Light-sheet functional imaging in
fictively behaving zebrafish

To the Editor: The processing of sensory input and the generation
of behavior involves large networks of neurons!2, which necessitates
new technology>~ for recording from many neurons in behaving
animals. In the larval zebrafish, light-sheet microscopy can be used
to record the activity of almost all neurons in the brain simultane-
ously at single-cell resolution®*. Existing implementations, however,
cannot be combined with visually driven behavior because the light
sheet scans over the eye, interfering with presentation of controlled
visual stimuli. Here we describe a system that overcomes the con-
founding eye stimulation through the use of two light sheets and
combines whole-brain light-sheet imaging® with virtual reality for
fictively behaving! larval zebrafish.

We developed a light-sheet microscopy system that scans
the entire brain while avoiding direct exposure of the zebrafish
retina to the excitation laser (Fig. 1a,b, Supplementary Fig. 1 and
Supplementary Table 1). The system con-
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Figure 1 | Whole-brain functional light-sheet
imaging of fictively behaving zebrafish.

(@) Illustration of experimental setup in which
two laser beams enter through windows in

a custom chamber and scan the brain of a
paralyzed larval zebrafish positioned above

a diffusive screen on which visual scenes are
projected. Two extracellular suction electrodes

record fictive swimming from the tail. The b
detection objective located above the chamber is Front laser
not shown. (b) Schematic of the laser-scanning L

strategy. (c) Swim signals (L, left signal;

R, right signal) during the OMR (left), which was
evoked by forward-moving gratings (white bars).
Swim power (right) averaged across trials within
individual fish (top) and averaged across fish
(bottom). Error bars (shaded regions), s.e.m.,
n=6. (d) Gain adaptation behavior during light-
sheet imaging. Each data point represents the
normalized power of individual swim bouts before
or after gain change. Error bars, s.e.m., n = 8.
(e-g) Whole-brain functional imaging during
behavior in a fish with pan-neuronal, stable
expression of cytoplasmic GCaMP6s8 under the
elav[3 promoter. Maximum-intensity projection
of AF/F over the entire volume, for two time
points (e), shown using a color code (0.5 s
before onset of grating movement and 6 s after
it; averaged over 24 trials). Anatomy is indicated
using the maximum-intensity projection of mean
fluorescence (gray). (f) Activity of single neurons
or patches of neuropil selected by hand, during
fictive behavior. (g) Magnification of regions
boxed in e, showing single-neuron resolution.
Scale bar, 20 um.
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sists of two excitation laser beams. One beam scans the volume of
the brain from the side of a horizontally positioned zebrafish but
is rapidly switched off when inside an elliptical exclusion region
located over the eye (Fig. 1b). Simultaneously, a second beam scans
from the front, to cover the forebrain and the regions between the
eyes. Together, these two beams achieve nearly complete coverage
of the brain without exposing the retina to direct laser excitation,
which allows unimpeded presentation of visual stimuli that are
projected onto a screen below the fish. To monitor intended swim-
ming behavior, we used existing methods for recording activity from
motor neuron axons in the tail of paralyzed larval zebrafish! (Fig. 1a
and Supplementary Note). This system provides imaging speeds of
up to three brain volumes per second (40 planes per brain volume);
increases in camera speed will allow for faster volumetric sampling.

Because light-sheet imaging may still introduce some addi-
tional sensory stimulation (excitation light scattering in the brain
and reflected from the glass walls of the chamber), we assessed
whether fictive behavior in 5-7 d post-fertilization (d.p.f.) fish
was robust to the presence of the light sheets. We tested two visuo-
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motor behaviors. The first was the forward optomotor response
(OMR)!2, in which swimming is elicited by visual gratings mov-
ing in the tail-to-head direction. In our system, the OMR during
light-sheet scanning was comparable to the OMR without the
presence of the light sheets (Fig. 1¢). We defined an optomotor
index as the difference in swimming strength during and before
stimulus presentation. This index was significantly positive in all
fish tested, with or without the laser (P = 0.031 with laser and P
=0.031 without it; two-sided sign test, n = 6 fish), and its magni-
tude was comparable between the two conditions (optomotor
index: 0.67 £ 0.13 with the laser and 0.72 + 0.067 without it, mean
*s.d.; P=0.22, two-sided paired sign test).

We also tested a more complex behavior: fictive motor adapta-
tion, where the fish adapts its motor output to the strength of visual
feedback in a closed-loop paradigm!. Again, the behavior was com-
parable with and without the light sheets (Fig. 1d). We defined a
gain adaptation index as the ratio of swimming during low gain and
high gain. This index was significantly greater than 1 in all fish tested
(P =0.0078 with laser and P = 0.0078 without it; two-sided sign
test, n = 8). Its magnitude was also comparable between the two
conditions (gain adaptation index: 2.08 + 0.57 with the laser and
1.91 + 0.47 without it, mean * s.d.; P = 0.29, two-sided paired sign
test).

The preservation of the OMR and gain adaptation indicates that
whole-brain light-sheet imaging is compatible with fictive virtual-
reality assays and can be used to interrogate whole-brain activity
during visuomotor behavior. As an example, we measured whole-
brain activity during the OMR in a 6 d.p.f. transgenic zebrafish
expressing the genetically encoded calcium indicator GCaMP6s®
under the pan-neuronal elavi3 promoter (Supplementary Note).
Light-sheet imaging captures stimulus and motor-dependent pat-
terns of whole-brain neural activity (Fig. 1e and Supplementary
Video 1) with single-cell resolution across most of the brain
(Fig. 1f,g and Supplementary Note). Cells and neuropil distributed
across the brain showed activity during the optomotor response. We
additionally assessed resolution using a fish with nuclear-localized
(histone H2B fusion) expression of GCaMP6s (Supplementary
Note, Supplementary Figs. 2 and 3, and Supplementary Video 2).
Fish lines and DNA constructs for elavi3:GCaMP6s and elavI3:H2B-
GCaMPés are available upon request.

We presented a system for monitoring neural activity, at the cel-
lular level, across the entire brain of the larval zebrafish during
visuomotor behavior. Resources associated with this work, including
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sample data and analysis resources, are available via http://research.
janelia.org/zebrafish/. This system, in combination with large-scale
data analysis methods described in a companion paper?, holds
promise for advancing the understanding of how activity in large
networks of neurons underlies behavior.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper (doi:10.1038/nmeth.3040).
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