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The tuning properties of neurons in the visual system can be contextually modulated by the statistics of the area sur-
rounding their receptive field (RF), particularly when the surround contains natural features. However, stimuli pre-
sented in specific egocentric locations may have greater behavioral relevance, raising the possibility that the extent
of contextual modulation may vary with position in visual space. To explore this possibility, we utilized the small size
and optical transparency of the larval zebrafish to describe the form and spatial arrangement of contextually modu-
lated cells throughout an entire tectal hemisphere. We found that the spatial tuning of tectal neurons to a prey-like
stimulus sharpens when the stimulus is presented against a background with the statistics of complex natural
scenes, relative to a featureless background. These neurons are confined to a spatially restricted region of the tectum
and have receptive fields centered within a region of visual space in which the presence of prey preferentially triggers
hunting behavior. Our results suggest that contextual modulation of tectal neurons by complex backgrounds may fa-
cilitate prey-localization in cluttered visual environments.
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Significance Statement

Visual neurons can have their responses contextually modulated by the statistics of the area surround-
ing the receptive field (RF). However, the spatial organization of these neurons throughout the visual
system is virtually unknown. Here, we give the first demonstration that zebrafish tectal cells exhibit
contextual modulation when stimuli are presented against a complex background. We find these con-
textually modulated cells are topographically restricted to a region visual space where hunting rou-
tines are preferentially triggered. Furthermore, we show that the circuits that support contextual
modulation develop independently of visual experience (VE). These results suggest that the tectum
contains hard-wired circuits that support contextual modulation and that this may improve the accu-
\racy of prey localization at the onset of hunting routines in cluttered visual environments. /

~
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Introduction

To survive in the wild, animals must be able to success-
fully detect and localize a food source in very different ec-
ological niches. Even a single individual can experience
visual environments that vary according to time of day,
season and as they move from one place to another. How
do visual systems enable successful food seeking be-
havior in dynamically changing visual environments? One
potential neural mechanism that could be important is
contextual modulation of circuit properties by the environ-
ment (Krause and Pack, 2014). Here, the firing properties
of a neuron responding to a stimulus within its receptive
field (RF) can be modulated by stimuli outside it (nRF;
Allman et al., 1985; Levitt and Lund, 1997; Angelucci et
al., 2002). Contextual modulation has be shown to affect
tuning to size (Barlow, 1953; Hartline et al., 1956), con-
trast (Levitt and Lund, 1997), orientation (Okamoto et al.,
2009), and for discriminating local motion (H.J. Sun et al.,
2002; W. Sun et al., 2006). Furthermore, contextual mod-
ulation has been implicated in figure-ground separation
(Allman et al., 1985), detexturization (Gheorghiu et al., 2014),
generating “pop-out” phenomena (Knierim and van Essen,
1992; Zhaoping, 2008, 2016; Zhaoping and Zhe, 2012;
Schmid and Victor, 2014; Ben-Tov et al., 2015) and sparsify-
ing population activity that enhance coding efficiency (Vinje
and Gallant, 2000, 2002; Haider et al., 2010). Importantly, re-
cent studies have highlighted that these effects are most
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prominent when the nRF contains complex naturalistic
spatial features and that the circuits that implement
contextual modulation in mice require visual experi-
ence (VE) to develop (Guo et al., 2005; Pecka et al.,
2014). Therefore, it has been suggested that contex-
tual modulation in the visual system is important for
detecting and localizing salient objects in complex
natural environments and that the circuits that support
contextual modulation are shaped by the statistics of
natural scenes during development.

In the wild, zebrafish larvae inhabit environments that are
often diverse and they hunt small mobile prey. In one instance
an individual zebrafish may therefore hunt prey against a rel-
atively featureless background such as the sky (as when lar-
vae strike at the prey from below; Zimmermann et al., 2018;
Mearns et al., 2020), while in another, they must strike at
prey located in pebbles or plants (Engeszer et al., 2007).
Hunting in zebrafish is driven by neural activity within the
optic tectum which constitutes the largest visual area of the
fish brain (Gahtan et al., 2005; Bianco and Engert, 2015;
Romano et al., 2015; Avitan et al., 2020). In this study, we
take advantage of the optical transparency and small size of
the larval zebrafish brain to determine whether contex-
tual modulation of tectal cell responses to prey-like stim-
uli by the visual scene could be a potential mechanism
that supports hunting behavior in varied visual environ-
ments. We show that the spatial tuning of tectal neurons
sharpens when the prey-like stimuli is presented against
a complex visual background. Strikingly, we find that
such modulation occurs within a spatially restricted tec-
tal region. This region represents a point of visual space
in which the presence of prey preferentially triggers hunt-
ing routines. Furthermore, we show that the circuits that
support such contextual modulation do not require sen-
sory experience for their proper development. Our re-
sults demonstrate that in larval zebrafish the contextual
modulation of tectal neuron spatial tuning may facilitate
prey localization in complex visual environments.

Materials and Methods

Animals and rearing

Calcium imaging experiments were conducted in trans-
genic zebrafish with pan-neuronal expression of nuclear-lo-
calized GCaMP6s Tg(HuC:H2B-GCalMP6s; casper) (Ahrens
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lab, Janelia farm). All larvae were raised at 28.5°C in Danieau
solution (58 mm NaCl, 0.7 mm KClI, 0.4 mm MgSQOy,, 0.6 mm Ca
(NOs3)2, and 5 mm HEPES; pH 7.6) and were exposed to a 14/
10 hr light/dark cycle. Zebrafish were raised in two rearing
conditions. The first group was raised with visual experience
(VE) in the form of small pieces of rock that were placed
under the Petri dish, forming a bed of gravel. To assess the
impact of visual experience on the contextual modulation
in the tectum, the second rearing group were raised in total
darkness (dark reared; DR). This ensured that they had no
visual experience throughout development. Larvae from
both groups were fed daily from 5 days post-fertilization
(dpf) using live rotifiers. This work was approved by the
local Animal Care and Use Committee and was conducted
in accordance with the Animals (Experimental Procedures)
Act, 1986, under license from the United Kingdom Home
Office.

Two-photon volumetric calcium imaging

Neural activity was monitored by imaging the calcium
dynamics of between 500 and 1500 neurons in the tectal
hemisphere that was contralateral to the eye recieving the
visual stimulation with a custom built two-photon micro-
scope (Independent NeuroScience Services). Excitation
was provided by a Mai Tai HP ultrafast Ti:Sapphire laser
(Spectraphysics) tuned to 940 nm. Laser power at the ob-
jective was kept below 18 mW for all fish. Emitted light
was collected by a 16x, 1 NA water immersion objective
(Nikon) and detected using a gallium arsenide phosphide
detector (ThorLabs). Images (256 x 256 pixels) were ac-
quired at a frame rate of 60 Hz by scanning the laser in the
x-axis with a resonant scanner and in the y-axis by a
galvo-mirror. The focal plane was adjusted in 15 um steps
using a piezo lens holder (Physik Instrumente). This allowed
for volumetric data consisting of five focal planes to be col-
lected at a volume rate of 9.7 Hz. Scanning and image ac-
quisition were controlled by Scanimage Software (Vidrio
Technologies). Each fish was imaged for 1 h.

The visual stimulation setup

To record visually evoked responses within the tectum,
7-dpf zebrafish were mounted in 2% agarose within a
custom built perspex cylindrical chamber (Fig. 1A). The
fish was positioned so that its right eye faced a semicircu-
lar screen covered in a gray diffusive filter and the cham-
ber was filled with Danieau solution. This screen occupied
153° x 97° of visual azimuth and elevation, respectively,
and was positioned 20 mm away from the fish. Visual stimuli
could then be projected onto this screen using a P2JR pico-
projector (AAXA Tech). To avoid interference of the pro-
jected image with the signal collected by the detector, a red
long-pass filter (Zeiss LP590 filter) was placed in front of the
projector.

Visual stimuli

Visual stimuli were generated using a custom C**
script written by Giovanni Diana, Meyer lab. 5° black
spots were presented at seven different locations in visual
azimuth separated by 10° intervals (10°, 20°, 30°, 40°,
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50°, 60°, 70°). 0° was defined as midline directly in front of
the fish. These spots moved with motion that resembled
rotifer movement within a neighborhood (5° radius) at a
speed of 30°/s (Movie 1).

These dots were presented in two blocks which differed
in the background against which they were projected (Fig.
1B; Extended Data Fig. 1-1A). In one block the back-
ground was a digital photograph of the gravel that the fish
were raised on (textured block) and the other it was simply
a gray screen (gray block). In these blocks each spot was
presented a total of seven times per block in 5-s epochs,
followed by a 30-s interstimulus interval where only the
background was presented. Importantly the movement of
the dot was identical in each presentation. Both the order
of the blocks and order of these spots within the blocks
were pseudo-randomized. To prevent startling the fish, all
dots faded in and out over the course of 1 s to minimize
any startle effects that may be caused by sudden changes
in the stimulus.

Statistics of the gray and gravel backgrounds

In order to better understand how the visual properties
of the two visual backgrounds may differ, both global and
local statistics regarding the luminance and spatial fre-
quencies were calculated. Global statistics were com-
puted on the entire portion of visual space where the
prey-like stimuli were presented (the anterior field of view;
Extended Data Fig. 1-1A). The two backgrounds showed
similar mean luminance (gray background =50%, textured
background =51%; Extended Data Fig. 1-1B). These lumi-
nance values represent a percentage of the maximum dy-
namic range that could be displayed on the screen (with
256 being the maximum in an eight-bit image). Since the
prey-like stimulus was presented with 0% luminance
these values can also be interpreted as the contrast be-
tween the prey-like stimulus and the background. To
compute the spatial frequencies that were contained within
the background images, we took the Fourier transform for
both the x and y dimensions and then calculated its power
(Extended Data Fig. 1-1C). Although the gray background,
which is uniform in its luminance, showed no distribution in
its spatial frequencies, the textured background showed an
extensive range of difference spatial frequencies. Averaging
together the power-spectrum from the x and y dimensions
indicated that this distribution was invariant across different
spatial scales (Extended Data Fig. 1-1D). This is shown by
the linear decay of the log power across different spatial fre-
quencies. Such spatial invarience has been shown to be
typical of naturalistic scenes such as forests and under-
water scenes (Tolhurst et al., 1992; Van der Schaaf and Van
Hateren, 1996; Balboa and Grzywacz, 2003; Roberts et al.,
2022) and not is not present in more artificial stimuli such as
urban and indoor environments (Flitcroft et al., 2020).

In addition to these global statistics, it is also important
to ensure that the local statistics of the textured back-
ground surrounding each stimulus location do not signifi-
cantly differ in their properties because such differences
could lead to artifactual effects. To compute these local
statistics, bounding boxes extending 20° either side of the
center of the prey-like stimulus’s moving neighborhood
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Figure 1. Presenting stimuli over a textured background sharpens the spatial tuning of tectal neurons. A, Schematic of the imaging
setup where larvae were head fixed in agarose allowing for visual stimuli to be projected onto a semicylindrical screen while neural
activity is monitored via two-photon volumetric imaging. B, A schematic showing that 5° moving dots (virtual prey) were presented
at seven different locations along visual azimuth separated by 10°. These dots moved randomly within a 5° neighbored and were
presented in two blocks with different backgrounds, gray screen or textured (gravel). A more extensive comparison between the sta-
tistics of these two backgrounds is provided in Extended Data Fig. 1-1). C, Imaging volumes of the contralateral tectum (shaded
blue) consisted of five optical sections that were taken 15 um apart at an imaging speed of 9.7 Hz per volume. D, Normalized fluo-
rescence traces from cells that are active in both the gray and textured blocks. Stimulus location is color coded as in B. E, Raw fluo-
rescence traces were denoised to generate smoothed calcium signals. F, Mean responses to each of the stimulus locations (black)
and individual repetitions (gray) for an example cell. Stimulus epoch start and end are indicated by the green dashed lines. G,
Spatial tuning curves for each cell were calculated by fitting a Gaussian to the interpolated average maximum response to each
stimulus location. The preferred stimulus location was taken as the peak and tuning sharpness was taken as the standard deviation
(o) of the Gaussian fit. H, Tuning fits for an example neuron for both the textured and gray backgrounds. From this, a neuron’s
change in o (A o) can be calculated by subtracting its o value for the gray background (og) from its o for the textured background
(op. I, Left, Mean o values for tectal neurons in both textured and gray blocks. Each connected line represents one fish (n=7).
Sigma was reduced for all fish in the textured block relative to the gray block (paired t test, p < 0.001). Right, A box plot showing
the mean change in o for each fish between the two blocks. Dotted line indicates zero change. This contextual modulation effect
was found to be robust to the interpolation method that was used before fitting the Gaussian (Extended Data Fig. 1-2). To ensure
that visual responses were not saturated in the these experiments a contrast sensitivity experiment was performed (Extended Data
Fig. 1-3); ***p < 0.001.
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Movie 1. A movie showing the prey-like stimulus presented
at seven different locations over the gray and textured
backgrounds. Note: each stimulus in this movie is only pre-
sented once and the interstimulus intervals have been
shortened to 2 s to shorten viewing time. [View online]

were isolated. The distribution of luminance and spatial
frequencies could then be compared between these re-
gions. The mean luminance of these regions was similar
to the gray background but did show a slight drift in mean
luminace from anterior-posterior (10°: 49%, 20°: 49%,
30°: 48%, 40°: 47%, 50°: 47%, 60°: 46%, 70°: 46%;
Extended Data Fig. 1-1E). However, this was still only a
4% difference in luminance from the gray background at
the most posterior location. Furthermore, when comparing
the full distributions of luminance, we found no significant
differences between the stimulus locations (Extended Data
Fig. 1-1F). The distribution of spatial frequencies at each of
these stimulus locations was also found to be similar across
the visual scene (Extended Data Fig. 1-1G). In summary, the
main difference between these two backgrounds was in the
varied distribution of luminance and spatial frequencies
present in the textured background. Furthermore, distribu-
tion of luminance and spatial frequencies did not change
significantly between the prey-like stimulus locations.

Preprocessing of calcium imaging data

Visually evoked functional imaging data were both
aligned and segmented using the Suite2p Python package
(Pachitariu et al., 2016). Only segments within the tectum with
a probability >0.5 of being a cell were used for further analysis.

To get smooth AF/F signals, free from imaging noise, the
calcium signal was estimated from the raw fluorescence
trace using the AR1 model contained within the OASIS
package, with all parameters of the model being estimated
from the data (Friedrich et al., 2017). These AF/F signals
were then used to calculate tuning profiles for each cell.

Generating tuning profiles
To generate tuning profiles the maximum response to
the stimulus was calculated for each repetition by first
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taking the maximum amplitude for each stimulus presenta-
tion. These amplitudes were then averaged for each stimu-
lus location across repetitions. These coarse grained
responses were then interpolated with a cubic spline at 5°
intervals to estimate the amplitude of responses between
the presented stimulus (Avitan et al., 2020). These interpo-
lated curves were then fitted with a Gaussian function with
a baseline offset using nonlinear least squares. Initial pa-
rameters for fitting used the mean as the stimulus location
eliciting response peak amplitude, and the initial value for
SD was varied from low to high values. The highest good-
ness of fit (adjusted r?) was selected as the tuning profile
for each neuron. This procedure was repeated twice for
each cell, once for the gray block and once for the textured
block. Only neurons with a goodness of fit greater that 0.9
in both blocks were used for further analysis. For these
cells the mean of the Gaussian defined the preferred loca-
tion, whereas its SD (o) quantifies the sharpness of tuning.
By taking the difference in o (A o) for each neuron between
the textured and gray blocks the change in the neurons
tuning could be quantified. These values could then be vi-
sualized against each neuron’s preferred location to under-
stand the distribution of contextually modulated cells in
visual space.

Calculating the topographic arrangement of
contextually modulated tectal neurons

To visualize topographic arrangement of contextually
modulated cells in the tectum, cells from different fish
needed to be transformed into a standard coordinate
space. This required that the mean image for each func-
tional imaging slice was aligned a reference two-photon
stack of the entire tectum hemisphere. In this reference
stack the x and y coordinates were the same but 200 sli-
ces in z were taken at a resolution of 2 um. Functional
imaging data were aligned to this reference stack using
the “SyN” method contained in the ANTsPy package.
This method performs nonrigid alignment by applying
both affine and deformable transformations and uses
the mutual information between both stacks of images
as an optimization metric. The transformations from this
alignment where the applied to the center point for each
cell segment obtained using suite2p. This resulted in all
neurons being put into a standardized coordinate space
which could then be used to identify the position of con-
textually modulated tectal cells across fish.

Once in this space, principal component analysis was
applied to the x-y positions of the tectal neuron segments.
The first principle component spanned the major axis of
the tectum, corresponding to the anterior-posterior axis.
This axis could then be divided into bins and the o values
for each bin could be obtained.

Contrast sensitivity analysis

To ensure that tectal responses were not saturated in
our contextual modulation experiments in either of the
backgrounds, a contrast sensitivity experiment was per-
formed. In this experiment, a prey-like stimulus was pre-
sented to the fish in a single location. The contrast of the
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Figure 2. Contextual modulation takes place in a spatially restricted region of visual azimuth. A, A schematic of stimulus location
relative to the fish’s body axis. B, A plot of o against neuron’s preferred stimulus location for each fish, which demonstrates that
spatial tuning exhibits contextual sharpening only for stimuli presented between 35° and 50° of visual azimuth (40°: p=0.02, 50°:
p=0.05, two-way ANOVA, t tests with Bonferroni correction). C, A schematic showing the zone in visual space where contextual
modulation occurs. D, This modulation zone corresponds to the area in visual space where hunting routines are preferentially trig-
gered (modified from Romano et al., 2015). E, Top, A scatter plot showing that a neuron’s change in maximum response is not cor-
related with its change in its o [modulation zone neurons (blue) Pearson’s r=0.09; all other tectal cells (dark gray) Pearson’s
r=0.06]. Cells within the modulation zone are highlighted in blue and were defined as cells which had a preferred tuning between
35° and 48°. Right, Histogram showing the difference in A max response for neurons within the modulation zone and all other tuned
neurons (p=0.7, t test). Bottom, Histogram showing the difference in Ao for neurons within the modulation zone and all other tuned

neurons (p < 0.001, t test); “p < 0.05, **p < 0.01, **p < 0.001, N.S = not significant (p > 0.05).

prey-like stimulus was then varied from 5% to 100% with
five repeats at each contrast level. These presentations
were presented in a pseudorandom order. Calcium imag-
ing recordings were obtained and preprocessed using the
same methods as the contextual modulation experiments.
We then produced contrast sensitivity curves for cells that
were responsive to the prey like stimulus by selecting
cells that responded in at least four of the stimulus re-
peats to at least one of the contrast levels. The mean
maximum response was then calculated across these re-
peats and across neurons. This produced a contrast sen-
sitivity curve for each fish which could then be plotted
together. These curves showed that visual responses to
the stimulus could be seen from 26% contrast and satu-
rated when the contrast exceeded 71% (Extended Data
Fig. 1-3). Both backgrounds that were used for the contex-
tual modulation experiment had contrasts that fell well
within these bounds (gray: 50%, textured: 51%). This sug-
gested that tectal responses would not be saturated when
prey-like stimuli were viewed against either background.

Sample sizes and statistical analysis

Multiple comparisons were first tested with and either
one or two-way ANOVA depending on the number of factors
being compared, unless otherwise stated. If significance
was reached post hoc t tests with multiple comparisons
were used with the method of correction. All tests and signif-
icance are reported in the figure legends throughout. All
sample sizes are similar to those typically used in the
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zebrafish imaging field. All central points and error bars
represent mean and SEM throughout.

Results

Zebrafish have been seen to hunt prey from below
(Zimmermann et al., 2018; Mearns et al., 2020), meaning
that the prey would be seen against the relatively feature-
less background of the sky. However, a recent study of
zebrafish habitats revealed that zebrafish are found abun-
dantly in shallow rocky pools (Engeszer et al., 2007).
Within these pools there would be circumstances where
larvae would hunt prey against visual backgrounds dis-
playing a range of contrasts and spatial frequencies. To
determine whether neural responses in the zebrafish tec-
tum are modulated according to the context of the visual
scene, the optic tectum of 7-d postfertilization (dpf) larvae
were imaged using two-photon volumetric imaging while
stimuli were presented to the contralateral (right) eye. The
stimuli consisted of prey-like stimuli (moving 5° black
dots), that were displayed in a pseudorandom order at
seven different locations along visual azimuth. These
stimuli were displayed in two blocks that differed in their
backgrounds. In one block the background contained
naturalistic features in the form of a picture of gravel (tex-
tured block) whereas the other was a gray screen (gray
block). The gray background was uniform in its luminance
and therefore featureless. The textured background how-
ever was far more complex containing a range of different
spatial frequencies and contrasts (Extended Data Fig. 1-1;
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Figure 3. Modulated neurons are topographically distinct within the tectum. A, Schematic detailing the topographic organization of
the tectum. Here, retinal ganglion cells project out of the retina and make synapses in the neuropil of the contralateral hemisphere.
They do this is a way that preserves a spatial map of visual space within the tectum with frontal visual space mapping onto the ante-
rior portion of the tectum (purple), whereas rear visual space maps more posteriorly (lime green). B, To assess the spatial arrange-
ment of contextually modulated cells in the tectum a standard coordinate space was generated by aligning the functional imaging
data to a high resolution stack of the tectum. C, Overlay of cells in the tectum which have been colored by their tuning preference
to demonstrate the topography of the tectum. D, Overlay of a density heatmap showing the position of highly contextually modu-
lated cells (A o < —5) within the tectum. E, To quantify the position of contextually modulated cells, the tectum was divided into
bins along its anterior-posterior axis. F, A plot of o values for each segment within the anterior-posterior axis for both textured and

gray backgrounds; **p < 0.01, **p < 0.001.

see Materials and Methods for a full description). Within
these two visual blocks the moving spot was presented
seven times at each of the locations along the visual azi-
muth. We then examined how tuning to stimulus location
(spatial tuning) was modulated by context (i.e., the back-
ground in each block; Fig. 1A-E).

Spatial tuning curves were fitted by taking the neuron’s
mean response to each stimulus location and were inter-
polated with a cubic spline (Avitan et al., 2020). Then spa-
tial tuning curves for each neuron were calculated by
fitting this interpolated signal with a Gaussian (Fig. 1F,G).
Tuning width, defined as the SD of the Gaussian fit (o),
could then be compared between blocks. This revealed
that for all imaged fish (n=7) the average tuning width
was reduced when stimuli were viewed in the textured
block relative to the gray block (Fig. 1H). Furthermore, the
mean change in o (A o) for all fish was negative, with a
mean reduction in o of —1.8. Therefore, this suggests that
the spatial tuning of tectal neurons to prey-like stimuli is
sharpened when viewed within complex and naturalistic
visual scenes. To ensure that this result was not an artifact

January 2023, 10(1) ENEURO.0223-22.2022

of our interpolation fitting method, this same result was
reproduced using noninterpolated data (Extended Data
Fig. 1-2A), indicating that this effect is robust to the fitting
procedure.

To examine whether contextual modulation occurs uni-
formly along visual azimuth, o values for neurons in both
blocks were plotted against their preferred stimulus loca-
tion. This revealed that neurons with a preferred tuning lo-
cation of 35-50° demonstrated significantly reduced o
values (Fig. 2B; see Extended Data Fig. 1-2B for noninter-
polated data). Importantly, this area in visual space is
where small orientating movements toward prey, known
as “Jd-turns,” are most likely to be triggered (Fig. 2C,D;
Romano et al., 2015; Lagogiannis et al., 2020).

One possible explanation for this sharpening of tuning
could be that tectal responses to the prey-like stimuli are
simply suppressed because of a reduction in contrast be-
tween the prey-like stimuli and the textured background
at certain locations in visual azimuth. This could result
in a reduction in the o of the tuning curve. However,
analysis of the properties of the two backgrounds showed
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Figure 4. Visual experience has no effect on the development of contextual modulation in the optic tectum. A, To alter the visual en-
vironment zebrafish were raised in complete darkness (DR, n=5). B, Plot mean o for each DR fish during the gray and textured
blocks (p=0.03, paired t test). C, A boxplot showing A o between background for VE and DR fish (p=0.1, t test). D, A plot of o
against neuron’s preferred stimulus location for each DR fish. A similar modulation zone to is present around 40° (p < 0.001, t tests,
Bonferroni corrected), which is similar to fish raised with visual experience; *p < 0.05, **p < 0.001, N.S = not significant (o > 0.05).

that they were very similar in their mean luminance (gray
background =50%, textured background =51%), suggesting
that the mean contrast between the prey-like stimulus and
the textured background is unlikely to drive a change in o
(Extended Data Fig. 1-1B; see Materials and Methods for full
analysis). Despite this, localized differences in contrast in the
area surrounding each of the stimulus locations were seen in
the textured background with more posterior locations show-
ing a slightly reduced contrast between the prey-like stimu-
lus. However, even at the most posterior location this
reduction was still very small (4% reduction in contrast rela-
tive to the gray background). In addition, this linear decay of
contrast from anterior to posterior would not explain the lo-
calized contextual modulation effect that we see around 40°.
Furthermore, we found no correlation between each neuron’s
change in maximum response (A Maximum response) and A
o (Fig. 2E). This revealed that tectal neurons could detect the
prey-like stimulus once the contrast surpassed 26% and re-
sponses tended to saturate once the contrast exceeded
71%. This suggests in our contextual modulation experi-
ments where the contrast was only 50% the responses of
tectal neurons were unlikely to be saturated. Together these
results suggest that the spatial structure of the textured back-
ground sharpens the spatial receptive fields of tectal neurons
without altering the amplitude of the neurons’ response at
their preferred spatial locations.

Our results demonstrating that contextual modulation
takes place within a defined region of visual azimuth sug-
gest that contextually modulated tectal neurons are local-
ized to a topographically restricted region of the tectum
since the tectum contains a retinotopic map of visual
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space (Goodhill and Xu, 2005; Fig. 3A). To map the tectal
location of contextually modulated neurons, all imaged
fish were transformed into a standard coordinate system
(see Materials and Methods; Fig. 3B). As expected, color-
coding these neurons according to their preferred stimulus
location revealed an ordered topographic map of visual
azimuth space along the anterior-posterior axis of the tec-
tum (Fig. 3C). To understand how contextually modulated
cells are distributed within the tectum, the location of highly
modulated cells (cells with a A o < —5) were visualized as
a density map over the tectum (Fig. 3D). This revealed that
these cells tended to be grouped in the middle of the tec-
tum’s anterior-posterior axis with a slight posterior bias. To
quantify this topography the tectum was divided into zones
along this axis and the mean o was calculated for each
zone for each stimulus block. This showed that only neu-
rons in the middle zones of the tectum showed reduced o
values in the textured block. This effect was also visible
when the mean A ¢ was calculated for each segment (Fig.
3F), showing that the center of the tectum showed large
negative changes in o that were not present at the tectal
poles.

In the visual cortex of mice, certain types of contextual
modulation require visual experience to develop (Pecka et
al., 2014). To test whether this was also the case for ze-
brafish, larvae were reared from 0- to 7-dpf dark reared
(DR) to deprive them of visual stimuli (Fig. 4A). These fish
could then be compared with the fish that had been
reared with visual experience (VE) to understand whether
the development of contextual modulation in the tectum
requires visual experience. For all DR fish, a reduction in
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the mean o was found when stimuli are viewed against
the textured background relative to the gray background
(Fig. 4B). By calculating the mean A o for each DR fish re-
vealed that the extent of contextual modulation was simi-
lar to that of VE fish (Fig. 4C). To determine whether a
modulation zone was also present in DR fish the preferred
location for each neuron was plotted against the o value
for both the textured and gray blocks. This revealed re-
duced o values at 40° in the textured block, suggesting
that a modulation zone was present in the same region of
visual space as VE fish. These results demonstrate that
development of circuits that support contextual modula-
tion of spatial receptive fields in the zebrafish tectum are
not dependent on visual experience.

Discussion

Across multiple species it is well established that stimu-
lating both a neuron’s RF and nRF with naturalistic stimuli
can increase the selectivity of neurons for particular visual
features (Vinje and Gallant, 2000; Haider et al., 2010;
Pecka et al., 2014). Likewise, in our study, we find a sub-
set of tectal neurons become more sharply tuned to the
position of prey-like stimuli when presented against a pic-
ture of gravel. Such contextual modulation may reduce
the uncertainty of the position of local objects. While the
circuit mechanisms that enable contextual modulation in
the zebrafish tectum are unknown, work from other spe-
cies, including teleosts, have shown that it is brought
about by GABAergic neurons with receptive fields that
overlap with those of the modulated tectal neurons (Pecka
etal., 2014; Ben-Tov et al., 2015; Zhaoping, 2016).

Interestingly, contextual modulation in the tectum was
found not to be uniform, occurring in only a subset of tec-
tal neurons that were clustered together in a posterior re-
gion of the tectum. The spatial receptive fields of neurons
in this zone corresponds to a region in visual space where
the presence of prey preferentially triggers the onset of
hunting routines, characterized by J-turns which orientate
the larvae toward the prey (McElligott and O’Malley, 2005;
Bianco et al., 2011; Romano et al., 2015; Lagogiannis et
al., 2020). Contextual modulation of tectal spatial recep-
tive fields may enhance the accuracy of these orienting
turns and thereby support successful hunting routines in
cluttered visual environments.

While contextual modulation in mouse V1 occurs when
the background contains spatial frequencies that are
present in natural scenes, this property is not present at
eye opening. Instead, it requires experience of natural fea-
tures to develop (Pecka et al.,, 2014). In contrast, we
found that contextual modulation in the optic tectum of
zebrafish develops normally in fish that had been deprived
of sensory experience. Our finding that contextual modu-
lation develops independently of visual experience is con-
sistent with the idea that many of the functional properties
of the zebrafish tectum do not require visual experience
for their development (Niell and Smith, 2005; Nevin et al.,
2010). This suggests that certain aspects of the zebrafish
visual system have evolved to be genetically hardwired,
potentially to facilitate the rapid development of visually
guided behaviors, such as hunting.
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