded (bottom left), transverse and lateral spatial distributions (middle), and histogram of their rate of decay as modeled from fitting with an exponential decay curve (right) for ROIs responsive to dim and full loom stimuli. ROIs with responses ≥5.0 are pooled. Response strengths are shown in S.D., and the arrow shows the position of the stimulus presentation. (B) Showing the same information as above but for ROIs responsive to checkerboards and full loom stimuli, (C) same as above but for ROIs responsive to dims, checkerboards and full loom stimuli. R, rostral; C, caudal; D, dorsal; V, ventral.


By selectively categorizing responses using customized set of criteria (see Supplementary Table 1), we identified functional clusters of ROIs that were introduced in Figure 3: dim- and loom- responsive (Figure 4A), checkerboard- and loom-responsive (Figure 4B), and ROIs responsive to all three stimuli (Figure 4C). Categorizing the responsive ROIs by their inherent stimulus sensitivity then allowed us to look for differences among these groups in their basic responses to looms and in their degree and rate of habituation to repeated loom stimuli. We approached this by fitting an exponential habituation curve to each ROI and using this curve to assess its rate of habituation. We then looked at the statistics of habituation rate across clusters to determine whether these rates differ across clusters.

We found that the rate of habituation during the 10x loom portion of the stimulus train (as judged by the decay constant (c in our exponential equation) was similar across all three groups (dim-sensitive median 0.6566, SD 0.2945; checkerboard-sensitive median 0.5794, SD 0.2012; sensitive to both median 0.6695, SD 0.4730; p = 0.6271, using the Friedman Test). As such, this experiment, which was designed to explore the possibility that neurons’ inherent sensitivity is linked to their habituation properties, has failed to find evidence of such a link. Indeed, the results suggest that the visual neurons’ habituation properties are very similar regardless of the stimulus properties that they detect.



DISCUSSION

In this study, we have used brain-wide calcium imaging to identify the response profiles and locations of visual neurons across the larval zebrafish brain. Focusing on loom stimuli and the luminance changes that compose them, we have echoed previous results finding similar distribution of responses across the brain (Dunn et al., 2016; Yao et al., 2016; Cheng et al., 2017; Zhang et al., 2017; Chen et al., 2018; Heap L. A. L. et al., 2018; Helmbrecht et al., 2018; Marquez-Legorreta et al., 2019; Fernandes et al., 2021; Robles et al., 2021). A new interesting finding is that responses to motion are numerous and widespread, while responses to changes in luminance are more localized. The widespread response to checkerboard looms, with similar distribution to looms, and the fact that checkerboard looms produce escape responses while dim stimuli do not, suggest that the perception of expanding edges is a key feature for the detection of possible threats. As such, this stimulus recruits a broad network of neurons to elicit a motor response, but also extensive upstream processing regions in addition to the core startle circuit. Although it has been shown that tectal cells are sensitive to directional movements (Gabriel et al., 2012; Hunter et al., 2013; Wang et al., 2019), how this information is combined for the perception of the expanding edges of a loom remains unclear. Another possible explanation for the spatial spread and prevalence of motion-sensing neurons is the wide range of ethologically relevant moving stimuli that larval zebrafish encounter, along with several critical behaviors that rely on motion perception. These behaviors include predation, the optomotor and optokinetic responses, social behaviors, and visual escape (Semmelhack et al., 2014; Dreosti et al., 2015; Naumann et al., 2016; Larsch and Baier, 2018; Henriques et al., 2019; Marquez-Legorreta et al., 2020; Wang et al., 2020), and while the visual stimuli eliciting these various responses are diverse, a large salient stimulus like a checkerboard loom might elicit responses from a broad swathe of visual perceptual circuits. We also note checkerboard responses in regions such as the thalamus, where we have previously failed to observe them (Heap L. A. L. et al., 2018). We account for this difference based on the current study’s volumetric imaging, functional segmentation (Giovannucci et al., 2019), and altered thresholds for inclusion or ROIs as responsive.

Although some evidence exists for loom-specific RGCs in larval zebrafish (Temizer et al., 2015), recent studies suggest that such RGCs tend to be also sensitive to other moving objects or dimming stimuli (Förster et al., 2020; Kölsch et al., 2021). In general, these previous studies find a different distribution of movement sensitive and dimming sensitive RGC axons in the tectal neuropil, suggesting that different RGCs process this information (Robles et al., 2014; Kölsch et al., 2021). Tectal cells, however, seem to be capable of computing new features based on the RGCs input (Hunter et al., 2013; Förster et al., 2020). We have shown that neurons that respond to both the motion and dimming components of loom stimuli are concentrated in the tectum (Figure 3). This supports the notion that the tectum (and likely the superior colliculus in mammals) is the first stage in the visual pathway at which loom stimuli are specifically encoded (Heap L. A. L. et al., 2018). Regardless of whether loom encoding is an emergent property of the tectum, these loom responses put the tectum in a likely position to perform or direct sensorimotor gating in the visual escape pathway (Yao et al., 2016; Helmbrecht et al., 2018).

Convergent visual information from the eye and thalamus, combined with processing integral to tectal circuits, could encode the presence, location, and speed of looming objects. The resulting sensorimotor gating could then be modulated in the tectum by inputs from a number of brain regions with information on the larva’s context and recent history (Filosa et al., 2016; Lovett-Barron et al., 2017; Heap L. A. et al., 2018; Yáñez et al., 2018; Henriques et al., 2019; Marques et al., 2019; Fernandes et al., 2021). Outputs from the tectum to downstream premotor neurons, therefore, could direct appropriate responses, depending on the details of the loom stimulus and the animal’s circumstances. In all of these regards, the results presented here fit in with a model of the tectum as a key pivot point in the visual escape pathway (Marquez-Legorreta et al., 2020; Isa et al., 2021).

Another goal of this study was to explore the relationships that exist between neurons’ sensitivity to the individual components of loom stimuli and their possible roles in habituation. Behaviorally, we found that checkerboard stimuli elicited escapes responses, but that these responses did not habituate after repeated checkerboard stimuli, as occurs during trains of repeated loom stimuli. Furthermore, we found that neither repeated checkerboard stimuli nor repeated dim stimuli pre-habituated larvae to subsequent looms, which elicited escape responses like those seen in naïve animals exposed to looms. As such, at least at the behavioral level, there is no evidence for habituation in movement-sensitive escape circuits, nor is there evidence for contributions to loom habituation from either motion-specific or dim-specific pathways. This suggests that both movement and luminance properties of loom stimuli are required for habituation of the loom response.

Using calcium imaging, we next explored whether neurons across the brain that respond to specific stimuli have characteristic habituation profiles. We found that all three functional categories that we identified (movement-responsive, luminance-responsive, and responsive to both) underwent habituation to repeated presentations of the relevant stimuli (checkerboards, dims, and full looms, respectively). While this was expected for full looms, which habituate behaviorally, it was more surprising for checkerboards, since there is no behavioral habituation to this stimulus (Figure 1). This uncoupling of our calcium imaging and behavioral data could result from the abundance and breadth of motion-sensitive neurons across the brain (discussed above), many of which may be involved in behaviors other than escape. This difference could be due to the stimulus’ always coming from the same visual location in the calcium imaging experiments, while in free-swimming larvae the visual stimuli varied depending on the position and orientation of the fish. The role of visual position, and the consistency of visual position in repeated loom stimuli, would be an interesting future avenue to pursue. Another feature that could explain habituation in the neuronal responses while not in the free-swimming behavior is the lack of sensory feedback after an attempted escape response. The lack of this feedback could affect the fish’s processing of the stimulus and facilitate habituation, as such absence of feedback has been shown to induce passivity (Mu et al., 2019). Finally, we explored the possibility that neurons with specific response profiles (to loom components) would have characteristic and differing habituation rates, based on similarities seen between these neurons’ distributions in this study and the distributions of neurons with different habituation rates from a prior study (Marquez-Legorreta et al., 2019). Refuting this possibility, we found that motion-sensitive neurons, dim-sensitive neurons, and neurons responsive to both components all had similar habituation profiles in animals presented with repeated loom stimuli.

The cellular and sub-cellular mechanisms underlying behavioral habituation are complex (reviewed in McDiarmid et al., 2019). As we have shown, the relationship between the amplitude of the response from stimulus-sensitive neurons and the probability of a behavioral response is not linear. We have shown habituation in responses at the cellular level to all three stimuli used. On the timescales that we are observing, this is more likely to result from reduction in neurotransmitter release at the presynaptic site than postsynaptic mechanisms (Castellucci and Kandel, 1974; Glanzman, 2009). However, we observe habituation across all the responsive structures in the brain, so the spatial origin of the decreases and the ways in which these attenuated responses are propagated through the brain are not clear. Importantly, we have shown that habituation to one component of the loom (either moving edges or dimming), does not generalize to habituate responses across the network of neurons responsive to the full loom.

Overall, the outcomes of this study, while incremental, shed light on specific details of the visual escape pathway and its habituation. Behaviorally, we show that escape responses only habituate during repeated full loom stimuli, and that neither the movement nor the luminance components of loom stimuli contribute to behavioral loom habituation by themselves. Our brain-wide calcium imaging shows broader and more numerous responses to movement than to dimming stimuli, and provides no evidence for loom-specific neurons (that is, neurons that respond to loom but no to movement or dimming alone). Furthermore, these results show that neurons responsive to both movement and dimming stimuli are concentrated in the tectum, further suggesting an important role for this structure in detecting and responding to threatening visual stimuli. Finally, we have failed to find a link between neurons’ initial response selectivity and habituation rate during repeated looms. Such relationships would have suggested that the processing of particular stimulus properties plays specific roles in brain-wide visual habituation. The absence of such relationships suggests that habituation may rest with local microcircuits in the tectum or in interactions across multiple functional brain-wide populations of neurons. The detailed mechanisms of these local or brain-wide networks provide a rich topic for future exploration.
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