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𝐷𝑎𝑡𝑎[𝑅 × 𝑁] 𝑅

𝑁

𝐷𝑎𝑡𝑎 =

[
 
 
 
 
𝑛00 𝑛01 𝑛02 … 𝑛0𝑁

𝑛10 𝑛11 𝑛12 … 𝑛1𝑁

𝑛20 𝑛21 𝑛22 … 𝑛2𝑁

… … … … …
𝑛𝑅0 𝑛𝑅1 𝑛𝑅2 … 𝑛𝑅𝑁]

 
 
 
 

𝑤ℎ𝑒𝑟𝑒 𝐷𝑎𝑡𝑎[𝑖, 𝑗] =  𝑛𝑖𝑗  𝑗 𝑖

𝐶𝑀[𝑅 × 𝑅]

𝐶𝑀 = [𝑐𝑚𝑖𝑗], 𝑤ℎ𝑒𝑟𝑒 𝑐𝑚𝑖𝑗 = ∑(𝐷𝑎𝑡𝑎[𝑖, 𝑘] + 𝐷𝑎𝑡𝑎[𝑗, 𝑘]) ∗ 𝜔

𝑁

𝑘=1

𝜔 = {
1, 𝑖 ≠ 𝑗 ˄ 𝐷𝑎𝑡𝑎[𝑖, 𝑘] ≥ 𝑚𝑙 ˄ 𝐷𝑎𝑡𝑎[𝑗, 𝑘] ≥ 𝑚𝑙
0, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖, 𝑗 ∈ [0, 𝑅]

𝑚𝑙 𝑚𝑙 = 10𝜇)

𝐶𝑀 =

[
 
 
 
 

0 𝑐𝑚01 𝑐𝑚02 … 𝑐𝑚0𝑅

𝑐𝑚10 0 𝑐𝑚12 … 𝑐𝑚1𝑅

𝑐𝑚20 𝑐𝑚21 0 … 𝑐𝑚2𝑅

… … … … …
𝑐𝑚𝑅0 𝑐𝑚𝑅1 𝑐𝑚𝑅2 … 0 ]

 
 
 
 

https://cran.r-project.org/web/packages/fitdistrplus/index.html
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Deposited Data  

Single-neuron tracings This paper http://fishatlas.neuro.mpg.
de/neurons/main_page 

Gal4-expression pattern This paper http://fishatlas.neuro.mpg.
de/neurons/main_page 

Antibodies 

Chicken anti-GFP Invitrogen A10262, RRID: 
AB_2534023  

Rabbit anti-ERK1/2 Cell Signaling 
Technology 

9102, RRID: AB_330744 

Mouse anti-HuC/D Invitrogen A21271, 
RRID:AB_221448 

Rabbit anti-Synapsin 1/2 Synaptic Systems 106002, 
RRID:AB_887804 

Chemicals, Peptides, and Recombinant Proteins 

Photoinitiator Wako Chemicals VA-044 

Experimental Models: Organisms/Strains 

Zebrafish Tg(brn3c:GAL4, UAS:gap43-GFP)s318t 
(BGUG) 

Xiao and Baier, 
2007 

ZFIN ID: ZDB-ALT-
070423-6 

Zebrafish Tg(Et(e1b:GAL4)s1101t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
070716-2 

Zebrafish Tg(elavl3:Gal4)zf349 Akerboom et al., 
2012 

ZFIN ID: ZDB-ALT-
121024-4 

Zebrafish Tg(14xUAS:mCherry)s1984t, 
TgBAC(slc17a6b:Gal4FF) zK145P24 

Heap et al., 2013; 
Satou et al., 2013 

ZFIN ID: ZDB-ALT-
130702-1;ZFIN ID: ZDB-
ALT-131127-1 

Zebrafish TgBAC(vglut2a[slc17a6b]:loxP-DsRed-
loxP-GFP)nns14 

Satou et al., 2013 ZFIN ID: ZDB-ALT-
110413-5 

Zebrafish Tg(UAS-E1b:NfsB-mCherry)c264 Otsuna et al., 2015 ZFIN ID: ZDB-ALT-
070316-1 

Zebrafish Tg(elavl3:lyn-tagRFP)mpn404 Dal Maschio et al., 
2017 

ZFIN ID: ZDB-ALT-
170731-38 

Zebrafish Tg(elavl3:nlsGCaMP6s)mpn400 Dal Maschio et al., 
2017 

ZFIN ID: ZDB-ALT-
170731-37 

Zebrafish Tg(actb2:loxP-eGFP-loxP-
lynTagRFPT)y272 

Horstick et al., 2015 ZFIN ID: ZDB-ALT-
150721-8 

https://cran.r-project.org/web/packages/fitdistrplus/index.html
https://fishatlas.neuro.mpg.de/neurons/downloads
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Zebrafish Tg(elavl3:Hsa.H2B-GCaMP6s)jf5 Freeman et al., 
2014 

ZFIN ID: ZDB-ALT-
141023-2 

Zebrafish Tg(elavl3:GCaMP5G)a4598 Ahrens et al., 2013 ZFIN ID: ZDB-ALT-
130924-1 

Zebrafish Tg(sst3: Gal4-VP16)mpn219 Förster et al., 
2017a 

ZFIN ID: ZDB-ALT-
170908-20 

Zebrafish Tg(galn:Gal4-VP16)mpn213 Förster et al., 
2017a 

ZFIN ID: ZDB-ALT-
170908-13 

Zebrafish Tg(gad1b/GAD67:Gal4-VP16)mpn155 Förster et al., 
2017a 

ZFIN ID: ZDB-ALT-
160726-5 

Zebrafish Tg(chata:Gal4-VP16)mpn202 Förster et al., 
2017a 

ZFIN ID: ZDB-ALT-
170908-4 

Zebrafish Tg(drd2a:Gal4-VP16)mpn211 Förster et al., 
2017a 

ZFIN ID: ZDB-ALT-
170908-9 

Zebrafish Tg(Et(-1.5hsp70l:Gal4-VP16)s1013t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
070420-14 

Zebrafish Tg(Et(-0.6hsp70l:Gal4-VP16)s1020t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
070420-21 

Zebrafish Tg(Et(fos:Gal4-VP16)s1168t)  Scott et al., 2007 ZFIN ID: ZDB-ALT-
080327-136 

Zebrafish Tg(Et(-0.6hsp70l:Gal4-VP16)s1171t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
080327-139 

Zebrafish Tg(Et(fos:Gal4-VP16)s1113t) Scott et al., 2007 ZFIN ID: ZDB-ALT-
080327-86 

Software and Algorithms 

Advanced Normalization Tools (ANTs) Avants et al., 2008 http://stnava.github.io/AN
Ts/ 

NeuTube Feng et al., 2015 https://www.neutracing.co
m/ 

Fiji Schindelin et al., 
2012 

https://fiji.sc/ 

FluoRender Wan et al., 2012 http://www.sci.utah.edu/so
ftware/fluorender.html 

3DSlicer Fedorov et al., 
2012 

https://www.slicer.org/ 

Python 2.7 Python.org https://www.python.org/ 

R  The R project https://cran.r-project.org/ 

R nat package Jefferis et al., 2007 https://cran.r-
project.org/web/packages/
nat/index.html 

R nat.nblast package Costa et al., 2016 https://cran.r-
project.org/web/packages/
nat.nblast/index.html 

R fitdistrplus package Delignette-Muller 
and Dutang, 2015 

https://cran.r-
project.org/web/packages/
fitdistrplus/index.html 

R iGraph package Csárdi and Nepusz http://igraph.org/ 

R rgl package  https://cran.r-
project.org/web/packages/
rgl/index.html 

R qgraph package Epskamp et al., 
2012 

https://cran.r-
project.org/web/packages/
qgraph/ 

R braingraph package  https://cran.r-
project.org/web/packages/
qgraph/ 
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https://doi.org/10.1016/j.neuron.2019.04.018


M3: Neuronal architecture of a visual center that processes optic flow 

93 

 

*Lead Contact: F.K. (fumikubo@nig.ac.jp) 



M3: Neuronal architecture of a visual center that processes optic flow

94 
 



M3: Neuronal architecture of a visual center that processes optic flow 

95 

 

When animals actively move, or are passively carried through the environment, their visual 

systems experience continuous movement of stationary features in the visual scene. Neuronal 

circuits use the drifting retinal images to compute global image motion (optic flow) in order to 

adjust the animal’s body posture and position and stabilize the direction of gaze. In teleost fish 

and other vertebrates, the optokinetic response (OKR) and the optomotor response (OMR) 

are typical optic flow-driven behaviors that compensate for self-motion (Masseck and 

Hoffmann, 2009a). Eye movements accompanying the OKR consist of slow following phases, 

which minimize retinal slip, interspersed by quick reset phases. The OMR is characterized by 

locomotion in the direction of the perceived motion. This ensures that the animal does not drift 

away from its location, for instance in a flowing water stream. Zebrafish larvae older than 5 

days post-fertilization (>5 dpf) exhibit both robust OKR and OMR (Neuhauss et al., 1999; 

Orger et al., 2004; Orger et al., 2008; Orger et al., 2000; Portugues and Engert, 2009; Rinner 

et al., 2005). 
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monocular 

pretectal cells might combine their DS tuning across hemispheres to generate the responses 

of “complex” translation-selective neurons 
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𝐿𝑑𝑖𝑟 = | 
∑ 𝑅(𝜃𝑘)exp (𝑖𝜃𝑘)𝑘

∑ 𝑅(𝜃𝑘)𝑘
 |

𝐿𝑜𝑟𝑖 = | 
∑ 𝑅(𝜃𝑘)exp (2𝑖𝜃𝑘)𝑘

∑ 𝑅(𝜃𝑘)𝑘
 |
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

Alpha-Bungarotoxin Invitrogen B1601 

DiI (1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate) 

Invitrogen D3911 

Tricaine Sigma-Aldrich MS-222 

Experimental Models: Organisms/Strains 

Zebrafish Tg(atoh7:Gal4-VP16)s1992t, 
a. k. a. ath5:Gal4 

Del Bene et al., 2010 ZFIN ID: ZDB-FISH-
150901-27082 

Zebrafish Tg(elavl3:lyn-tagRFP)mpn404, a. k. a. 
HuC:lyn-tagRFP 

Dal Maschio et al., 
2017 

ZFIN ID: ZDB-ALT-
170731-38 

Zebrafish Tg(elavl3:GCaMP5G)a4598 Ahrens et al., 2013 ZFIN ID: ZDB-FISH-
150901-22335 

Tg(elavl3:Has.H2B-GCaMP6s)jf5 aka HuC:H2B-
GCaMP6s 

Freeman et al., 2014 ZFIN ID: ZDB-FISH-
170711-1 
 

Zebrafish Et(E1b:Gal4-VP16)s1101t) Scott et al., 2007 ZFIN ID: ZDB-FISH-
150901-5255 

ZebrafishTg(isl2b:Gal4-VP16, myl7:TagRFP)zc65 Fujimoto et al., 2011 ZFIN ID: ZDB-FISH-
150901-13523 

Zebrafish Tg(UAS:mCherry)s1984t Heap et al., 2013 ZFIN ID: ZDB-FISH-
150901-14417 

Zebrafish Tg(UAS:syn-GFP) a. k. a. UAS:sypGFP Heap et al., 2013 ZFIN ID: ZDB-FISH-
150901-21811 

Zebrafish Tg(UAS:Dendra-kras)s1998t Arrenberg et al., 2009 ZFIN ID: ZDB-ALT-
110808-3 

Zebrafish Tg(UAS:syGCaMP6s)mpn156 This paper NA 

Zebrafish Tg(UAS-Janus:nlsGCaMP6s,PA-
GFP)mpn161, a.k.a. UAS:FuGIMA 

This paper NA 

Zebrafish Tg(UAS-Janus:nlsGCaMP6s,C3PA-
GFP)mpn162, a.k.a UAS:FuGIMA-C3PA 

This paper NA 

Software and Algorithms 

ImageJ/Fiji Schindelin et al., 2012 https://fiji.sc/ 

Simple Neurite Tracer (Fiji plugin) Longair et al., 2011 https://imagej.net/Si
mple_Neurite_Trace
r 

Attenuation Correction (Fiji plugin) Biot et al., 2008 http://imagejdocu.tud
or.lu/doku.php?id=pl
ugin:stacks:attenuati
on_correction:start 

Name Landmarks and Register (Fiji plugin) Mark Longair and 
Greg Jefferis, 2006 

https://imagej.net/Na
me_Landmarks_and
_Register 

NeuTube Feng et al., 2015 https://www.neutraci
ng.com/ 

Advanced Normalization Tools (ANTs) Avants et al., 2008; 
Avants et al., 2011; 
Avants et al., 2010  

http://stnava.github.i
o/ANTs/ 

RStudio Version 1.0.143 RStudio https://www.rstudio.c
om/ 
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Python 2.7 Python.org https://www.python.o
rg 

Python 3 Python.org https://www.python.o
rg 

Amira Thermo Fisher 
Scientific 

https://www.fei.com/
software/amira-for-
life-sciences/ 

Imaris Bitplane http://www.bitplane.c
om/ 

FFmpeg  https://ffmpeg.org/ 

CaImAn (Calcium Imaging Analysis toolbox) Giovannucci et al., 
2018; Pnevmatikakis 
and Giovannucci, 
2017 

https://github.com/fla
tironinstitute/CaImAn 

R package nat (NeuroAnatomy Toolbox) 
 

Jefferis and Manton, 
2014 

http://jefferis.github.i
o/nat/ 

R package rgl Daniel Adler, Duncan 
Murdoch and others 

https://CRAN.R-
project.org/package
=rgl 

Other 

Confocal microscope LSM 700, with a 20x/1.0 NA water-
dipping objective 

Carl Zeiss https://www.zeiss.co
m/microscopy 

Movable object two-photon microscope with a 20x 
water-dipping objective (Olympus, NA 1.0) 

Sutter Instruments/ 
Olympus 

https://www.sutter.co
m / 
https://www.olympus
-lifescience.com/de/ 

Femtonics 3DRC two-photon microscope, with 16x or 
20x water-dipping objective 

Femtonics http://femtonics.eu/ 

Tracings, brain area annotations, and standard brain Single-neuron atlas of 
Kunst et al., 2019 

https://fishatlas.neur
o.mpg.de/zebrafishat
las/ 
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