








the visual field volume of the fish. This generated ten peaks of neural activity
shown as a relative fluorescence intensity in a given time-point (Fig. 4). First,
we drew graphs of the fluorescence fluctuations for each temperature
treatment. Next, based on the data of neural activity in a given time-point, the
distance of the moving object from the fish eye, and the movement speed of
the pixel, we calculated the detection distance (DD), assumed as the distance
from the stimulus that triggers the first neural response in a region the OT
(Fig. 2B). Based on the fluorescence data in each graph, we also measured
three additional parameters, each being a proxy of sensitivity to changes in
stimulus movement and irrelevant of detection distance: (1) the mean duration
of the peaks (i.e. the mean time between the beginning and the end of the
peaks appearing in the OT in response to the moving stimulus, describing
the time of the stimulus perception), (2) the mean full width at half maxima of
the peaks (FWHM, describing the width of the peaks at their half maxima),
and (3) themean time between two adjacent peaks (i.e. themean time between
the end of one peak and the beginning of the next peak appearing in a region
of the OT in response to the moving stimulus).

Experimental animals
Zebrafish larvae (D. rerio) used in the experiments were the offspring of
adult individuals maintained in standard conditions (Matthews et al., 2002).
The larvae were kept in standard E3 medium at 28°C in a natural
photoperiod (14:10 LD) until 5 dpf. We used a transgenic fish line
expressing green fluorescent protein probes sensitive to Ca2+ in the neurons
[line Tg(HuC:GCaMP5G); Ahrens et al., 2013]. Individuals of this linewere
also deprived of skin pigment [Nacre (mitfa−/−)], which facilitates
observations of changes in the fluorescence intensity inside the brain
through the transparent skin. All of the three temperatures used in the
experiments were within the range of temperatures found in the natural
environments of zebrafish (Engeszer et al., 2007; Spence et al., 2008;
Lawrence, 2007). After the experiments, the larvae were anaesthetised by
overdosing with MS-222 [A5040, Sigma-Aldrich; this procedure does not
require permission from the Local Ethics Committee due to Directive 2010/
63/EU (EU, 2010) stating that fish depending on the yolk as a source of
nutrition are not regarded laboratory animals and have no status as protected
organisms].

Experimental system
We applied the original combination of a miniature OLED screen and the
imaging capabilities of the Lightsheet Z.1 microscope. This provided the

opportunity to evaluate the largest distance between the fish larvae and the
view of artificial planktonic prey that caused a reaction in the neural activity
of the brain, in response to the presence of the prey-like object in the visual
field. The prey was presented to a zebrafish larvae inserted into a glass
capillary in front of a collecting objective, recording the neural signal from
the fish’s OT (Fig. 2A,B). The sample chamber in the microscope was
equipped with a Peltier module, which was precisely cooling or heating the
E3 medium inside the chamber. Prey simulation was conducted by using a
monochrome OLED display [Sparkfun (USA); #13003; resolution 64×48
pixels; outline dimension 18.46 (W)×18.10 (H)×1.45 (T) mm; visual area
15.42×12.06 mm; active area 13.42 (W)×10.06 (H) mm; dot (pixel) size
0.19×0.19 mm; dot (pixel) pitch 0.21×0.21 mm; contrast ratio 2000:1]. The
display was controlled by an Arduino UNO micro-controller (ARDUINO
UNO REV3, Arduino.cc). Cables connecting the display to the ARDUINO
unit (except for the display surface) were sealed with waterproof polymer
glue and a transparent hot melt adhesive. A moving target was displayed as a
single, dark object on a light background (with a 2000:1 contrast), shaped as
a cross, moving at a constant speed of 2.1 mm s−1 (calculated as: length of
pixel pitch [0.21 mm]/pixel jump speed [0.1 s]) in a horizontal direction
toward and away from the larvae. Its angular speed was equal to 20° s−1 (the
one-way length of the track was 30 pixels, which equalled 6.3 mm). The
cross-like shape was created with 5 pixels, and its outer dimensions were
0.63 mm×0.63 mm (angular size equal to 2.22°). It meets the already
observed phenomenon that zebrafish larvae behaviourally react to a view of
an object with an angular size of between 1 and 10° (Semmelhack et al.,
2014; Del Bene et al., 2010; Bianco et al., 2011). The code for the pixel
animation is available online from the Github repository (https://github.com/
riverraid1/artificial_prey.git). The intensity of the light provided by the
display was equal to 0.014 W m−2 measured a by Li-Cor 189 quantum
sensor measuring radiance (Li-Cor Biosciences®).

Experimental design
A 5-dpf larva was individually submerged in 1.5% low melting point
agarose at 33°C (A9414, Sigma-Aldrich) and drawn into a glass capillary, to
mount it in the microscope sample chamber (Fig. 1A). The larvawas imaged
from the dorsal side of the head and was submerged in the E3 medium from
the tip of the head up to the middle of the swimming bladder (Fig. 1B,C).
The OLED display was located and fixed on one side of the sample chamber
(Fig. 1B). The zebrafish eye surface was 1 mm distant from the nearest point
of the display (Figs 1B and 2A,B). After mounting a fish in the microscope

Fig. 2. Position of zebrafish larvae and miniature OLED screen inside the sample chamber of a Lightsheet Z.1 microscope and photographs
showing the glass capillary with zebrafish larvae and OLED screen inside the sample chamber of the microscope. (A) Perspective view (modified
picture from the ZEISS Lightsheet Z.1 Light Sheet Fluorescence Microscopy for Multiview Imaging of Large Specimens). (B) The position of the glass
capillary with zebrafish larva relative to the screen surface. Photo taken with a camera located on the inside part of the door leading to the sample chamber
of the microscope. (C) An enlargement showing larvae illuminated with a laser light.
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sample chamber (filled with E3 medium of 28°C), imaging settings and
temperature treatments were adjusted (temperature acclimatization speed
was 1°C change up or down in relation to the starting temperature every
3 min). Then, the recording of time lapsed images of the OT region was
initialised and we screened the OT region for any spontaneous and basal
fluorescence (graphs containing the baseline traces in Fig. S1). Before
initiating the pixel movement, the pixel was displayed as a motionless object
(outside the visual field of the larvae). The position of the pixel was set in
such away that it tookmore than 2 s from the start of the pixel moving on the
OLED screen toward the fish eye to evoking the first OT response (this is
also visible in Movie 1). At the start of the prey simulation, only the motion
of the pixel appeared (there was no rapid lighting up of the entire display).
Acquisition of the neural signal appearing and disappearing in response to
the motion of the pixel in the visual field of the larvae was stopped 30 s after
the end of the pixel movement. Approximately 10–30 s after starting the
recording, the time-lapsed images of the pixel movement were manually
initiated in Arduino UNO and lasted for ten cycles (2 min in total). Imaging
parameters were as follows: frame dimensions X:1920, Y:1920; live image
size X: 877.42 µm, Y: 877.42 µm; objective Plan-Apochromat 20×/1.0 UV-
VIS; zoom 0.5; laser 488 nm at 15% power; exposure time 20.0 ms; time
gap between exposures 30 ms; lightsheet thickness 6.40 µm. We found that
the signal in the OT was visually synchronised with the movement of the
pixel (synchronization of the recordings of the OT signal with a pixel
movement could be seen on the video of the experimental set-up –Movie 1).
Each fish was started at the different temperature (they were screened in a
sequence). However, to avoid artefacts from the rapid temperature changes,
we always transferred the fish from 28°C to 28°C and then acclimatised the
fish to the desired temperature. The rate of temperature change was 1°C
down or up in relation to the starting temperature, every 3 min. The first fish
was put into 28°C, screening of a region in the OTwas conducted, then a slow
acclimatization (over 15 min) to 23°C was done and a second screening was
conducted, then the next acclimatization (again over 15 min) was done to
18°C, and then the third screening was taken. The second fish, however,
started as usual at 28°C, and then was slowly acclimatised (over 30 min) to
18°C, the screening was conducted, and then the next two screenings were
conducted at 23°C and 28°C, respectively, after gradual acclimatization (over
15 min).

To assess whether covering the fish larvaewith agarose affects the oxygen
concentration available to it, prior to the three randomly chosen
experiments, we compared the oxygen concentration in the E3 medium

and inside the glass capillary filled with agarose and submerged in E3
medium. Both measurements were conducted in each of the three
experimental temperatures. To assess whether temperature affected the
oxygen concentration inside the sample chamber of the Lightsheet Z.1
microscope during the experiments, we measured the oxygen concentration
in the E3 medium inside the sample chamber for the three randomly chosen
experiments at each of the three temperatures. All of the measurements of
oxygen concentration were performed using a miniature UNISENSE
oxygen probe (model OP-MR-706808).

Data analysis
Time lapsed images were analysed using Zeiss ZEN software. The region of
interest (ROI) was selected in every recorded time-lapsed image, in a single
region of the OT, where the first incoming signal in response to the pixel
movement was detected based on the Fmax/Fbase factor. This single region was
constantly monitored throughout the duration of pixel presentation. The mean
ratio was equal to 1.251, 1.154 and 1.152 at 18, 23 and 28°C, respectively.
The fluorescence peak was treated as a sign of spotting the moving target by
the zebrafish, the first neural cell or cells that lit up due to the flow-through of
Ca2+ (Fig. 3A), and we marked the ROI in this area. The ROI had the shape of
a 10 µm diameter ring. As a result, the relative fluorescence intensity for a
given time-point was obtained (Fig. 3A). All further analyses were performed
in Python ver. 2.7 (Open Source, download: https://docs.python.org/2/) and
MatLab (MathWorks) ver. R2018b. First, the peaks of relative florescence
were identified for each graph. We used the ‘findpeaks’ algorithm from
MatLab to identify the peaks and to find the location of the maxima; the
beginning and end of each peak, and to measure the basal and maximal
fluorescence of the peaks in each of the graphs using Python. The basal
fluorescence was assessed by measuring the basal fluorescence level between
the peaks (Fig. 4B). In some graphs, double tops on the peaks occurred. Only
the first five peaks were considered for further analysis. Peaks that were the
result of an artefact were excluded from the analysis. In total, we analysed 30
peaks for 18, 40 for 23 and 30 for 28°C.

The detection distance, assumed as the maximal distance that triggers the
first neural activity in a region of the OT in response to the visual stimuli,
was determined using the Pythagorean theorem. The triangle was created by
determining the relative spatial location of the screen surface, the eye of the
fish and the position of the pixel on the screen that triggered the first
observed neural activity in a region of the OT. The length |bc| (Fig. 2B)
linked the distance between the screen surface and the eye of the fish

Fig. 3. Pictures showing the zebrafish larva inside the glass capillary and the OLED screen inside the sample chamber of the microscope and the
scheme for estimating the detection distance. (A) Top view. Note that the red triangle represents the relative position of the fish eye in relation to the
screen and the position of the pixel on the screen, which induces the first neural signal in the OT (modified picture from the ZEISS Lightsheet Z.1 Light Sheet
Fluorescence Microscopy for Multiview Imaging of Large Specimens). (B) A detailed scheme for designating the detection distance using the Pythagorean
theorem. The red dotted line represents the length assumed to be the detection threshold distance.
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(Fig. 2A,B). The length |ab| linked the position of the pixel on the screen
triggering the first observed neural activity in a region of the OT and the
point on the screen opposite the eye of the fish (Fig. 2B); these two lengths
created the right angle (90°). The third side of the triangle, assumed to be the
detection distance – |ac|, was designated by substituting data from the length
of the other two sides to the Pythagorean theorem (in our case: |ab|2+|bc|2=|
ac|2). We converted the movement speed of the pixel on the screen
(2.1 mm s−1) to the distance travelled by the pixel on the |ac| section.

The mean duration of peaks was calculated as the difference in time
between the beginning and end of a peak (Fig. 4B). To calculate the FWHM
of each peak, we looked for the width on the fluorescence graph measured

between those points on the Y-axis, which is half of the maximum
amplitude (Fig. 4B). The mean time between adjacent peaks was calculated
as the mean difference in time between the end of one peak and the
beginning of the adjacent peak (Fig. 4B).

All statistical analyses were performed using IBM SPSS Statistics 25.0
and TIBCO Statistica 13.3. The P-levels below 0.05 were deemed
statistically significant. For all variables, their normal distribution fit and
skewness were checked at each temperature and Levene’s test for the
homogeneity of variances was performed. We noted no significant skew
(absolute value of skewness<2) for the variables, with the exception of the
time between adjacent peaks. Therefore, the one-way analysis of variance

Fig. 4. Details of data analysis. (A) Experimental time-lapsed images (without enlargement in the upper panel and with enlargement in the lower panel)
analysed in ZEN software, with the red ring marking the ROI. Note that at starting, the time-point intensity of fluorescence was at the basal level and
increased as the visual stimulus approached and moved opposite to the fish eye. (B) An example of the florescence graph at 23°C with details of the
measured parameters on the peaks and the scheme of the correspondence of the position of the visual stimulus on the OLED screen and the peak line.
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(ANOVA) (with the possible extension using the Brown-Forsythe test) was
performed to compare the detection distance, duration of peaks and FWHM.
The post-hoc comparisons were performed using Tamhane’s test for the data
with even variances, and Scheffe’s test for the data with uneven variances.
The Kruskal–Wallis ANOVA was used to compare the time between two
adjacent peaks in each temperature with the post-hoc Dunn’s test.
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Belušič, G., Škorjanc, A. and Zupančič, G. (2007). Temperature dependence of
photoreception in the owlfly Libelloides macaronius (Insecta: Neuroptera:
Ascalaphidae). Acta Biol. Slov. 50, 2.

Bianco, I. H., Kampff, A. R. andEngert, F. (2011). Prey capture behavior evoked by
simple visual stimuli in larval zebrafish. Front. Syst. Neurosci. 5, 101. doi:10.3389/
fnsys.2011.00101

Bilotta, J. and Saszik, S. (2001). The zebrafish as a model visual system.
Int. J. Dev. Neurosci. 19, 621-629. doi:10.1016/S0736-5748(01)00050-8

Block, B. A. (1986). Structure of the brain and eye heater tissue in marlins, sailfish,
and spearfishes. J. Morphol. 190, 169-189. doi:10.1002/jmor.1051900203

Block, B. A. and Finnerty, J. R. (1994). Endothermy in fishes: a phylogenetic
analysis of constraints, predispositions, and selection pressures. Environ. Biol.
Fishes 40, 283-302. doi:10.1007/BF00002518

Bridges, C. D. B. (1964). Periodicity of absorption properties in pigments based on
vitamin A2 from fish retinae. Nature 203, 303-304. doi:10.1038/203303a0

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M. and West, G. B. (2004).
Toward a metabolic theory of ecology. Ecology 85, 1771-1789. doi:10.1890/03-
9000

Carey, F. G. (1982). A brain heater in the swordfish. Science 216, 1327-1329.
doi:10.1126/science.7079766

Chen, X. J., Xu, X. F. and Ji, X. (2003). Influence of body temperature on food
assimilation and locomotor performance in white-striped grass lizards,
Takydromus wolteri (Lacertidae). J. Therm. Biol. 28, 385-391. doi:10.1016/
S0306-4565(03)00022-6

Chrispell, J. D., Rebrik, T. I. and Weiss, E. R. (2015). Electroretinogram analysis of
the visual response in zebrafish larvae. J. Vis. Exp. 97, e52662. doi:10.3791/52662

Clarke, A. and Johnston, N. M. (1999). Scaling of metabolic rate with body mass
and temperature in teleost fish. J. Anim. Ecol. 68, 893-905. doi:10.1046/j.1365-
2656.1999.00337.x

Czarnoleski, M., Labecka, A. M., Starostová, Z., Sikorska, A., Bonda-
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