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Abstract 

Optogenetics allows a precise, fast and reversible intervention in cellular activity. In neuroscience, 

this new field of molecular biology provides the ability to precisely manipulate a desired neuron’s 

activity with light, without affecting its neighbours. This allows, for the first time in neuroscience, to 

tackle the causality between a neuron’s firing and resulting activity throughout the whole-brain. 

This work tackles this causality, using recent developments in optogenetics and functional 

fluorescence microscopy imaging, by building a tool that couples whole-brain, single cell resolution 

and light-sheet microscopy functional imaging, with optogenetic manipulation of neuronal activity. Said 

tool delivers the optogenetic stimulus using a digital micromirror device (DMD) to project a dynamic 

patterned laser beam through the objective of a light-sheet microscope into target neuronal 

assemblies of a zebrafish larvae brain. This neuronal assembles express ChrimsonR, an optogenetic 

actuator capable of inducing action potentials that propagate through the brain. The propagation is 

than reported by calcium imaging with GCaMP6f and recorded with light-sheet microscopy. 

Simultaneously, this work uses the same optogenetic manipulation delivery system to develop 

another tool capable of activating optogenetic actuators with 635 nm and 473 nm light. This tool uses 

optogenetic manipulation to test the activation conditions of newly developed zebrafish transgenic 

lines expressing ChrimsonR and to conduct behavioural assays. With this tool, an optogenetic 

manipulation projecting light for 50 ms with a power of 5, 10 or 15 mW/mm
2
, was shown to be 

promising for the activation of ChrimsonR in transgenic zebrafish larvae neurons. 

 

Keywords: zebrafish; patterned optogenetics; light-sheet microscopy whole-brain calcium imaging; 

digital micromirror device; ChrimsonR; behaviour. 
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Resumo Analítico 

Optogenética constitui um novo ramo da biologia molecular que pode ser usada para uma precisa, 

rápida e reversível intervenção na atividade celular. Na neurociência, este ramo permite manipular a 

atividade de um neurónio específico, utilizando luz e sem afetar a atividade dos seus contíguos. Isto 

permite, pela primeira vez na história da neurociência, provar a causalidade entre o ativar de um 

neurónio e a atividade resultante ao nível de todos os neurónios no cérebro. 

Utilizando avanços recentes nos ramos da optogenética e da imagiologia funcional com técnicas 

de microscopia de fluorescência, este trabalho cria uma ferramenta que permite combinar a técnica 

de light-sheet microscopy com manipulação optogenética da atividade neuronal. Para isto, um 

aparelho de projeção digital de mico-espelhos origina um raio padronizado de luz que atravessa a 

objetiva do microscópio e é projetada sobre os neurónios desejados do cérebro de um embrião de 

peixe zebra. Os neurónios sob a projeção exprimem ChrimsonR que, ativada pela luz, induz 

potenciais de ação que se propagam pelo cérebro. Esta propagação é então registada pela técnica 

de microscopia, utilizando a fluorescência do marcador GCaMP6f.   

Utilizando o mesmo sistema de projeção, uma segunda ferramenta foi desenvolvida que permite 

utilizar optogenética para verificar a relação causal entre os neurónios e comportamentos reflexivos 

do peixe zebra e para testar condições de ativação de ferramentas optogenéticas. Com esta 

ferramenta demonstrou-se um potencial de ativação para ChrimsonR, em embriões de peixe zebra, 

para uma projeção de luz de 50 ms com 5, 10 ou 15 mW/mm
2
. 

 

Palavras-chave: peixe zebra; optogenética; light-sheet microscopy; aparelho de projeção digital de 

mico-espelhos; ChrimsonR; estudo de comportamento 
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Summary 

Objective 

In Figure 1 various neurons from a zebrafish larvae brain can be 

seen responding to a different stimulus according to their colour. 

Looking at the various neurons responding to each stimulus one may 

ask: What is the role of that neuron in the response to this stimulus? 

How does, that specific neuron, contributes to what is happening in the 

zebrafish brain? How can I find out? 

The objective of this work is exactly to develop a tool that answers 

what a specific type of neurons is doing in the brain. A tool to prove 

causality between a neuron’s firing and activity in other neurons. 

To do this, this work combines the newly introduced technique of 

optogenetic manipulation of neuronal activity with advanced high 

resolution light-sheet microscopy imaging, aiming to interrogate a 

neuron’s activity outcome at a level of the entire brain.  

Summary of Content 

1 - Introduction 

This chapter is divided in 4 sections: 

1. The first section introduces optogenetic manipulation of neuronal activity. In this section it is 

explained how this new technique appears, how it stands relative to previous techniques, how it 

works and what is needed to achieve this type of manipulation of neuronal activity. 

2. The second section introduces functional fluorescence microscopy imaging as a readout method 

for neuronal activity. This section starts by comparing this readout method with electrophysiology 

and then it presents the tools to report neuronal activity with fluorescence, together with various 

functional fluorescence microscopy imaging techniques. In the end, the most suited technique for 

this work is shown to be light-sheet microscopy. 

3. The third section introduces the problem of selecting an adequate animal model to achieve the 

objective of this work. In this section the most common models for neuroscience are presented and 

zebrafish is selected to be used in this work. 

4. The fourth and final section introduces the concept of this work. This section explains the main 

objective of this work and nails down what will be to achieve it. At the same time it also introduces 

a secondary objective to this work: developing a tool for optogenetic manipulation using 

behavioural assays as readout. In the end, in this section is presented the state of the art and what 

are the original contributions of this work to neuroscience. 

2 - Materials and Methods 

This chapter is divided in 2 sections: 

1. The first section describes the materials used in this work, explaining how those materials work. 

Figure 1: Zebrafish larvae neurons. 

[Image by Sabine Renninger, 2017, 

used with author’s permission] 
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2. The second section describes the various methods used during this work, starting with the animal 

care, going into the alignment of setups and final ending with experimental protocols. 

3 - Setup Formulation 

This chapter is divided in 3 sections: 

1. The first section describes the formulation and development of a system to deliver light into the 

zebrafish brain for optogenetic manipulation. 

2. The second section describes the formulation of the tool to achieve the main objective of this work 

by combining light-sheet microscopy with optogenetic manipulation. 

3. The third section describes the formulation of a second tool for the secondary objective. 

4 - Applying the Setups: Results and Discussion 

This chapter is divided in 2 sections: 

1. The first section describes the application of the tool for the main objective of this work. This 

section starts by explaining the experience and the data analysis workflow. 

In the end of this section the following results are presented and discussed: 

 The correlation between the neuronal activity and the optogenetic manipulation is verified for 

the imaged neurons, between a positive and a control zebrafish. 

 A search for neurons responding directly to the optogenetic manipulation is conducted on the 

imaged neurons of the positive zebrafish 

2. The second section describes the application of the tool for the secondary objective of this work. 

Just like before, it starts by explaining the first experiment together with the data acquisition and 

data analysis. The results and discussion of two experiments are presented in this section. 

 The first experiment, done to test the light delivery system formulated in the Setup Formulation 

chapter, uses a reflexive escape response induced optogenetically by activating the trigeminal 

sensory neurons of the zebrafish. In this experiment the following results are analysed: 

o The correlation between the reflexive escape response and the optogenetic manipulation is 

tested between positive and control populations of zebrafish. The correlation is determined 

by two different approaches: fraction of response and reaction time. 

o The neuron targeting capability of the light delivery system is tested. 

 The second experiment is done to test activation conditions for optogenetic manipulation on 

newly developed transgenic lines by Rita Esteves
[1]

, 2016: 

o The correlation between a tail movement response and the optogenetic manipulation under 

certain conditions is tested between positive zebrafish and a control population. The 

correlation is determined by two different tests: fraction of response and reaction time. 

3 - Conclusion 

This chapter is divided in 3 sections: 

1. The first section describes what was achieved in the main objective of this work. 

2. The second section describes what was achieved in the secondary objective of this work. 

3. The third section summarizes the final state of the work, what needs to be done and how to do it. 
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1 - Introduction 

1.1 - Optogenetic Neuronal Activity Manipulation 

In 2005, Boyden and his group report the ability to control neuronal spiking with a millisecond 

resolution by expressing a natural occurring membrane localized light-gated ion pump 

(Channelrhodopsin-2) in rat CA3/CA1 neurons
[2,3]

. This experiment, together with the work of Lima and 

Miesenbock
[4]

, resulted in the birth of optogenetics, a new field of molecular biology. Optogenetics has 

since been defined as the group of genetic manipulation techniques and applications that aim to use 

light to control or report cellular activity in living tissue. 

 

A New Way to Manipulate Neuronal Activity 

Before optogenetics, the most common ways to manipulate neuronal activity was with electrical 

and pharmacological manipulation
[3,5]

. 

Electrical manipulation of neuronal activity is a technique on which electrical pulses, that can be 

delivered with a millisecond precision, are used to inhibit or induce action potentials in clusters of 

neurons
[6]

. Although efficient and even useful in therapy, like interventional psychiatry
[5]

, this technique 

suffers from two main problems: 

- The electrical pulses are nonspecific, affecting target and nontarget neurons
[7]

. This may lead 

to complications such as sensory problems and motor control defects
[5]

. 

-  Usually, especially if a higher precision in the delivery of the stimulus is desired, this method is 

an invasive method in in vivo applications
[5]

. 

Pharmacological manipulation of neuronal activity
[8]

 is a technique which can use genetic 

manipulation to target specific neurons, inhibiting or inducing action potentials with drugs. While not 

intrusive and with a higher level of specificity than electrical manipulation, this technique is only suited 

for prolonged or subtle modulations of neuronal activity, since it depends on drug diffusion and 

lifespan
[8]

. 

Optogenetic manipulation of neuronal activity, which from now on will be referred only as 

optogenetic manipulation, appears as a method that uses gene manipulation for targeting specific 

neurons and relies on light to inhibit or induce action potentials. Using light, prolong and subtle 

manipulation of neuronal activity is possible but, more importantly, millisecond control of action 

potentials is also achievable
[9,10]

. Furthermore, since the stimulus is delivered with light, in transparent 

animal models, this method is non-intrusive
[11]

. 

From the neuronal activity manipulation methods, optogenetic manipulation appears as a new, fast 

and more useful tool, for applications in research and therapy
[5]

. 

 

Optogenetic manipulation works by expressing in the target neuron a light sensitive protein 

(optogenetic actuator) that can be activated with light. 
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Optogenetic Actuators 

Optogenetic actuators can be light-gated ion-pumps, light-gated ion channels or light-sensitive 

proteins integrated into signalling-pathways. 

In neuroscience, the most important optogenetic actuators consist of a group of light-gated ion-

pumps and channels from the family of microbial opsins. Microbial opsins have the ability to, when 

exposed to light, promote the transport of ions, allowing for a depolarization or hyperpolarization of 

neuron membranes, which induces or inhibits action potentials.   

 

The light sensing capacity of these opsins comes from cofactor all-trans-retinal (Figure 2) that 

binds into a conserved lysine residue common to all the microbial opsins
[12]

. When exposed to light of 

a certain energy (wavelength), that can vary accordingly to local pH and ionic strength
[13]

, all-trans-

retinal suffers a photoisomerization into 13-cis-retinal
[14]

. This isomerization changes the conformation 

of the microbial opsin, allowing for the transport of ions.  

 

 

Known microbial opsins can be classified into five groups (Figure 3): 

1) Bacteriorhodopsins: The first was discovered in 1971, isolated from Halobacterium 

salinarum
[15]

 (syn. Halobacterium halobium
[16]

). These proteins are proton light-gated pumps 

that promote proton transport to the extracellular medium. When in neurons, they promote 

hyperpolarization, transporting a single proton per photon captured
[17]

; 

2) Halorhodopsins (HR): The first was discovered in 1977, isolated from Halobacterium 

salinarum
[18]

. These proteins are chlorite ion light-gated pumps that promote an inwards 

transportation of chlorite ions. When in neurons, they promote hyperpolarization, transporting a 

single chlorite ion per photon captured
[18]

; 

3) Cation Conducting Channelrhodopsins: The first was discovered in 2002, isolated from green 

alga Chlamydomonas reinhardtii
[19]

. These proteins are cation light-gated channels that open 

when in presence of light, promoting a cation influx. These proteins provoke a fast 

depolarization of neurons due to transporting multiple cations per photon. After the discovery of 

this protein, the family bacterial opsins had its name changed to microbial opsins. 

4) Krokinobacter rhodopsin 2: The first was discovered in 2013, isolated from Krokinobacter 

eikastus
[20]

. This protein is a sodium light-gated pump that promotes sodium ions transport to 

the extracellular medium. When in neurons, it promotes hyperpolarization, transporting a single 

sodium ion per photon captured
[21]

; 

5) Anion Conducting Channelrhodopsins: The first was discovered in 2015, isolated from 

Guillardia theta
[22]

. These proteins are anion light-gated channels that open when in the 

presence of light, promoting an anion influx. These proteins provoke a fast hyperpolarization, 

transporting a single chloride ion per photon captured. 

Figure 2: All-trans-retinal. 
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Figure 3: Functional classification of the microbial opsins family. 

The anion conducting channelrhodopsin is represented in a hypothetical cylinder model. Channelrhodopsin, 

bacteriorhodopsin, halorhodopsin and krokinobacter rhodopsin 2, are represented in their protein structure, with 

the coloured cylinders representing the ion-conducting pathway. In all the models all-trans retinal can be seen in 

the middle of the ion-conducting pathway. [From “A light-driven sodium ion pump: A new player in rhodopsin 

research” ©2016 by Hideaki E. Kato, Keiichi Inoue, Hideki Kandori and Osamu Nureki
[21]

, licenced under © CC 

BY-SA 4.0 (http://creativecommons.org/licenses/by/4.0/) / Edits: original image segmented] 

 

When introduced into neurons, wild-type microbial opsins suffer from several problems, such as 

inadequate regulation, low expression yield and toxicity
[3]

. These opsins also have a limited absorption 

wavelength range (mostly between 450 to 545 nm
[23]

), restricting their use in combination with 

fluorescent probes due to overlapping action spectrums. 

Many of the currently used microbial opsins are genetically engineered variants of the wild type 

microbial opsins with faster kinetics, a wider range of absorption spectra and are optimized for 

expression and regulation in animal neurons
[3,22]

. 

In Figure 4, the most common optogenetic actuators are presented. From these optogenetic 

actuators there are some special cases: 

 ChR2 is the first wild-type cation conducting channelrhodopsin to be discovered; 

 Chrimson
[24]

 and ChrimsonR
[24]

, are the most red-shifted microbial opsins and the only 

opsins capable of being activated with a wavelength higher than 625 nm
[24]

. ChrimsonR is 

a variation of Chrimson with faster kinetics and is not represented in Figure 4. 

 Chronos
[24]

 is the microbial opsin with the fastest kinetics, with an off-time lower than 4ms. 

 iC1C2
[25]

 is a cation  conducting channelrhodopsin mutated to have preference for the 

transport of chlorite ions. This means that it is the only cation conducting channelrhodopsin 

that promote hyperpolarization instead of depolarization of a neuron, by transporting 

anions. 

 Reach[23]
 (not present in Figure 4) is a yellow-red shifted microbial opsin that promotes 

depolarization of neurons. While this tool has its absorption peak between 590 and 630 

nm, it can be reliably activated from 470 to 655 nm, being a versatile tool. 

http://creativecommons.org/licenses/by/4.0/
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Figure 4: Common optogenetic actuators. 

The microbial opsins are represented in function of their maximum absorption peak (λ nm) and their off kinetics 

(τoff). In black squares are represented microbial opsins that promote the depolarization of neurons (activators) 

and in white circles are the microbial opsins that promote a hyperpolarization of neurons (inhibitors). 

[From “Laser, Optics Enhance Optogenetic Studies” ©2015 by Olofsson N., Lazaridis I., Meletis K., Carlén M.
[26]

, 

Karolinska Institute, ©Laurin Publishing Co. Inc.] 

 

Light Delivery Systems 

Optogenetic manipulation requires light to control the optogenetic actuators. This light needs a 

source and a way to be delivered into the neurons. 

Light Source 

The light source of the light delivery system can be a mercury or xenon light bulb, a light-emitting 

diode (LED) or a continuous-wave or ultrafast pulsed laser
[7]

. 

 

A mercury or xenon light bulb produces a wide spectrum of light with a high power output. While a 

high power is needed to activate the optogenetic actuators in a reliable way, this source need to be 

replaced often, every 200-2000 hours, and disposed properly. Another problem is that, since light is 

emitted in every direction, only a small part of that light is directed into the neurons expressing the 

optogenetic actuator
[7]

. 

When using a mercury or xenon light bulb, since only a certain wavelength of light corresponding to 

the maximum absorption of the optogenetic actuator is needed, light needs to be band-pass filtered to 

be used. 
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A LED lasts longer than mercury or xenon light bulbs (10000-100000 h), produces less heat, is 

cheaper and can produce only a specific wavelength if needed. The problem is that, just like mercury 

and xenon light bulbs, a LED emits light in a wide angular area which makes the delivery of light 

coming from this source into the neurons inefficient
[7]

. 

 

Lasers are devices able to produce an intense, concentrated, and highly parallel beam of coherent 

light
[27]

. By being coherent (constant frequency and phase difference), the light from a laser is always 

monochromatic and can be processed by phase modulators of light, while other sources can’t*. By 

being parallel, photons follow all the same direction, which makes it easy and efficient to deliver light 

into the neurons. Laser can also be used for single-photon or multiphoton excitation of the optogenetic 

actuators, while LEDs and mercury or xenon light bulbs can only be used for single-photon excitation. 

(*Phase light modulators will be covered later). 

 

Due to versatility and an efficient and easy manipulation of the beam path, lasers will be used as a 

light source for optogenetic manipulation of neuronal activity in this work. 

 

Definition: Single-photon and Multiphoton Excitation 

Single-photon excitation happens when an electron passes to a higher energy level by absorbing 

energy from one photon. 

Multiphoton excitation or n-photon excitation happens when the electron absorbs n photons to pass 

to a higher energy level. This phenomena only happens when n photons are absorbed near-

simultaneously (interval < 10
-15

 seconds) by the electron. This way the energy absorbed by the 

electron is equivalent to n times the energy of the photons
[28]

. 

 

Figure 5: Comparison between single-photon and multiphoton excitation in fluorescence. 

In the figure, low energy level electrons (represented by the grey circles) can absorb one high energetic photon 

(blue arrow – single-photon excitation) or two photons with half the energy of the high energetic photon (red 

arrows – two-photon excitation). After excitation, electrons go into a higher energy level (yellow circles) and, after 

losing some energy by non-radiative transitions, the electrons emit their energy in form of fluorescence (green 

arrows) and go back to a low energy level. (fs = femtosecond) 
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Light Delivery 

With a laser being used as a light source, a strategy to deliver the laser light into the target neurons 

expressing the optogenetic actuator is needed
[7,29]

. There are four methods for delivering light into the 

target neurons for stimulation, beam directing methods, galvo-based scanning, and two projection 

methods, direct and holographic (Figure 6). 

 

 

Figure 6: Schematic representation of light delivery systems to stimulate optogenetic actuators. 

In beam directing methods, the optical path is focused in the target location. In galvo-based scanning, the focused 

target location can be changed by a galvo-mirror. In direct and holographic projections a spatial light modulator is 

used to create the pattern into the focal plane (direct projection – amplitude modulator) or to change the focal 

point of each photon (holographic projection – phase or orientation modulator). 
 

Beam directing methods manipulate the light path in such a way that the light beam is directed into 

the region of interest. In neuroscience, this strategy can be applied by passing light through a 

microscopy objective, or an optic fiber. 

When applied with an optic fiber, regions of ~25 μm to 1 mm can be illuminated
[5]

. Using an optic 

fiber is the simplest optic path design to stimulate optogenetic actuators. The biggest challenges of 

this configuration is to guarantee an efficient coupling between the fiber and the light source and make 

sure that light from the fiber tip is mainly focused into the target region. 

Using an objective to focus a light source into the interest region, with single-photon excitation, a 

2D spatial resolution of about 50 μm to 100 μm can be achieved
[5]

. If multiphoton excitation is used, a 

high 3D spatial resolution of about <6.9 μm
[30]

 (~1 neuron) is achieved instead
[7]

. 

Beam directing methods lack the ability to change the illumination region rapidly.  

 

Galvo-based scanning
[5]

 is a technique that uses a microscopy objective to focus the light into the 

target zone, while being able to change the illumination region in time. To do this, it uses, between the 

light source and the objective, galvanometric-based mirrors (galvo-mirrors). 



9 
 

Galvo-mirrors are mirrors attached to a device that change their position/orientation accordingly to 

an input electrical current. These mirrors can change their position with frequencies around 1 kHz
[29]

. 

Knowing this, galvo-based scanning can illuminate just a few regions per millisecond. If the 

illumination pattern is really complex or if more than a few dozen of regions need to be illuminated, this 

method is not suited. 

 

Direct and holographic projection methods, instead of galvanometric-based mirrors between the 

light source and the objective, use spatial light modulators. These modulators create a dynamic 

complex patterned beam that can hit multiple regions simultaneously. 

In direct projection, amplitude modulators are used. These modulators are usually mirroring based 

devices, like digital micromirror devices (DMD)
[31]

, or light blockers. The idea is that the device will cut 

off a portion of the photons hitting it to form a pattern that is then projected into the objective. This 

configuration can illuminate with a 2D spatial resolutions of one micrometre
[32]

 and the devices can 

change the pattern projected with a frequency of thousands of Hertz
[7]

. With multiphoton excitation, 

this method can target regions in 3D
[7]

. 

In holographic projection, instead of cutting off a portion of the light, photons go through crystalline 

layers, suffering diffractions in such a way that each photon will change phase and/or orientation. 

These changes in the photons paths allow for an illumination with a 3D micrometre spatial 

resolution
[30]

. Holographic projection is more efficient than direct projection because it doesn’t cut off a 

portion of the photons. This projection is also the only way to achieve 3D spatial resolution with single-

photon activation by manipulating the wavefront and, therefore, the focal point, of each photon after 

the objective. 

 

For this work, direct projection will be used to deliver the stimulation light. Holographic projection is 

a more versatile option but it comes with two major drawbacks: first, the device for phase modulation 

is more expensive than a spatial light amplitude modulation device; second, the optics and 

mathematical modulation behind a successful holographic projection are complex and usually only 

solvable empirically
[5]

. 

In terms of the excitation strategy, single-photon excitation will be used. Although a higher 

resolution is achieved with multiphoton excitation, the resolution obtained with single-photon suffices 

for the application and, with single-photon excitation, a higher light power can be inputted into the 

targeted cells increasing the probability of a successful activation
[23,31]

. The lasers required for single-

photon excitation are also 2 to 3 orders of magnitude cheaper than lasers needed for multiphoton 

excitation.  
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1.2 - Functional Fluorescence Microscopy Imaging 

A readout method for the effects of optogenetic manipulation into neuronal activity is required. The 

most common method used in neuroscience is electrophysiology recording
[7,8,33,34]

. 

 

Electrophysiology recording, by measuring current in neurons, can sense the electrical signalling of 

action potentials. 

The main problem of this method is the incapability of reporting, reliably and with single-cell 

resolution, the neuronal activity from the large volumes of brain
[7]

. Adding to this problem, this readout 

method, when applied with optogenetics, also originate electrical artefacts due to photoelectric effects 

that are almost inevitable
[7]

. 

 

In this work, to avoid the problems from electrophysiological recording, an all optical approach 

readout method is going to be used, as suggested by Packer et al., in 2013, by combining optogenetic 

stimulation with functional fluorescence microscopy imaging (fFMI), which can reliably and with single-

cell resolution, report the neuronal activity from the whole-brain
[35]

. 

 

Given that action potentials are electrical signals, for fFMI to be applied, some kind of synthetic 

fluorescent reporter dye or genetically encoded fluorescent reporter protein (optogenetic reporter), 

with the capability of sensing these electrical signals needs to be added to the neurons. 

Since it is easier to encode a protein to be expressed in every neuron than to inject a brain with a 

dye and wait for the dye to be absorbed by every neuron, an optogenetic reporter
[36]

 will be used. 

 

Optogenetic Reporters 

Optogenetic reporters are genetically encoded fluorescent probes that can be used for imaging 

cellular structures, components or events. Most of optogenetic reporters consist in proteins containing 

whole fluorescent proteins (FP) as domains, like the green fluorescent protein (GFP)
[36]

.  

There are two types of optogenetic reporters: fluorescence resonance reporters and single-

fluorophore reporters. 

 

Fluorescence resonance reporters work by using a fluorescence resonance energy transfer 

strategy (FRET, also known as Förster resonance energy transfer)
[37]

. In this strategy, the reporter is 

built with two FPs, a donor and an acceptor that absorbs in the donor fluorescence spectra. Normally, 

the localization and orientation of these FPs on the optogenetic reporter doesn’t allow for the acceptor 

to absorb fluorescence from the donor.  

When a certain cellular event happens, sensing domains in the fluorescence resonance reporter 

promote a change in conformation, allowing for the acceptor to absorb the donor’s fluorescence, being 

the event reported by the acceptor fluorescence. 
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Single-fluorophore reporters work using a single FP-based strategy or a biomolecular fluorescence 

complementation strategy. 

In single FP-based strategies
[36]

, a FP is modified to have inherent biosensing capability or an 

external sensing module. The activation of fluorescence comes from an alteration in the FP 

conformation caused by the sensing domain being active. 

 In biomolecular fluorescence complementation strategies
[36]

, the FP is divided into 2 non-

fluorescent segments, each one with a different sensing module. When the right conditions are met, 

the sensing modules become complementary promoting the reconstruction of the FP and the gain of 

fluorescence. 

 

When combined with other optogenetic tools, single-fluorophore reporters are more versatile. The 

reason being that, by using only one FP, they “occupy” a thinner spectrum of wavelengths than 

fluorescence resonance reporters. Within the single-fluorophore reporters, single FP-based strategies 

are more reliable since only one protein needs to be expressed by the target cell, instead of two 

complementary proteins. 

 

In neuroscience, the most common and developed optogenetic reporters are cameleons (FRET 

based) and GCaMP (single FP-based)
[36]

. Both these reporters sense variations in intracellular levels 

of free calcium ions (Figure 7). 

In every cell type, free calcium ions are used as a versatile signal that can lead to a large variety of 

functions, regulating vital aspects of the cell during the cell cycle, cell proliferation and even cell 

death
[38]

. Because of this, research and development of calcium reporters started ever since the 

discovery of the calcium-binding photoprotein aequorin in 1962
[39]

. With a long history of research and 

development, nowadays, calcium indicators are widely used in neuroscience for their easy 

implementation and large signal-to-noise ratios
[38]

. 

In neurons, free calcium ions report action potentials due to voltage-gated calcium channels 

(VGCCs). These calcium channels are effectively activated by backpropagation of action potentials 

and by synaptic mediated depolarization, leading to increases of intracellular free calcium ion levels
[38]

. 

Therefore, when an action potential happens, VGCCs promote an increase in free calcium levels that 

are sensed by the optogenetic reporter (Figure 7). 

 

Figure 7: Comparison of GCaMP (A) and a cameleon (B) genetically-encoded Ca
2+

 sensor. 

(A) GCaMP is a single FP-based reporter where a GFP is connected to a calmodulin peptide and a M13 peptide 

sequence from myosin light chain kinase
[36]

. When four free calcium ions bind to calmodulin (CaM), this peptide 

will conjugate with M13 changing the GFP conformation into a fluorescent state
[36]

. (B) Cameleon is a FRET-

based reporter composed by calmodulin (CaM), M13, cyan fluorescent protein (CFP) and yellow fluorescent 

protein (YFP). When in the presence of four free calcium ions, M13 and calmodulin conjugate and promote 
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proximity between CFP and YFP, activating YFP fluorescence
[36]

. EGTA (better known as EDTA - Triethylene 

glycol diamine tetra-acetic acid) removes calcium ions from the reporters
[40]

. The intensity/wavelength graphs 

show the emission spectra in the presence (|) and absence (⁞) of free calcium ions. [From “Engineering 

Genetically Encoded FRET Sensors” ©2016 by Laurens Lindenburg and Maarten Merkx
[41]

, licenced under © CC 

BY-SA 3.0 (http://creativecommons.org/licenses/by/3.0/) / Edits: original image labelling of GFP corrected] 

 

The optogenetic reporter used in this work will be the single FP-based reporter GCaMP. 

 

Functional Fluorescence Microscopy Imaging Techniques 

fFMI techniques are based in imaging a living sample brain activity through a microscope objective. 

In all techniques, the living sample or, at least, the section being imaged, needs to be illuminated in 

the absorption spectra of the optogenetic reporter for fluorescence to happen. The main difference 

between the various techniques is in the way illumination is done or in the type of illumination. 

 

Definition: Photobleaching, Phototoxicity 

Photobleaching (Figure 8) is a phenomenon that occurs because, every time a fluorophore absorbs 

a photon, there is a probability of the fluorophore suffering an irreversible change in conformation that 

leads to the loss of fluorescence
[42]

. 

Due to this phenomenon, a neuron expressing optogenetic reporters gets less fluorescent with the 

time of exposure to light. This phenomenon is faster as higher light powers are used. 

 

Figure 8: Photobleaching. 

The numbers in the figure represent time in minutes. The figure shows one fluorescent bead exposed to light for 

four minutes. Fluorescence in the bead decreases with time due to photobleaching of the bead fluorophores. 

[From “Photobleaching” ©2008 by Deltafunction~commonswiki, licenced under © CC BY-SA 1.0 

(http://creativecommons.org/licenses/by/1.0/) / Edits: Took 10 individual frames from the original accelerated 

recording of 4 minutes] 

Phototoxicity is a phenomenon that can occur in any cell, but it happens with a higher probability in 

cells with some kind of fluorescent labelling. The reason for this is that fluorescent reporters, when 

excited to higher energy levels, tend to react with molecular oxygen to create free radicals that 

damage the cell
[42]

. 

The reason why phototoxicity can happen to any cell is that there is a probability for every molecule 

to be excited by a photon of certain energy. Fluorescent reporters are just more likely to be excited by 

photons in the visible spectra used for fluorescent microscopy than other molecules. A practical 

example of this phenomenon in regular cells is the damage solar ultra-violet radiation does to human 

skin. 

 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/1.0/
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Wide-Field Microscopy 

The first functional fluorescence microscopy technique to be covered in this work is the 

conventional fluorescence microscopy technique, wide-field microscopy. 

In wide-field microscopy, the sample is completely illuminated with light (consisting or containing 

the wavelength absorbed by the optogenetic reporter), and, plane by plane, imaged. 

To acquire the different planes, the sample or the microscope objective needs to be moved so 

different planes are focused at different moments. When using a living sample, usually the objective is 

moved instead of the sample. A simple way to achieve this movement is by using a piezo objective 

scanner that, when connected to an objective, can move it at speeds of ~10 μm/ms. 

 

In wide-field microscopy, during the imaging of each 

plane, the whole sample is exposed to light. This 

prolonged exposure induces a lot of out-of-focus 

fluorescence that gets captured by the objective, reducing 

signal-to-noise ratio (Figure 9). 

 

Figure 9: Wide-Field Microscopy and out-of-focus fluorescence. 

In the figure, wide-field microscope main components are 

represented. It is also represented the capture of out-of-focus 

fluorescence by the camera, contaminating the image. 

 

With a constant illumination of the whole sample, photobleaching and phototoxicity are also 

problems in this technique. Photobleaching is the biggest offender since it reduces the signal-to-noise 

ratio along the recorded planes. 

This happens because, if illumination and imaging of plane 0 started at time 0, the imaging of the 

plane n will happen n time moments later; hence, plane n will suffer n times more photobleaching than 

the plane 0. 

The above mentioned limitations of wide-field microscopy come from the illumination strategy used. 

To solve this issue other microscopy techniques that use different illumination and acquisition methods 

were developed (Figure 10). 

 

Figure 10: Illustration of confocal, two-photon and light-sheet microscopies illumination. 

(A) In confocal microscopy the excitation light goes through the objective and illuminates the brain with an 

hourglass shape beam. (B) In two-photon microscopy, the illumination strategy is the same as in confocal but 

multiphoton excitation is used to reduce out-of-focus fluorescence. (C) In light-sheet microscopy a thin beam or 

sheet of light illuminates only the plane being imaged. The sample in the image is represented by zebrafish, 

Danio rerio, embryo, with the brain showed in green. [From “Two-photon imaging of neuronal population activity in 

zebrafish” ©2013 by Sabine L. Renninger, Michael B. Orger
[43]

, author permission] 
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Confocal Microscopy 

Confocal microscopy works by focusing the illumination light through the microscope objective. The 

illumination beam assumes an hourglass shape (Figure 10), with the higher concentration of photons 

per unit area happening at the focal point of the objective (Figure 11). 
 

Figure 11: Light intensity in a cone of light. 

The figure illustrates half of the hourglass illumination beam in 

confocal microscopy. The blue spheres represent photons. 

When light propagates, the number of photons in the light 

front is always the same (represented by each plane 

containing the same number of photons). When the distance 

to the focal point (tip of the cone) increases (𝑑′ < 𝑑′′ < 𝑑′′′), 

the radius of the circle where the photons are contained also 

increases (𝑑′ ∝ 𝑟′;𝑑′′ ∝ 𝑟′′;𝑑′′′ ∝ 𝑟′′′). Since the area of each 

circle is proportional to the square of the radius, the area of 

illumination increases to the square of the focal distance. Light 

intensity, defined by the number of photons per unit of area, is 

inversely proportional to the illumination area, so it will 

decrease with the square of the distance to the focal point. 

 

Light intensity is proportional to the absorption probability of a photon by an optogenetic reporter, 

therefore proportional to the probability of fluorescence. With this, and knowing that light intensity 

decreases with the square of the distance to the focal point, using an hourglass shaped focused 

illumination reduces out-of-focus fluorescence, due to this fluorescence being less likely than focused-

fluorescence.  This strategy reduces out-of-focus fluorescence but doesn’t eliminate it. 

To reduce even further out-of-focus illumination, confocal microscopy has a pinhole before the 

detector that cuts-off out-of-focus fluorescence (Figure 12).  The pinhole in confocal microscopy also 

makes of this microscopy technique the one with the highest resolution
[44]

. 

 

Figure 12: Confocal Microscope Schematic. 

(A) Simple schematic of a confocal microscope. The light goes from the laser through the objective exciting the 

optogenetic reporters. Emitted fluorescence goes back through the same path of the stimulation laser but gets 

redirected by a long-pass mirror (mirror that reflects low frequency radiation) into the detector. In the path to the 

detector, out-of-focus light gets cut-off by a pinhole (B). With one galvo-mirror 1D scanning is possible, increasing 

the number of galvo-mirrors allows for 2D and 3D scanning. 
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In confocal microscopy, a single point (voxel) is imaged at the time. This voxel point is scanned 

through the whole sample and, in the end, the various imaged voxels are compiled together to create 

a 3D object of the sample. This strategy is called point-scanning
[45]

. 

Using point-scanning also means that, instead of a camera, a more sensitive photon detector can 

be used, since, at each moment in time, fluorescence reaching the sensor only comes from one point 

(due to the pinhole). This photon detector has a photon multiplier tube that can amplify the signal from 

a single photon, allowing for the detection of really low signals, making of confocal microscopy a really 

sensitive technique
[46]

. 

In terms of photobleaching and phototoxicity effects, since, while scanning, there is always an 

hourglass shape illumination beam illuminating the whole sample, in the end of the run through the 

whole sample, this technique still suffers from the same photobleaching and phototoxicity effects of 

wide-field microscopy. 

 

Both wide-field microscopy and confocal microscopy have limited tissue penetration capability 

because of the usual radiation spectra used for fluorescence excitation. 

Radiation in the ultra-violet spectrum is absorbed/scattered by water and, in the infra-red spectrum, 

is absorbed/scattered by living tissue (proteins, DNA and lipids)
[47]

. Within the visible light, far-

red/near-infrared light (650-950 nm) is the window of radiation where living tissue naturally 

absorbs/scatters less light
[48]

. 

Normally, optogenetic reporters absorb in the spectra of 450 to 545 nm
[23]

. The reason being that 

the most energetic photons not absorbed by water or other molecules are within these wavelengths. 

Optogenetic reporters absorbing within 650-950 nm are extremely hard to come by and, the ones that 

are available, requiring high amounts of light power or really long exposure times to work
[38]

. 

 

This problem led to the appearance of two-photon microscopy. This microscopy, by using 

multiphoton excitation, can use the more widely available and efficient optogenetic reporters that 

absorb in the spectra of 450 to 545 nm, while illuminating in the far-red/near-infrared spectra. 

Two-Photon Microscopy 

Two-photon microscopy is a technique similar to confocal microscopy that uses multiphoton 

excitation to stimulate fluorescent reporters with low energy radiation
[49]

 (Figure 5). To achieve this, it 

uses as a light source, femtosecond pulsed high-power titanium sapphire lasers (700-1000 nm)
[50]

. 

This technique using multiphoton excitation has two advantages: 

1) It allows for a good tissue penetration; 

2) The probability of a fluorescent reporter absorbing two photons at the same time is the square 

of the probability of it absorbing one photon. 

Looking at the second advantage, if the probability of absorbing a photon decreases with the 

square of the distance to the focal point (Figure 11), than the probability of absorbing two photons, at 

the same time, decreases with a potency of four the distance to the focal point. With such a low 

probability of absorption, in two-photon microscopy, fluorescence only happens at the focal point 

(Figure 13). 
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Figure 13: Two-photon fluorescence vs normal fluorescence. 

The blue scanning laser, in the left, excites fluorescence in an 

hourglass shape region. The scanning near-infrared pulsing 

laser, on the right, excites only a small portion of sample near the 

focal point of the objective. The same fluorescent marker was 

used in both experiments. [Photo from “1P vs 2P fluorescence 

imaging” by Steve Ruzin and Holly Aaron, The CNR Biological 

Imaging Facility, The University of California, Berkeley 

(http://microscopy.berkeley.edu/courses/TLM/2P/index.html)] 

Two-photon microscopy, like confocal microscopy, is a point-scanning technique
[45]

. Unlike 

confocal microscopy, in two-photon microscopy, due to the absence of out-of-focus fluorescence, no 

pinhole is needed. Without the pinhole, fluorescence coming from the focused point in the detector 

direction, even if it suffers minor scattering, will be captured. While this increases the signal, it also 

reduces the resolution slightly. 

The non-linear dependence of fluorescence means no out-of-focus fluorescence which results in 

the baseline fluorescence being almost inexistent. With this, even with a weaker signal compared to 

other techniques, two-photon microscopy has an excellent signal-to-noise ratio.  

Since it can’t achieve the resolution of confocal microscopy, two-photon microscopy is most suited 

for when tissue penetration in the sample is an issue or when the sample is thick (>200μm)
[49,50]

. 

 

Light-Sheet Microscopy 

Light-sheet microscopy is a technique where illumination of the sample is done by a sheet of light, 

orthogonal to the imaging path (objective axis)
[51]

. This sheet of light is scanned through the sample 

during the imaging process in such a way that only the plane being imaged is illuminated
[52–54]

. 

To do this, an objective with a piezo objective scanner, just like in wide-field microscopy, moves the 

objective and, coordinated with this movement, galvo-mirrors move the sheet of illumination. 

 

 

Figure 14: Light-sheet microscopy. 

The figure illustrates a schematic of the configuration of a light-sheet microscope. The light-sheet comes 

orthogonal to the objective axis and illuminates the plane in focus by the objective. [From “The principle setup of a 

light sheet fluorescence microscope” ©2012 by Jan Krieger, licenced under © CC BY-SA 3.0 

(http://creativecommons.org/licenses/by/3.0/) / Edits: Changed some labelling.] 

http://microscopy.berkeley.edu/courses/TLM/2P/index.html
http://creativecommons.org/licenses/by/3.0/
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The illumination sheet can be of two types: a static light sheet, created by a rectangular or a 

skewed Gaussian laser, or a virtual light sheet, created by combining a galvo-mirror and a Gaussian 

laser
[52,54,55]

. 

To have the virtual light sheet, the galvo-mirror moves the laser up to thousands of hertz. This 

movement is too fast for the camera to capture, and so, to the camera, it is like if the whole imaged 

plane was illuminated by a sheet of light. 

 

Figure 15: Static and virtual light sheets. 

[From “Light Sheet Microscopy” by © 2017 Morgridge Institute for Research 

(https://morgridge.org/research/medical-engineering/huisken-lab/light-sheet-microscopy/)] 

 

Virtual light sheets are a better option than the static light-sheets due to homogeneity in photon 

distribution
[55]

, considering Gaussian laser beams as a light source. 

By using a rectangular beam, the sheet will have a higher concentration of photons in the center. 

By using a virtual light sheet, since the same circular Gaussian beam covers the whole plane to 

create the virtual light sheet, the illumination for each line of the plane is homogeneous. Besides this, 

since photons are less disperse in the virtual light sheet, when this technique is applied with 

multiphoton excitation lasers, virtual light sheet is more efficient
[56]

. 

 

Light-sheet microscopy suffers from a space constrain problem non-existent in other techniques. 

The sample needs to be in the focal point of the objective and in the focal point of the lens creating the 

light sheet. Since each of these focal points are just a few millimetres away from the objective/lens, 

the space left for the sample is really small. 

 

In terms of imaging speed, for the same volume, light-sheet and wide-field microscopies will always 

be faster than confocal and two-photon microscopies. The reason for this is that, light-sheet and wide-

field microscopies, image the samples plane by plane, scanning it in one direction; while confocal and 

two-photon microscopies, image the sample point by point, scanning it in three directions. 

  

https://morgridge.org/research/medical-engineering/huisken-lab/light-sheet-microscopy/
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Selection of the Functional Fluorescence Microscopy Technique 

Table 1: Comparison between functional fluorescent microscopy imaging techniques. 

 
Wide-Field 

Microscopy 

Confocal 

Microscopy 

Two-Photon 

Microscopy 

Light-Sheet 

Microscopy 

Speed Fast Slow* Slow Fast 

Resolution Low Very High Moderate High 

Signal/Noise Low High High High 

Depth Penetration Moderate Moderate High Moderate/High** 

Sample Constrains Low Low Low High 

Cost Low Moderate/High*** High*** Moderate 

Illumination shape Sample Volume Hourglass Beam Point Sheet 

Key applications 
Fast volumetric 

imaging 

Very high-resolution 

volumetric imaging 

Volumetric imaging 

deep inside into non 

transparent tissue 

High-resolution fast 

volumetric imaging 

for small specimens 

* Methods like spinning disk, or scanned slit allow for faster speeds. 

** High when multiphoton excitation is used. 

*** The two-photon laser is expensive, but a really good confocal microscope can, altogether, be more expensive. 

 

Due to the fast imaging capability and high resolution, light-sheet microscopy is the most suited for 

this work. 

In terms of excitation strategy, once again, single-photon stimulation will be used over multiphoton 

stimulation. The reasons for this were already presented. 

 

By choosing light-sheet microscopy, the used animal model needs to have reduced dimensions 

due to the sample constrains of this technique. 

The fact that single-photon excitation is used, over multiphoton, for activating the optogenetic 

actuator and for activating the optogenetic reporter will have limitations in terms of tissue penetration. 

To minimize these limitations a transparent animal model would be ideal. 

 

1.3 - Animal Model 

Animal models are defined as a species that is used in an attempt to understand a particular 

biological phenomena
[57]

. In neuroscience, these models are used for experiments to prevent and treat 

cognitive, affective and physiological neuronal disorder. These animals undergo ethical approved 

experiments and, if possible, less cognitively complex animals, like zebrafish (Danio rerio) and 

Drosophila, are used over more complex animals like mammals
[58]

. 

Before performing any animal experiment, the concepts of Replace, Reduce and Refine (3Rs) is 

applied
[59]

: Replace) animal experiments should, when possible, be replaced by methods without 

animals. Reduce) use robust and reproducible methods that minimise the number of animals used per 

experiment. Refine) Use and develop methods that minimise animal suffering and improve welfare. 
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To select an appropriate species some practical characteristics needs to be met. These 

characteristics are a high throughput, fertility, development speed, amenability to genetic 

manipulation, availability of genomic and transcriptomic data and, mainly, the existence of a well-

established dedicated research community and data availability 
[60,61]

. 

Historically, a handful of model organism that meets the mentioned characteristics are established 

in neuroscience: humans, macaques, rats, mice, zebrafish, Xenopus, Drosophila and C. elegans
[60]

. 

Extensive databases of gene expression in these animals are already available and they are well-

established in neuroscience communities. 

From all these species, the most suited to apply a combination of optogenetic manipulation of 

neuronal activity and fFMI, in this work, is the zebrafish, Danio rerio. 

 

 

Figure 16: Neuroscience animal models. 

Representation of: (first row, from left to right) humans, macaques, rats and mice; (second row, from left to right) 

zebrafish, Xenopus, Drosophila and Caenorhabditis elegans. [Photos from various authors, licenced under © CC 

BY-SA 4.0 (http://creativecommons.org/licenses/by/4.0/)] 

 

Zebrafish as an Animal Model for Neuroscience 

Zebrafish is model organism with neuroanatomical landmarks and neurotransmitters systems really 

similar to mammals
[62,63]

. This model animal possess all the "classic" neurotransmitters found in 

vertebrates (glycine, GABA, glutamate, monoamines: dopamine, norepinephrin, epinephrin, 

serotonin)
[62]

 and it conserves major brain regions (like arcuate nucleus, preoptic area, cerebellum, 

raphe)
[63]

, most neuropeptides and immediate early genes
[63]

 (except the ARC gene, whose functions 

are done by the ortholog gene vps33b
[64]

). Zebrafish also conserve the functional domains of drugs 

targets present in mammals
[65]

 and has 70-80% gene homology with humans
[63]

. 

Over other vertebrates animal models, zebrafish has a low maintenance cost, it’s easy to operate 

and amenable to gene modifications. This fish also has a really fast development comparing with other 

vertebrates, since major organs are recognizable since 24h post fertilization and complex behaviour 

appears from 4 to 5 days post fertilization (dpf), such as prey capture, avoidance and phototaxis
[60]

. In 

comparison, all this developmental stages happen within the 21-23 days in gestation of rats
[66]

. 

Another important feature of the zebrafish is that it has almost all genome sequenced 

(ensemble.org), presenting multiple orthologues to human disease genes that are highly conserved in 

their functional domain
[65]

. This makes zebrafish a good model to identify molecular-genetic pathways 

http://creativecommons.org/licenses/by/4.0/
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associated with behavioural responses
[65]

 and extrapolate the results to humans and other 

mammals
[60]

. Overall, zebrafish conserves the most basic brain features of other vertebrates, being a 

pertinent model for comparison with humans. 

With all the genome sequence and a dedicated community, a lot of defined promoters specific for 

targeting any neuron (e.g. Elavl3
[67]

) and/or types of neurons (e.g. Isl2b
[68]

) are already known in this 

model. This facilitates the expression of both optogenetic actuators and reporters in target neurons
[69]

. 

 

All the features mentioned above makes zebrafish a really strong candidate for this work. But the 

key features that leads to the selection of zebrafish over other models, are specific advantages that 

zebrafish brings for this work. 

Zebrafish, especially in larvae state (Figure 17), have a small size, have no skull and are 

transparent (to a certain level in wild-type and totally transparent in casper mutants). These 

characteristics are, all around, distinctive features of this animal model
[60,63]

. 

These characteristics allow for non-invasive projection of light for imaging and for optogenetic 

manipulation into the whole-zebrafish brain. These characteristics also reduce the necessity of 

multiphoton excitation compared with other models.  

Figure 17: Zebrafish larvae, 2 dpf. 

A wild-type zebrafish larva is represented above and a casper mutant 

bellow. [Photo by Patricia Pais, Max Plank Institute for Biological 

Cybernetics] 

 

 

1.4 - Work Concept 

Main Objective 

One important goal in neuroscience is to unravel the contribution of individual neurons to circuit 

function and behaviour
[70–73]

. Understanding how the brain processes sensory information and selects 

the appropriate behavioural output is a key part of this goal. 

Using modern functional imaging techniques one can correlate individual neurons activity to 

behavioural and external stimuli
[52,72,74]

, for large volumes of brain
[29]

. This correlation is useful to 

identify and localize neurons but can’t prove causality between a neuron’s firing and activity in other 

neurons
[75]

. To test and validate such relationships neuroscience uses, among other techniques, 

optogenetics, a technology with the ability to, using light, precisely manipulate a desired neuron’s 

activity and record the repercussions of this perturbation of activity on neural ensembles and 

behaviour. 

The main objective of this work is to, by using the newly introduced optogenetic manipulation, 

develop a tool that can be used to tackle the causality problem between a neuron’s firing and activity 

in other neurons at a whole-brain level.  
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The developed tool needs to have two important capabilities in order to achieve the desired 

objective: 

- Deliver light into the zebrafish larvae brain for optogenetic manipulation. This light needs to be 

delivered, in such a way that it only illuminates a designated region and that this region can be 

easily and rapidly be changed in time. 

- Image the neuronal activity throughout the whole-brain rapidly and with single cell resolution, in 

order to record the outcome of the optogenetic manipulation. 

 

The first step for walking towards the main objective of this work is to analyse the available 

resources. 

 

fFMI technique 

The first resource to be covered will be the fFMI technique selected, light-sheet microscopy. To 

address the objective of this work, a readout method for imaging the whole-brain activity with single-

cell resolution, is needed. The question is if light-sheet microscopy can be used for this end. 

In 2013, Ahrens et al.
[52]

 managed to achieve this deed with light-sheet microscopy, for the first 

time, by imaging a volume of 800x600x200 μm
3
 (almost the whole zebrafish brain), with single cell 

resolution, in 1.3 seconds. Two years later, in 2015, Chhetri et al.
[76]

 went even further by showing 

that, with a more sophisticated light-sheet microscope, the imaging of the whole zebrafish brain, with 

single cell resolution, was possible. Hence, light-sheet microscopy can be used for the objective of this 

work. 

Based in the work of Ahrens et al.
[52]

, previously, the lab built a custom made digital light-sheet 

microscope with one imaging path (green light – 509 nm) and one illumination path (blue light – 473 

nm), capable of whole-brain imaging with single cell resolution in zebrafish larvae. Due to the 

expensive nature of these microscopes, this pre-existing tool was used for the imaging path of this 

work. 

 

Optogenetic Reporter 

With the light-sheet microscope selected, the optogenetic reporter is the next resource to cover. 

Without this tool to report neuronal activity, the light-sheet microscope is useless as a readout method. 

In terms of optogenetic reporter, it was already stated that GCaMP type calcium reporters are the 

best option due to being a single FP-based. For the specific type of GCaMP to be used in this work, 

GCaMP6f, one of the GCaMP with the fastest kinetics and the fastest in the CGaMP6 family, was 

selected
[77]

. While not the brightest or more sensible GCaMP reporter available (GCaMP7
[40,78]

 and 

GCaMP8
[40]

), this optogenetic reporter, due to its speed, is especially suited for light-sheet microscopy. 

GCaMP6f (being based on GFP
[77]

) absorbs radiation at 473 nm and emits at 509 nm, which allows 

it to be used with the existing custom light-sheet microscope. This reporter is expressed in neurons of 

zebrafish lines available at the Champalimaud Foundation vivarium. 
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Optogenetic Actuator 

Based on the optogenetic reporter and the imaging technique, a suitable optogenetic actuator can 

be selected. 

In terms of optogenetic actuator, it can’t be activated by radiation with 473 nm or 509 nm. The 

optogenetic tools that are less sensitive to these wavelengths are Chrimson/ChrimsonR for activation 

and Jaws or NpHR for inhibition (Figure 4)
[5,26,69]

. Since calcium reporters sense action potentials, 

Chrimson or ChrimsonR, that induce action potentials, are adequate for this work. 

At the Champalimaud Foundation vivarium, there are lines of zebrafish expressing ChrimsonR, 

developed by Rita Esteves, 2016
[1]

, that will be used for this work. 

 

Light Delivery Path 

With the optogenetic actuator selected, a light delivery path to manipulate activity of neurons 

expressing ChrimsonR needs to be built. 

As stated before, this light delivery system will use direct projection to target neurons. Since such a 

tool is not available in the lab, the first step to walk towards the objective of this work is to formulate 

and build this light delivery path. 

The formulation of this light delivery path will be covered in the “Setup Formulation” chapter of this 

work. The light delivery path planed needs to be able to project a patterned beam of light to the 

zebrafish brain, targeting the desired regions for optogenetic manipulation. The pattern in the beam 

should be changed easily and rapidly if needed. 

 

Packer Conditions 

To combine fFMI with optogenetic manipulation three challenging conditions need to be met, as 

stated by Packer et al., in 2013
[7]

: 

1. The action spectrum of the optogenetic reporter can’t overlap with the action spectrum of the 

optogenetic actuator. 

2. Neurons in the animal model need to express reliably both fluorescent reporters and actuators. 

3. A complex light path for the fluorescence microscopy imaging needs to be combined with a 

complex light path for the delivery of light into neurons expressing the optogenetic actuator. 

 

Considering the resources available, let’s address these three conditions: 

- The first condition was already overcome in the selection of the adequate optogenetic tools. 

- For the second condition, overcoming it depends on crossing the right zebrafish lines, which 

will be covered in the “Materials and Methods” chapter and finding the right conditions to 

activate the optogenetic actuator of those zebrafish lines. 

- For the third condition to be met, the light delivery path to be developed in this work will have to 

be successfully combined with the custom built light-sheet microscope present in the lab. 
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Main Objective Summary 

Summarizing, the main objective of this work will consist in: 

1. Formulating a light delivery path for the optogenetic manipulation using a digital micromirror 

device. This device projects a patterned beam into the zebrafish larvae brain. The pattern on 

the beam allows for the targeting of different neuronal regions simultaneously and a rapid 

change of these regions in time. 

2. Combining the formulated light delivery path with a custom light-sheet microscope capable of 

recording whole-brain activity with single cell resolution in zebrafish larvae. 

3. Apply the novel setup by imaging zebrafish larvae, expressing GCaMP6f and ChrimsonR, 

neuronal activity in response to an optogenetic manipulation stimulus. 

 

Secondary Objective 

Direct tracking of behaviour can be used as a readout of optogenetic manipulation to unravel the 

contribution of individual neurons to behaviour
[11]

. 

With this in mind, a second tool was developed for the lab, using only the formulated light delivery 

path for optogenetic manipulation and cameras to record and track the zebrafish larvae tail movement. 

Without the limitation of the action spectrum of fluorescent reporters, the illumination path in this 

second tool will be design to allow simultaneous optogenetic manipulation with 635 nm and 473 nm 

light. 

This tool will be used to test the light distribution path formulated and to test illumination conditions 

for the activation of ChrimsonR in the newly developed transgenic zebrafish lines
[1]

. 

 

State of the Art 

Multiple publications in the last years report the combination of a projection light delivery system for 

optogenetic manipulation with fFMI as a readout method. Some of this publications are Arrenberg et 

al.
[79]

, 2010, that aims to localize cardiac pacemaker control neuronal cells expressing optogenetic 

actuators in the zebrafish heart; Warp et al.
[80]

, 2012, that studies rhythmic behaviour in zebrafish; Zhu 

et al.
[32]

, 2012, that studies the escape response in zebrafish; Lin et al.
[23]

, 2014, that studies the usage 

of the red-shifted optogenetic actuator ReaChR for deep transcranial optogenetic manipulation in 

mice; Klapoetke et al.
[24]

, 2014, which reports the expression of the optogenetic actuators Chrimson 

and Chronos in mouse models, with the independent activation of each actuator; Packer et al.
[81]

, 

2014, which combines two-photon microscopy and red-shifted optogenetic actuators to interrogate 

neurons output un small regions of the mouse brain; Förster et al.
[69]

, 2017, that aims to decipher both 

functional and structural interconnectivity of cell types in the optic tectum of zebrafish larvae. 

 

Despite the various publications on the subject, the setups developed could only image neuronal 

activity resulting from optogenetic manipulation in a limited number of neurons confined in small 

regions of the brain. 
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Imaging of large volumes of the brain would only be reported in 2017, with two publications that, by 

developing more complex setups, combined two-photon microscopy with holographic projection of 

light for optogenetic manipulation: 

The first publication, by Yang et al.
[82]

 (April of 2017), used multiphoton optogenetic manipulation of 

neuronal activity to suppress the pyramidal neurons response to visual stimulus in mouse neocortex, 

in vivo. The study imaged 3 planes across a volume of 240x240x100 μm
3
. The procedure was 

intrusive, with the mouse fixed to the microscope by the head. 

The second publication, by Maschio et al.
[30]

 (May of 2017), used the same strategy as the previous 

study, except that the animal model was the zebrafish and the objective was to question how neurons 

belonging to the nucleus of the medial longitudinal fascicle in larval zebrafish drive ipsilateral tail 

bends. In their work they used unparalysed zebrafish and GCaMP6 to image across the brain. In the 

study a reduced region of 200x200x250 μm
3
 could be imaged in 6 seconds. 

In both this works, two-photon microscopy was used. This allows for a high signal-to-noise and a 

deep tissue penetration, but comes with a cost in imaging speed and imaged volume. Due to this, the 

setups developed by these publications were not design for whole-brain imaging neuronal activity. 

 

Original Contributions 

This works develops a tool that contributes to neuroscience with the capability of optogenetic 

manipulation by illuminating multiple brain regions simultaneously while easily and rapidly changing 

these regions in time, and, at the same time, imaging the outcome of the optogenetic manipulation, at 

the whole-brain level, with single cell resolution, using light-sheet microscopy. 

 

Simultaneously, this work also develops a second tool for the lab which is able to activate 

simultaneously, optogenetic actuators with 635 nm and 473 nm light. While the combination of more 

than one wavelength for activation of optogenetic actuators was already reported before, in works 

such as Shipley et al.
[83]

 (473 and 561 nm) and Trojanowski
[84]

 et al. (473 and 532 nm), to the author’s 

knowledge, the second developed tool in this work is the first simultaneously being able to activate 

optogenetic actuators with 635 and 473 nm, which allows the usage of red-shifted optogenetic 

actuators. 

 

The objectives and achievements of this work were already exposed to the scientific community in 

form of a poster, presented at the global neuroscience and ontology event: Champalimaud Research 

Symposium 2017 (https://symposium.research.fchampalimaud.org). The poster was done together 

with Rita Esteves, containing also her work on the development of zebrafish lines expressing 

ChrimsonR and Jaws
[1]

. The poster can be seen in the “Champalimaud Research Symposium 2017 

Poster” section in the Supplemental Materials.  

https://symposium.research.fchampalimaud.org/
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2 - Materials and Methods 

2.1 - Materials 

Devices and Optical Components 

Digital Micromirror Device 

A digital micromirror device (DMD) or digital light projector (DLP), 

from Texas Instruments (model DLP3000) was used as an 

amplitude modulator to transform an incident laser beam into a 

patterned beam (Figure 18). The micromirror screen was part of a 

DLP® LightCrafter
TM

 Evaluation Module, from Young Optics, 

containing all the hardware needed to manipulate the micromirrors 

position.  DLP LightCrafter Control Software 5.0, from Texas 

Instruments, was used to control the micromirrors. 

The DMD has 684x608 digitally-controlled mechanical aluminium 

micromirrors condensed in a 7 cm x 4.6 cm screen. These 

micromirrors can be switched between 3 positions, a default flat 

position (0⁰) and an on and off positions at 12⁰ and -12⁰, respectively (Figure 19). 

 

Figure 19: Micromirrors characterization. 

 (a) – zoomed image of a digital micromirror device screen without a protection cover. (b) – micro-fabricated 

structure below a single micromirror with the identification of the main components: the hinge (red line), the 

electrodes and the mechanical stops. (c) – schematic illustration of a single micromirror structure and positions. 

[From “Scheme of the DMD-based torsional testing micromachine” ©2016 by Chenchen Jiang, Dayong Hu and 

Yang Lu
[31]

, licenced under © CC BY-SA 4.0 (http://creativecommons.org/licenses/by/4.0/) / Edits: original image 

segmented and removed unnecessary labelling] 

Lasers 

For this work, three lasers from Changchun New Industries Optoelectronics Technology Co., Ltd. 

were used: 

- MBL-III-473/1~100mW (blue light - 473 nm; 1.45 mm beam diameter; ~88 mW/mm
2
); 

- MLL-III-635L~200mW (red light - 635 nm; 0.85 mm beam diameter; ~453 mW/mm
2
); 

- PGL-V-H-635~800mW (red light - 635 nm; 0.75 mm beam diameter; ~1811 mW/mm
2
). 

Figure 18: Digital light projector 

http://creativecommons.org/licenses/by/4.0/
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Lenses 

The lenses used in this work were all from Thorlabs
TM

 and selected based on their focal length. All 

the lenses had an anti-reflective coating for the 350-700 nm range. This coating maximized the yield of 

transmitted light within that spectrum, by minimizing reflection. 

 

The focal length (f) gives the distance between the lens and the focal point (F) of the lens. The 

focal point is defined as the axial point from where any incident ray traveling parallel to the axis will, 

after refraction on the lens, proceed toward, or appear to come from
[27]

 (Figure 20). 

 

Convex lens in the left and a concave lens on the right [From 

“Focal Length” ©2012 by Henrik, licenced under © CC BY-SA 

3.0 (http://creativecommons.org/licenses/by/3.0/) / Edits: 

Segmented the figure.] 

 

Lenses, in this work, were used to resize the laser beam. To do this, a combination of 2 lenses with 

the focal lengths of fA and fB is used to change the initial diameter of the laser (LDi) to a new diameter 

(LDf), according to Equation 1. 

 𝐿𝐷𝑖 = 𝐿𝐷𝑓 ×
𝑓𝐵

𝑓𝐴

 Equation 1: laser resize 

 

Deduction of Equation 1: 

In Figure 21, which was done following the definition of focal length of a lens
[27]

, the red and yellow 

triangles represented are similar. Due to this, tan(θ) is given simultaneously by LDi/(2fA) and LDf/(2 fB). 

From this equality Equation 1 can be deducted. 

 

Figure 21: Schematic to deduct Equation 1. 

The figure was schematic was made according to the definition of focal length and with light traveling from the left 

to the right. 

 

Important Note: To the combination of two lenses used to change the size of the laser diameter 

accordingly to Equation 1, from now on will be referred as a telescope lens combination, if it increases 

the laser radius, or a microscope lens combination, if it decreases the laser radius. These 

designations will always be preceded by the number of times the pair of lenses is 

increasing/decreasing the radius. 

Figure 20: Focal point 

http://creativecommons.org/licenses/by/3.0/
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Objective 

An infinity 20x Olympus XLUMPLFLN, 1.00 numerical aperture, 2.0 mm working distance in water, 

objective from Olympus was used. The objective is the most expensive and one of the most important 

optical parts in the optic path. 

 

The objective defines the maximum theoretical resolution, the resolving power. To calculate the 

resolving power, the numerical aperture (NA) and the wavelength of the radiation is needed. In this 

work there are three main wavelengths in play, the absorption and emission of GCaMP at 473 and 

509 nm, respectively, and the absorption of ChrimsonR at 635 nm. Using Equation 2, the resolving 

power obtained with this objective is ~0.28, ~0.31, ~0.39 μm, for 473, 509 and 635 nm respectively. 

 

 𝑟𝑝 = 0.61 × 𝜆 𝑁𝐴⁄ [27]
 Equation 2: resolving power 

 

rp (resolving power); λ  (wavelength); NA  (numerical aperture); 

n  (refraction index of the immersion medium); θ  (angle of the illumination cone). 
 

By being an infinity objective, rays of light coming from the working distance of the objective 

become parallel to each other when leaving the objective. These rays, at some point, meet a lens 

designated has a tube lens that focus them into a camera or the user eye (Figure 22).  

Figure 22: Infinity objective + tube lens configuration. 

 

 

The tube lens is what defines, together with the objective, the magnification of the system. The 20x 

magnification indicated by the producer is for a 180 mm focal length tube lens. To calculate the 

magnification using a different focal length tube lens, Equation 3 can be used. 

 𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑎𝑡𝑖𝑜𝑛 = 20 180⁄ × 𝑓𝑜𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
[27]

 Equation 3: magnification 

 

Mirrors and optomechanics 

Silver mirrors from Thorlabs
TM

 were used to redirect the light path accordingly to the law of 

reflection
[27]

 (Equation 4). 

 𝜃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 = 𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑
[27]

 Equation 4: law of reflection 

 

Optomechanics designated a vast collection of pieces that include structure pieces, mountings for 

lenses and mirrors, support breadboards and alignment pieces; all from Thorlabs
TM

. 

Long-pass and short-pass mirrors 

The last optical component to introduce is the dichroic mirrors or long-pass/short-pass mirrors. 

These mirrors are regular mirrors on which different coatings are applied in order to reflect certain 

wavelengths while letting others through. Long-pass mirrors reflect small wavelengths and let long 

wavelengths through, while short-pass mirror work the other way around. 

These mirrors were selected either from Thorlabs
TM

 or from Edmund Optics Inc, according to the 

needed spectrum of reflected and transmitted wavelengths. 
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Animals and Solutions 

Zebrafish Lines 

Lines used in this work rely in the Gal4-UAS binary system for expression regulation. In this 

system, the yeast transcriptional activator Gal4 is used to activate expression of genes regulated by 

the UAS promoter
[85]

. This way, by using drivers (promoters expressed in specific cells) to regulate 

Gal4 and having the desired gene being regulated by the UAS promoter, allows for a targeted 

expression of the desired gene. This system is a powerful tool in expression of transgenes in animal 

models like Drosophila and zebrafish (Figure 23). 

To regulate the Gal4 expression the neuronal drivers Elavl3 and Isl2b were used. Elavl3 driver is a 

natural zebrafish promoter activated in almost all neuronal cells
[67]

, and Isl2b driver is a promoter 

expressed in the trigeminal sensory neurons
[68]

. 

 

Figure 23: Gal4-UAS system. 

A Drosophila with UAS:GFP is crossed with a Drosophila with RE:Gal4. The offspring can be negative for both 

UAS:GFP and RE:Gal4 (+/+), positive for one of them or positive for both cases. In the last situation the 

drosophila will express GFP in the cells that express Gal4, where the regulatory element/diver (RE) is activated). 

[From “GAL4 system in Drosophila: A fly geneticist's Swiss army knife” ©2002 by Joseph B. Duffy
[86]

, licenced 

under © 2002 Wiley-Liss, Inc.] 

 

The zebrafish lines used in this work are indicated below. The construct nomenclature is given by: 

“Tg(regulatory sequence: coding sequence)”, where Tg stands for transgene. This nomenclature 

follows the ZFIN zebrafish nomenclature guidelines (zfin.org – The Zebrafish Information Network). 

 

Zebrafish Lines: 

  

Zebrafish: Tg(Elavl3:Gal4; UAS:GCaMP6f; 10xUAS:ChrimsonR-TdTomato*) 

Progenitors: Tg(Elavl3:Gal4; UAS:GCaMP6f) x Tg(10xUAS:ChrimsonR-TdTomato*) 

  

Zebrafish: Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato*) 

  

Zebrafish: Tg(Isl2b:Gal4; 10xUAS:Reach) 

  

(*TdTomato is a fluorescent protein used to identify individuals expressing ChrimsonR) 
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Solutions 

 

- (50x) E3 medium: Milli-Q water with 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 

mM MgSO4
[87]

, pH 7.2. Sterilized. 

- Methylene blue solution: Milli-Q water with 0.01% methylene blue powder. 

- E3+methylene blue medium: Milli-Q water with 2. vol% (50x) E3 medium, 0.3 vol% methylene blue 

solution. Sterilized. 

- α-bungarotoxin solution:  Milli-Q water with bungarotoxin 2 mg/ml. 

- Agarose solution: Milli-Q water with 1.6% UltraPure LMP Agarose, Invitrogen. 

 

2.2 - Methods 

Animal Care 

Zebrafish were reared in a 14/10 hour light/dark cycle, at 28⁰C and 50-60% air humidity. The fish 

larvae were kept on sets with a maximum of 35 individuals per dish, with E3+Methylene Blue medium, 

at physiological pH and salinity. Due to the expression of optogenetic tools sensible to visible light, the 

embryo dishes were kept protected from direct illumination. 

Handling of the animals and experimental procedures were approved by the Champalimaud 

Foundation Ethics Committee and the Portuguese Direcção Geral Veterenária. Every experimental 

procedure followed the European Directive 2010/63/EU
[88]

. 

 

Crossing and Screening for Expression 

Zebrafish larvae age is defined in days post fertilization (dpf). Eggs are laid and fertilized at 0 dpf 

from a couple of progenitor Zebrafish paired overnight the day before. 

At 3 dpf, zebrafish larvae are screened by looking at the target neurons fluorescence (green for 

GFP tag and red for TdTomato tag). Both positive and negative fish for the fluorescence were kept for 

experimentation, with the negative fish being used as controls. 

The screening was done with fluorescence microscopy using a PentaFluor-equipped V8 

stereoscope from Zeiss. 

 

Setup Alignment 

All setups developed in this work had their optical paths aligned. This alignment consisted in 

minimizing optical aberrations by making the various optical parts be in the same axis. There are two 

main types of optical aberrations: off-axis aberrations and on-axis aberrations
[27]

. 

 

Off-axis aberrations happen due to misalignment in the optical path. It consists in distortions in the 

light beam induced by optical parts not being in the same axis
[27]

. These distortions can result in three 

effects: coma, astigmatism and field curvature. 
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To understand these three effects let’s consider the following example: If a point of light goes 

through a lens and comes out on the other side with a comet shape, it is suffering a coma effect; if it 

comes out skewed (oval shape) it is suffering an astigmatism effect; if it comes out with a curvature in 

its shape it is suffering a field curvature effect. The field curvature effect is better described with the 

following image: 

Figure 24: Field curvature aberrations. 

The image on the left is suffering a pincushion field curvature 

aberration. The image on the right is suffering a barrel field 

curvature aberration. The middle image has no aberration.  

 

On-axis aberrations happen due to misalignments in the lenses positions relative to each other or 

due to defects in any of the optical path components
[27]

. These aberrations can be chromatic or 

spherical. Chromatic aberration consists in different wavelengths having different focal points when 

suffering diffraction throw lenses. This is an issue for which lens are usually corrected. Spherical 

aberrations happen due to interference between photons provoked by misalignment or defects. 

 

Figure 25: Example of spherical and field curvature aberrations in this work. 

On the left can be seen an on-axis spherical aberration. The image was supposed 

to be a rectangle, but, due to misalignment, halos typical of spherical aberrations 

started to appear. These halos happen due to destructive or constructive 

interference between out-of-focus photons. On the right is represented a pincushion 

field curvature aberration. 

 

Alignment was done by hand for every setup described in this work. The evaluation of the level of 

aberrations was done visually, by analysing the status of the beam going into and coming out of every 

optical piece in the optic path. This evaluation was always done from the light source, laser, into the 

final destination of the beam. 

When the beam looked to be aligned, the result was checked by more experienced colleagues in 

order to evaluate the projection quality. 

 

Protocols 

Zebrafish Immobilization 

Zebrafish larvae varying from 4 to 7 dpf were embedded in agarose solution, on a sylgard (Dow 

Corning) dishes. After 1 to 5 minutes embedded, when the agarose gelled, the gel was cut to assume 

one of the configurations in Figure 26 and the dish was filled with (50x) E3 medium. 
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Figure 26: Agarose embedded zebrafish configurations. 

Each configuration in the figure was used for a specific experiment. When behaviour assays which require the fish 

larvae to move his tail, were needed, the tail free configuration was assumed. When the fish was to be imaged by 

light-sheet microscopy, the path followed by light-sheet into the zebrafish head/brain and out needed to be free so 

agarose wouldn’t absorb and scatter the light. In this case the light-sheet path free configuration was used. The 

light-sheet path and tail free configuration was not used in this work, since fish used for light-sheet microscopy 

were paralyzed, but it allows for light-sheet imaging while doing behaviour assays since the fish can move its tail. 

 

While the agarose constrains the larvae, so it can be placed be below the objective, the larvae is 

still able to slightly move within the agarose. When fFMI is used to image the zebrafish brain with 

single cell resolution, small movements lead to movement artefacts in the imaging results. These 

artefacts can only be partially corrected, and the process is highly computationally demanding
[89]

. 

 

To reduce the amount of motion artefacts, the zebrafish larvae used in light-sheet microscopy were 

paralyzed. This was done by embedding the larvae in a few drops of α-bungarotoxin solution. After 5 

minutes in the drops, the larvae were washed with (50x) E3 medium, and then embedded with the 

agarose solution, following the protocol described above. 

α-bungarotoxin is a neuromuscular blocker that causes paralysis after an irreversible binding to 

nicotinic acetylcholine receptors
[90]

. This means that it blocks synapses at the neuromuscular junction, 

promoting paralysis
[91]

. This procedure, at a short term, results in zebrafish having normal behavioural 

neuronal activity but with the absence of movement
[90]

. 

 

Optogenetic Manipulation with Light-sheet Imaging 

A Tg(Elavl3:Gal4; UAS:GCaMP6f; 10xUAS:ChrimsonR-TdTomato) zebrafish larvae with 6 dpf and 

a 7 dpf fish from the same clutch, but negative for ChrimsonR - Tg(Elavl3:Gal4; UAS:GCaMP6f), were 

paralyzed with α-bungarotoxin and immobilized in agarose with a light-sheet path free configuration 

(Figure 26). 

These zebrafish were placed under the custom build light-sheet microscope coupled with a 635 nm 

optogenetic manipulation module for imaging of neuronal activity while projecting light into the 

zebrafish brain for optogenetic manipulation. 
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The neuronal activity was recorded at one plane of the brain (with the high of 1 millimetre), with a 

frequency of 50 Hz. Before starting any session, the zebrafish larvae would have the light sheet laser 

turned on for 5 minutes in order to get used to ambient light levels and light patterns induced by the 

light sheet laser. 

 

The optogenetic manipulation was done using as a stimulus a 260x170 μm rectangular column of 

light (635 nm) projected into the zebrafish larvae brain in 4 different positions/patterns (Figure 27). 

The experimental procedure consisted in flashing each of the 4 patterns into the zebrafish brain 7 

times, for 10 milliseconds each, every 40 seconds with a power of 15 mW/mm
2
.  

 

Figure 27: Optogenetic manipulation with light-sheet imaging stimulus. 

A) Figure illustrating a 4x4 chessboard projected by the light delivery system for optogenetic manipulation. The 4 

rectangles latter used for the stimulus are the four central rectangles of the chessboard. 1, 2, 3, 4) Example of the 

4 patterns projected into the 7dpf zebrafish larvae brain, seen from bellow the fish. The projection is done from 

above, so what is showed is the projected light going through the fish. Below each image is a schematic showing 

the zebrafish shape and the projected light shape. 

 

The Tg(Elavl3:Gal4; UAS:GCaMP6f; 10xUAS:ChrimsonR-TdTomato) zebrafish larvae was imaged 

for 20 minutes in a two-photon microscope to map the cells expressing the optogenetic actuator 

ChrimsonR, at the whole-brain level. 

Optogenetic Manipulation to Test the Light Delivery System 

A reflexive behaviour assay was used to test the light delivery system developed. For this assay, 4 

and 5 dpf Tg(Isl2b:Gal4 10xUAS:Reach) zebrafish larvae, that express the optogenetic actuators in 

the trigeminal sensory neurons, were used. As a control group, larvae from the same clutch, that didn’t 

express Reach, were used. 

 

The optogenetic manipulation was done by projecting a 130x85 μm rectangular column of light 

(473 nm) into the zebrafish larvae brain, in 2 different positions/patterns (Figure 28).  
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The experimental procedure consisted in projecting one of the two patterns, ten times, into the 

zebrafish brain, with 5 seconds between repetitions. After this, the procedure was repeated to the 

other pattern. The duration of the projection of each pattern was of 50 milliseconds, with a power 

varying between the values of 10 and 15 mW/mm
2
.  

 

For the behaviour assay, tail movement was tracked with custom made software available at the 

lab. For the tracking of the tail movement, a camera captured the fish movement at 700 frames per 

second. 

 

The fish used in this behavioural assay fish were immobilized in agarose with a tail free 

configuration (Figure 26). 

 

 

Figure 28: Optogenetic manipulation behaviour assay. 

A, B) Examples of the 2 patters being projected into a 6 dpf zebrafish larvae brain. Photos taken from bellow the 

larvae and stimulus projected from above. In blue is highlighted the shape of the zebrafish larvae. C) Wide-field 

microscopy photo from above the fish, showing the trigeminal sensory neurons marked with TdTomato 

(highlighted in blue). 

 

Optogenetic Manipulation to Test ChrimsonR Activation Conditions 

6 dpf Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato) zebrafish larvae were used to test the 

ChrimsonR activation conditions. The control group was from the same clutch, but didn’t express 

ChrimsonR. 

The experimental procedure was the same as the described for the optogenetic manipulation to 

test the light delivery systems but with the light power of the projection varying between 5, 10 and 15 

mW/mm
2
. 
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3 - Setup Formulation 

3.1 - Prototype Setup 

Light Delivery System Formulation 

As stated in the introduction, a light delivery system for optogenetic manipulation using a single-

photon excitation direct projection method needed to be formulated and built. 

The developed light delivery system was based in the setup by Zhu et al.
[32]

, and follows a structure 

consisting in: 

- A laser as a light source; 

- A combination of two lenses to change the laser radius by using Equation 1. This change in 

the radius aimed to change the laser diameter to match the size of the digital micromirror 

device screen (amplitude light modulator); 

- A digital micromirror device (DMD) to split the laser beam into two patterned beams. The 

undesired patterned beam is nullified into a beam dump (optomechanical piece that absorbs 

light hitting on it); 

- Another combination of two lenses to resize the patterned beam; 

- A tube lens to focus the resized patterned beam into the objective; 

- An objective to scale down and project the patterned beam, into the sample with a columned 

shape. The columned shape is necessary to assure that the 2D resolution for every plane of 

the sample is more or less the same. 

In this structure, the key feature is the usage of the amplitude light modulator, the digital 

micromirror device (DMD). This piece of equipment transforms a laser beam into a patterned beam, 

allowing targeting specific regions on the zebrafish brain simultaneously. This device also allows 

changing the projected pattern extremely rapidly for a dynamic optogenetic manipulation. 

 

Following this structure, a prototype tool was designed (Figure 29) and built (Figure 30). The 

objective of this prototype was to check if the pattern projection into the zebrafish brain was 

successful, allowing for the stimulation of the optogenetic tools and targeting of neurons. 

 

Figure 29: Prototype schematics. 

In the figure lenses are represented by “F”, followed by the focal length in mm. The light path follows the direction 

from the source (laser 473 nm) to the zebrafish head. 
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Figure 30: Prototype tool for pattern projection. 

The photo on the left shows the prototype and the image on the right shows the laser path identifying the laser, 

objective and digital micromirror device (DMD). 

 

In the following grey section, the prototype light path will be described: 

 

The prototype design (Figure 29) starts with a 473 nm laser with a diameter of 1.45 mm going 

through a 5.83x telescope to increase its diameter to ~8.45 mm in order to cover the whole DMD 

screen. The DMD screen has the dimensions of 7 mm by 4.6 mm. According to the Pythagorean 

Theorem, the diagonal of the screen has ~8.4 mm, which is within the laser beam diameter after the 

5.83x telescope.  

 At this point, due to spatial constrains, the light is redirected into the DMD by Mirror 1. The laser 

should hit the DMD at 24⁰ relative to an orthogonal line to the default DMD mirrors position(Figure 31), 

in order to maximize the efficiency of the reflection
[32]

. 

Beam dumps are positioned to capture laser reflection when the DMD is turned off (micromirrors in 

default 0⁰), to capture the undesired patterned projection (from the off position micromirrors, -12⁰) and 

to capture the overflow of the DMD screen. 

 

Figure 31: DMD micromirror laser reflections 

Law of reflection (Equation 4) applied to the laser beam going into the DMD screen with a 24⁰ angle. The image 

on the left shows the path of the beam hitting a micromirror in the on (12º) position; the middle image shows the 

path of the beam hitting a micromirror in the default (0⁰) position; the right image shows the path of the beam 

hitting a micromirror in the off (-12⁰) position. 
 

 

After being reflected by the DMD screen, the patterned beam has a maximum size of a 7 mm by 

4.6 mm rectangle. It then goes through a 3.3x telescope that increases it into a ~23.1 mm by 15.2 mm 

rectangle. 

Laser 
Objective 

DMD 



36 
 

After the 3.3x telescope, the pattern goes through a 250 mm tube lens and the 20x Olympus 

XLUMPLFLN objective. According to Equation 3, this combination reduces the size of the rectangular 

beam to an 832 μm by 546 μm rectangle, which is projected into the zebrafish brain (Figure 32). 

 

 

Figure 32: Prototype patterned projection. 

A) 14x8 chessboard beam projection at the working distance of the objective. B1) Projection of a 879x784 

rectangle of light into a 7dpf zebrafish larvae brain. Photo taken from bellow the fish larvae while the pattern was 

projected from above the fish larvae. B2) B1 photo with the zebrafish shape highlighted. 

 

Figure 33: Projection from a DMD obtained by Zhu et al.
[32]

 

Photo from the projection of a 15x4 chessboard in the light delivery system of Zhu et al.
[32]

. [From “High-resolution 

optical control of spatiotemporal neuronal activity patterns in zebrafish using a digital micromirror device” ©2012 

by Zhu et al.
[32]

, licenced under © 2012 Nature America, Inc.] 

 

When comparing the obtained pattern (Figure 32 - Image A), with the projection obtained by Zhu et 

al.
[32]

 (Figure 33), besides the scale and the exposure differences, the patterns are similar. Since the 

obtained projection was similar to the bibliographic reference and it was align, according to visual 

evaluation of the light beam by the author and more experienced colleagues, the projection was 

considered successful. 

While the pattern was successfully projected into the zebrafish brain the covered area was small. 

The goal was to have the maximum size of the patterned beam (all the micromirrors in the “on” 

position) covering the entire brain/head of the fish.  

To solve this issue, the F250 tube lens in Figure 29 was switched to a 200 mm focal length tube 

lens. This changed the size of the maximum projected rectangle from 832 μm by 546 μm, to 1039 μm 

by 683 μm (Equation 3), enough to cover the whole zebrafish larvae head (Figure 34). 

 

 

Figure 34: Prototype projection corrected with a 200 mm tube lens. 

A) 1039 μm by 683 μm rectangular projection. B) 14x8 chessboard projection. C) 4x4 chessboard projection. D) 

1039 μm by 683 μm rectangle projection into 7dpf zebrafish larvae. E) 1039 μm by 683 μm rectangle projection 

into 7dpf zebrafish larvae with a small exposure. F) 4x4 chessboard projection into 7dpf zebrafish larvae with a 

small exposure. The scale bars mark 500 μm. 
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The prototype successfully projected a pattern into the zebrafish brain (Figure 34, Image F), 

allowing for the targeting with light of specific regions of the zebrafish brain. Since Image F (Figure 34) 

was a picture taken from bellow the zebrafish, it can be seen that the pattern suffers minimal 

scattering (compare pattern in image C with image F - Figure 34).  

Notice that the edges of the final projection were cut off. This problem could easily be solved by 

reducing the projection size. Unfortunately, this could not be done since the 683 μm side of the 

projection was already at the edge of the zebrafish larvae head.  

 

3.2 - 635 nm Optogenetic Manipulation Module 

Integrating Optogenetic Manipulation with Light-sheet Microscopy  

With the structure of the light delivery system for optogenetic manipulation formulated, built and 

demonstrated to project a pattern with success into the zebrafish head, the light-delivery system was 

combined to a custom built light-sheet microscope available at the lab. To this light delivery system the 

name “635 nm optogenetic manipulation module” was given.  

The 635 nm optogenetic manipulation module followed the structure shown in Figure 35. The final 

setup can be seen in Figure 36. 

 

 

Figure 35: 635 nm optogenetic manipulation module schematics. 

In the figure, lenses are represented by “F”, followed by the focal length in mm. The red path (635 nm light) goes 

from the laser (indicated by a red spot) into the zebrafish head. The purple path (infrared light) goes from the LED 

(purple spot) into the zebrafish head. The blue path (473 nm light) goes through the zebrafish head orthogonal to 

the objective. The green path (509 nm fluorescence) goes from the zebrafish head into the camera. 
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Figure 36: Light-sheet integrated with a 635 nm optogenetic manipulation module. 

A) Photo of the light-sheet microscope integrated with a 635 nm optogenetic manipulation module. B) Physical 

representation of the light paths schematized in Figure 35, with same major components identified in the image. 

C) Photo from the projection of a 4x4 chessboard into the focal length of the objective with a 7 dpf zebrafish 

larvae for scale. 

 

In this new module structure, the 635 nm light path follows the same scheme as in the prototype, 

with the exception of Mirror 2 (Figure 29) being switched by a 553 nm short-pass mirror (Figure 35) 

and the first telescope increasing the laser diameter size 14x instead of 5.83x. 

The 553 nm short-pass mirror was added to allow the connection of the light delivery module to the 

light-sheet microscope. This mirror directs the optogenetic stimulus light into the objective while 

allowing 509 nm fluorescent light from the objective to reach the camera. 

The 14x telescope increases the PGL-V-H-635~800mW laser diameter from 0.75 mm to 10.5 mm. 

This diameter value overflows the DMD screen (diagonal of 8.4 mm). This was unavoidable, at the 

time, since the telescope contained the only possible combination of available lenses that would allow 

the complete illumination of the DMD screen. 

 

Besides the fluorescence light path (509 nm) and the light-sheet optical path (473 nm), an infrared 

light path originated from an infrared LED can be seen in Figure 35. 

This LED, mounted with a diffuser, illuminates the transparent zebrafish larvae head from above 

and is used to track eye movement. This is done by a camera bellow the fish recording the shadows 

from the eyes under the infrared illumination. 

This feature was not used in this work, but it was present in the light-sheet microscope prior to the 

addition of the 635 nm optogenetic manipulation module, being used by other users of the 

microscope. Since the optogenetic manipulation module needed to be mounted into the light-sheet 

microscope in the original position of the infrared LED, the LED was conjugated with the light delivery 

module like shown in Figure 35. 

Laser 

DMD 
Objective 

Camera 

LED 

Light-sheet 
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Gaussian Surface Test 

The laser used as a light source originates a beam with a Gaussian distribution of photons around 

the center. If no major aberrations affect the laser beam to change its distribution profile, the beam 

should continue to be a Gaussian beam at the working distance of the objective
[27]

. 

 

To obtain the light distribution, each square of an 8x8 chessboard (Figure 37, Supplemental 

Material - Video 1 and Data 1) was projected into working distance of the objective and its power was 

measured with a photodiode power sensor (model S120C – Thorlabs). 

 

 

Figure 37: Light distribution of a projection by the 635 nm optogenetic manipulation module. 

The following image is the graphical representation of Supplemental Materials - Data 1. In the image is 

represented the 8x8 chessboard formed over the 1039 μm by 683 μm maximum projection rectangle. To each 

square of the chessboard an x and a y score was given corresponding to their position in the chessboard. The y 

positions run along the 1039 μm side of the chessboard and the x positions run along the 683 μm side of the 

chessboard. 

 

This light distribution was than fitted into a Gaussian surface (Equation 5), to evaluate the 

goodness of fit. The fitting was done using the MATLAB R2015b Curve Fitting Tool from the Curve 

Fitting Toolbox 3.5.2. The result of the fitting was the formula in Equation 6, with a sum square error 

(SSE) of 0.0384 mW, an R
2
 of 0.9660 and a root-mean square deviation (SSRE) of 0.0257 mW. 

𝑧 = 𝑎 × 𝑒𝑥𝑝 (−
(𝑥−𝑥0)2

2∗𝜎𝑥
+

(𝑦−𝑦0)2

2∗𝜎𝑦
) + 𝑏

[27]
 Equation 5: Gaussian Surface 

𝑧 = 0.6939 × 𝑒𝑥𝑝 (−
(𝑥−4.326)2

2∗2.854
−

(𝑦−4.513)2

2∗5.354
) − 1.1773  Equation 6: Gaussian Surface Fit 1 

(x and y represent the square position in the 8x8 chessboard and z is the light power on that position) 

 

To evaluate the fit quality a Pearson’s chi-squared goodness of fit test
[92,93]

 (with 64(measured 

points)-1 = 63 degrees of freedom) was applied using MATLAB R2015b “chi2gof” function. The null 

hypothesis tested was if the light distribution obtained with Equation 6 is the same as the actual 

measured light distribution, with the alpha to accept this hypothesis of 0.95. 

A chi-square value of 0.1564 was obtained with a p-value of 1.000. The chi-square value (χ
2
) is 

given by Equation 7. 

𝜒2 = ∑ (
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒−𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡𝑠
1   Equation 7: chi-square 
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According to the result, the null hypothesis is accepted (p-value > alpha). This means that the 635 

nm optogenetic manipulation module is delivering light into the zebrafish brain with a Gaussian 

distribution of light, following a profile described by Equation 6, a strong indicator of the quality of the 

projection. 

 

Final Notes about the Module 

 The projected pattern of the setup (Figure 36 – Image C) looks like the projection pattern from the 

prototype (Figure 34), with a minor barrel field curvature aberration. This aberration results in a slight 

distortion in the pattern, but, due to spatial constrains, could not be avoided. 

While this is not the optimal situation, in principle, the patterned beam can still be delivered 

successfully into the zebrafish brain to induce optogenetic stimulation. In fact, the aberration doesn’t 

affect the light distribution, since the projection light distribution is Gaussian.  

 

3.3 - Behaviour Optogenetic Manipulation Module 

Optogenetic Manipulation Setup for Behavioural Assays  

As stated in the introduction, a second setup was built without the fFMI readout method. This setup 

was built to apply optogenetic manipulation for behavioural assays, using the behaviour as readout of 

the optogenetic manipulation results. 

 

This setup was a replica of the light delivery system of the 635 optogenetic manipulation module 

that allowed testing conditions upon which the optogenetic actuators can be activated, without 

occupying the light sheet microscope, leaving it free for other users. 

The only difference in the light path structure, when comparing with the 635 nm optogenetic 

manipulation module, was that it contained two light sources with different wavelengths for optogenetic 

simulation: a 473 nm laser to activate actuators like Reach; and a 635 nm laser for actuators like 

ChrimsonR. 

The presence of two wavelengths for optogenetic manipulation allows the setup to be used with a 

wider range of optogenetic actuators. It also allows the setup to simultaneously manipulate neuronal 

activity in zebrafish with both wavelengths. 

 

The setup was denominated as “behaviour optogenetic manipulation module” (Figure 38), and the 

projection result of the alignment of this setup can be seen in Figure 39. 
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Figure 38: Behaviour optogenetic manipulation module schematics. 

Lenses are represented by “F”, followed by the focal length in mm. The red path (635 nm light) goes from the 

laser (indicated by a red spot) into the zebrafish head. The blue path (473 nm light) goes from the laser (indicated 

by a blue spot) into the zebrafish head. The path shared by 635 nm and 473 nm light is coloured in purple. The 

short pass mirror (740 nm) was implemented so an infrared LED (not shown) could be added to the path, for 

future optomotor behaviour assays. The photo on the right shows the final setup (light paths are highlighted). 

 

Setup Notes: The 473 nm light path is the same of the prototype since the pieces from the prototype 

were used to build it. The 635 nm light path had, as a light source, the MLL-III-635L~200mW laser. 

This laser passed through a 10x telescope, increasing its diameter from 0.85 to 8.5 mm, enough to 

cover the DMD screen (8.4 mm diagonal). The 635 nm light path was combined with the 473 nm light 

path through a long pass mirror of 550 nm. 

 

 

Figure 39: Behaviour optogenetic manipulation module projection. 

On the left is a projection of a 4x4 chessboard. On the right is the projection of a 1039 μm by 683 μm rectangle. 

 

Gaussian Surface Test 

Just like in the previous setup, in the behaviour optogenetic manipulation module, light distribution 

at the working distance of the objective should be Gaussian. 

To test this, the same procedure described above was conducted, with the measuring of the light 

power of each 130 μm x 85.4 μm square of an 8x8 chessboard (Figure 40, Supplemental Material - 

Video 2 and Data 2). The fitting was only tested 635 nm light, since the optical path was common to 

both wavelengths. 
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Once again, the MATLAB R2015b Curve Fitting Tool from the Curve Fitting Toolbox 3.5.2 was 

used to fit a Gaussian surface given by Equation 5, to the light distribution. Equation 8 gives the fitting 

result. This fitting had a SSE of 0.001394 mW, an R
2
 of 0.973 and a SSRE of 0.004903 mW. 

 

 

 

Figure 40: Light distribution of the behaviour optogenetic manipulation module (635 nm). 

The following image is the graphical representation of Supplemental Materials - Data 2. In the image is 

represented the 8x8 chessboard formed over the 1039 μm by 683 μm maximum projection rectangle. To each 

square of the chessboard an x and a y score was given corresponding to their position in the chessboard. The y 

positions run along the 1039 μm side of the chessboard and the x positions run along the 683 μm side of the 

chessboard. 

 

𝑧 = 0.1595 × 𝑒𝑥𝑝 (−
(𝑥−4.106)2

2∗5.376
−

(𝑦−3.395)2

2∗4.214
) − 0.007675  Equation 8: Gaussian Surface Fit 2 

 

Person’s Chi-squared goodness of fit test
[92,93]

 (with 64(measured points)-1 = 63 degrees of 

freedom) was applied to test the null hypothesis that the light distribution given by Equation 8 fits the 

light distribution illustrated in Figure 40. A chi-square value of 0.0142 was obtained with a p-value of 

1.000. 

With an alpha to accept the null-hypothesis of 0.95, the null-hypothesis was, once again, accepted. 

The behaviour optogenetic manipulation module delivers light into the zebrafish brain following a 

Gaussian distribution described by Equation 8. 

 

Final Notes about the Module 

 The projection seen in Figure 39 was better than the previous obtained projections (Figure 34 and 

Figure 36). 

In all the setups, the light path between the DMD screen and the objective is what defines the 

projection pattern quality and shape. This happens due to the DMD screen acting as the source of the 

patterned light beam. This path was unchanged between the three setups (Figure 29, Figure 36 and 

Figure 38). Due to this, the projection pattern should be the same for all the setups. 
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To analyse this question, let’s follow the line of though behind the development of these setups: 

 

In the prototype, the path between the DMD screen and the objective, initially, was done with a 250 

mm tube lens (Figure 29). This was due to the setup section between the DMD screen and the 

objective, in this initial version of the prototype, being a replica of the Zhu et al.
[32]

 setup. 

While this ended up resulting in a projection too small to cover the whole fish head, it was useful to 

compare the prototype projection with the one from Zhu et al.
[32]

 for alignment. This comparison 

together with the visual quality of the light beam and the opinion from experienced colleagues, led to 

the conclusion that the path was align. 

From this point, the tube lens with 250 mm of focal length was switched by a 200 mm focal length 

lens, without changing or moving the rest of the optical components, since they were already align 

with each other. The new tube lens was than align with the rest of the path until the best projection 

was obtained (Figure 34). 

 

Since Figure 34 had the best projection from the align path in the prototype, it was used, as a 

reference to align the 635 nm optogenetic manipulation module. This module would be the hardest to 

align, since none of the optical paths from the light-sheet microscope could be changed, in order to 

guarantee that experiments from other users with the light-sheet microscope where not affected. 

This led to constrains that make of this module extremely difficult to align, something that was 

expected since it was one of the challenges stated by Packer et al., in 2013
[7]

. The best possible 

projection obtained was the one shown in Figure 36. While this projection clearly suffered from a little 

of barrel field curvature aberration, in relation to the projection from Figure 34, it was accepted to test 

optogenetic manipulation. 

 

The last setup built was the behaviour optogenetic manipulation module. This module, at least 

between the DMD screen and the objective, had exactly the same optical parts as the other two 

setups and it was align with the same procedure. 

This raises the question of why was the projection of this setup different (Figure 39). 

The justification found was based in a subtle change made to the behaviour optogenetic 

manipulation module light path not shown in the schematics of the setup (Figure 38). The 100 mm 

focal length lens from the 3.3x telescope, located before the tube lens, was switched from a 1 inch 

diameter (25.4 mm) lens in the prototype and the 635 nm optogenetic manipulation module, to a 2 

inch diameter lens (50.8 mm) in the behaviour optogenetic manipulation module. 

On paper, this small change should be irrelevant to the light path. The problem comes when the 

ideal light path becomes a real light path that uses real manufactured lenses instead of ideal lenses 

representations, since real lenses have defects in curvature that are more accentuated at the edges. 

From the description of the light path in the prototype section, when the maximum rectangle pattern 

beam reaches the 100 mm focal length lens, the beam as a size of ~23.1 mm by 15.2 mm. While in 

the 1 inch lens, this rectangle almost overflows the lens, in the 2 inch lens passes close to the center. 
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With this information, in the projections from Figure 34 and Figure 36, the 1 inch lens might be the 

reason why the pattern edges are cut off. This is happening due to the irregular curvature of the lens 

in the edges leading to strange orientations in the photons passing through them. This ends up 

leading to photons entering the objective with incorrect angles and being cut off inside the objective. 

This phenomena is supported by the lecture “Objectives and Eye Pieces” from Stephen Ross
[94]

 

(general manager of products and marketing at Nikon Instruments - optics and microscopy company - 

and microscopy professor at the Marine Biological Laboratory in Woods Hole). In this lecture, Stephen 

Ross talks about how manufactured lenses having abnormal curvatures at the edges. He also states 

that these problems in lens manufacturing can induce mainly spherical and field curvature aberrations 

in light beams, which might justify the barrel field curvature aberration in 635 nm optogenetic 

manipulation module. 

 

The hypothesis of the difference in a lens diameter was the reason for the projection changes 

between the setups needed to be tested. To test this, the 2 inch 100 mm focal length lens in the 

behaviour optogenetic manipulation module was switched by a 1 inch lens and, as a result, the edges 

from the pattern were cut and a slight barrel field curvature aberration appeared (Figure 41). 

 

 

Figure 41: Behaviour optogenetic manipulation module projection with a 1 inch F100 lens. 

On the left is a projection of a 4x4 chessboard. On the right is the projection of a 1039 μm by 683 μm rectangle. 

 

In the future, the 1 inch 100 mm focal length lens in the 635 nm optogenetic manipulation module 

should be switched for a 2 inch 100 mm focal length lens for an optimal projection. 

 

Curiosity 

Notice that the chi-square value for Gaussian surface fit to the behaviour optogenetic manipulation 

module projection was 0.0142, 11x lower than the 0.1564 chi-square value for the 635 nm optogenetic 

manipulation module projection. While both the projections statistically fit a Gaussian distribution, by 

comparison, the behaviour optogenetic manipulation module, that has a better projection, has a much 

better fit. 

This found relationship of the chi-square with the quality of the projection might be useful in the 

future to evaluate the goodness of projection/alignment in built optic paths. 
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4 – Applying the Setups: Results and Discussion 

In the following chapter, the various experiments to test and apply the optogenetic manipulation 

modules developed will be described, analysed and discussed. 

This chapter is divided into two parts, one with the experiment conducted with the 635 optogenetic 

manipulation module and another with the experiments conducted with the behaviour optogenetic 

manipulation module. 

4.1 - 635 nm Optogenetic Manipulation Module 

Imaging Optogenetic Induced Activity and Data Acquisition 

With the light delivery system for optogenetic manipulation formulated and integrated into a light-

sheet microscope the imaging of neuronal activity response to optogenetic manipulation could be 

tested. To do this, a zebrafish line expressing both ChrimsonR and GCaMP6f in multiple neurons of 

the brain was used (Tg(Elavl3:Gal4; UAS:GCaMP6f; 10xUAS:ChrimsonR-TdTomato)). 

The main objective of using this line is to image a neuron expressing both ChrimsonR and 

GCaMP6f responding to the optogenetic manipulation. 

At the same time, in this experience, a control zebrafish from the same clutch only expressing 

GCaMP6f was also imaged. In this zebrafish larva, overall neuronal activity correlated with the 

optogenetic stimulus should be minimal compared with the positive zebrafish where, due to the 

expression of ChrimsonR along the brain, neuronal activity correlated with the stimulus was expected. 

 

This way, using the experimental procedure described in “Optogenetic Manipulation with Light-

sheet Imaging”, in the Materials and Methods chapter, the two zebrafish neuronal activity in one region 

of the brain was recorded. 

The recording consisted in capturing GCaMP6f fluorescence, 10 seconds before and 10 seconds 

after the optogenetic stimulation projection. This was done for the 7 repetitions of the projection of 

each of the 4 patterns shown in Figure 27. To the 4 different patterns shown in Figure 27, different 

numbers were given as labels for identification (Figure 42). 

 

Figure 42: Identification of the optogenetic stimulation projection patterns. 

 

The imaged region of the brain for each of the zebrafish larvae can be seen in Figure 43. In this 

figure it is also represented photos of GCaMP6f fluorescence in three different zebrafish larvae, for 

illustration purposes. 
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Figure 43: GCaMP Elavl3 activated fluorescence and light-sheet imaging. 

A) The image shows GCaMP6f fluorescence towards the brain of three zebrafish larvae (these zebrafish are not 

the 2 zebrafish used in the experiment). B) 6 dpf zebrafish larvae Tg(Elavl3:Gal4; UAS:GCaMP6f; 

10xUAS:ChrimsonR-TdTomato) brain section imaged by light-sheet microscopy. The image shows GCaMP6f 

fluorescence in neurons. C) 7 dpf zebrafish larvae Tg(Elavl3:Gal4; UAS:GCaMP6f) brain section imaged by light-

sheet microscopy. Zebrafish larvae neurons cell bodies can be distinguished in image B) and C). For scale 

reference, the average cell body diameter is 6-7 μm. 
[30]

 

 

The first approach taken to have an idea of the 

imaging results was to average the 20 seconds of 

information captured for each repetition, at each 

time instant, as shown in Figure 44. The result of 

this averaging will be treated for the rest of the work 

as average activity stack. 

This procedure attenuates random noise and 

spontaneous activity, while emphasizing activity 

common to every repetition. This makes it easy to 

see neuronal activity related to the optogenetic 

stimulus in a video format.  

The video with the average activity stack for the 

positive and the control zebrafish can be found in 

Supplemental Material - Video 3 and Video 4. 

Figure 44: Averaging Frames for the Average Activity Stack. 

Data Analysis 

Finding, visually, if there are neurons, groups of neurons, or neuropil responding to the optogenetic 

stimulus, in a data containing hundreds of neurons and neuropil regions (Figure 43) is a hard and time 

consuming task. Besides this, it is prone to human error and biased selection of certain regions while 

disregarding other regions. 
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To avoid this, an analytical approach to identify these regions and quantify their response to the 

optogenetic stimulation was used. 

In short, the analytic setup is the following: 

 Select regions of interest (ROIs) and map them in the imaged region; 

 From the ROI map combined with a stack of frames with the information about 10 seconds 

recorded before and after each repetition, extract the fluorescence trace of each ROI; 

 For the fluorescence trace of each ROI apply a low-pass filter for smoothing; 

 Compute the derivative of the smoothed trace; 

 Apply a threshold to the derivative to find the time moments/frames when the derivative goes 

above the threshold (rise events); 

 Save the rising event for each ROI. 

This analytic setup is schematized in Figure 45 (next page). 

 

The workflow of the data analysis will now be described in more detail. This workflow was done to 

process the data of each experiment individually and independently. Each experiment consists in the 

projection of each of the 4 patterns into each of the two zebrafish larvae (positive and control), with a 

total number of 8 experiments. 

 

The first step in the data analysis was to identify regions of interest (ROIs). ROIs are groups of 

pixels connected to each other containing a region representing a neuron, a cluster of neurons or 

neuropil. The group of all identified ROIs should justify the highest variance in fluorescence levels. The 

regions in the stacks that do not belong to ROIs should, therefore, correspond to background or 

neuronal assemblies on which the fluorescence level variance is not different from noise variance. 

 

ROI Selection, Mapping and Extraction 

To select and map the regions belonging to these ROIs, the MATLAB Pnevmatikakis et all., 

2016
[89]

, toolbox was used. The input to this toolbox, as shown in Figure 45, was the average activity 

stack. The toolbox was applied using the recommended protocol from the authors. After running the 

protocol, a ROI map (a map with the pixels in the frames belonging to each ROI), that contains the 

highest variance explained by GCaMP6f fluorescence, is obtained. 

An example of the obtained ROI map for the experiment where the optogenetic manipulation 

pattern 1 is projected into the positive zebrafish larvae is shown in Figure 46. In the same page where 

Figure 46 is presented, a grey section can be found that explains, in a basic way, the workflow of the 

used protocol.  
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Figure 45: Visual representation of the data analysis workflow. 
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Workflow of the protocol recommended by Pnevmatikakis et all.
[89]

 : 

1. Start by applying a Gaussian filter to the average activity stack and selecting the 500 pixels 

hose fluorescence trace has the highest fluorescence variance; 

2. Use a greedy algorithm
[95]

 to select neighboring pixels to the initial 500 estimation within a 

certain threshold of fluorescence trace correlation; 

3. For the fluorescence traces of the 500 groups of pixels (ROIs) selected, an 2
nd

 degree 

autoregressive model
[89]

 is fitted in order to explain the highest variance in those traces. This 

variance is provoked by signal and so, this step tries to estimate GCaMP6f dynamics. 

4. Using the estimation of GCaMP6f dynamics it deduces a spiking trace for each ROI (time 

vector indicating the moments and number of estimated action potentials). 

5. Comparing the spike trace of each ROI with estimated spike traces of the pixels within that 

ROI and surrounding it, pixels belonging to each ROI are updated. 

6. Repeat step 3 for the updated ROIs. 

7. Merge ROIs with overlapping pixels and highly correlated recalculated spike traces (with the 

new dynamics estimated from step 6). 

8. Repeat step 5 to obtain the final ROI map. 

 

Figure 46: Example of extracted ROI map (pattern 1 – positive zebrafish larvae). 

Map containing 74 ROIs obtained from running Pnevmatikakis et all., 2016
[89]

, 

toolbox protocol. The processed average activity stack to obtain this map was 

from the projection of the optogenetic manipulation pattern 1 into the positive 

zebrafish larvae. The ROI numeration is just used for identification. 

 

 

 

After obtaining the ROI map, ROIs information (fluorescence trace) is extracted by averaging the 

pixels fluorescence trace at each time instant, within each ROI in the map, from the repetition stack 

(Figure 45). 

Low-pass Filter 

In each of the ROIs fluorescence trace obtained, the majority of noise is random noise, which can 

be white noise (Gaussian variation of the fluorescence value around the fluorescence signal value), or 

Poisson noise (related to the quantum nature of light and matter, it is the main source of baseline 

noise 
[96,97]

).  

GCaMP6f fluorescence (signal) represents, in the fluorescence trace, low-frequency and high 

amplitude variations of the fluorescence level
[97]

. On the other hand, random noise is represented by 

variations in the fluorescence level with random frequency and low amplitude
[97]

. Due to this, there are 

fluorescence level variations with high frequency that can’t be explained by signal, happening only due 

to noise. To remove these high frequency variations in the fluorescence levels a low pass filter can be 

used
[93]

. 
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For the low-pass filter to be applied, a cut-off frequency has to be defined. This cut-off frequency 

corresponds to the highest fluorescence level variation frequency that can be explained by GCaMP6f 

fluorescence. 

GCaMP6f, has a fluorescence rise time in response to an action potential of 45 milliseconds and a 

decay time of a few hundreds of milliseconds, in mice
[77]

. Since mice are warm blooded animals and 

the kinetics of GCaMP6f are faster with temperature
[77]

, it is reasonable to assume that those values 

should be higher in zebrafish (dynamics should be slower). 

Assuming that the rise time dynamics of GCaMP6f, in zebrafish, are, at the limit, as fast as the rise 

time dynamics of the reporter in mice, the cut-off frequency for the low-pass filter will be assumed to 

be 5.56 Hz. Normally, given the 45 milliseconds frequency variation cut-off in the time domain, the 

corresponding frequency, in Hertz, in the frequency domain, should be given by 1/(2𝜋 × 0.045)
[93]

. 

Despite this, with a conservative approach, a higher value for the cut-off frequency was used, given by 

1/(4 × 0.045). 

With the cut-off frequency defined at 5.56 Hz, a custom made function in MATLAB R2015b 

(Supplemental Material - Algorithm 1) was develop to apply the filter. The trace smoothing result is 

illustrated in Figure 47 and the filter application by the custom made function is illustrated in the grey 

section bellow. 

 

Figure 47: Example of the application of a low-pass filter to a ROI fluorescence trace. 

In the figure, the orange line is the smoothed fluorescence trace and the blue line the raw ROI fluorescence trace. 

The trace belongs to ROI 12 from the optogenetic stimulation with pattern 1, on the positive zebrafish larvae (ROI 

12 in Figure 46).  The trace contains the information about the first 5 seconds of recording of the first repetition of 

the projection of pattern 1 into the positive zebrafish larvae. This image is just an illustrative example of the effects 

from the cut-off of high frequency fluorescence variations in the trace.  

The function shown in Supplemental Material - Algorithm 1 works with the following workflow: 

1. Pass the fluorescence trace from the time domain into the frequency domain using a discrete 

Fourier Transform
[98]

. In the frequency domain, the trace (recorded at 50 Hz) is represented 

symmetrically in function of the frequency going from 0 to the Nyquist frequency (25 Hz) at the 

middle of the scale, and then back to 0. The Nyquist frequency is the maximum fluorescence 

level variation that can be captured at the recording frequency. 

2. In the frequency domain the trace symmetric vector is multiplied by a vector with zeros at 

frequencies higher than the cut-off frequency. 

3. Using an inverse discrete Fourier Transform
[98]

, the fluorescence trace is transformed back 

into the time domain without the high frequency fluorescence level variations. 
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Figure 48: Application of the low-pass filter in frequency domain by a custom made function. 

Illustration of the application of the Supplemental Material - Algorithm 1 custom made MATLAB R2015b function. 

The trace represented in the Fourier Space (frequency domain) belongs to ROI 12 from the optogenetic 

stimulation with pattern 1, on the positive zebrafish larvae (Figure 46). The dark region was cut-off by the filter.  

 

Identify Rising Events (Fluorescence Increases) 

After smoothing the fluorescence trace of each ROI, fluorescence level increases (rising events) 

corresponding to neuronal activity need to be found in the trace. Knowing that signal has higher 

amplitude than noise
[97]

, the objective now is to find increases in fluorescence with the highest slopes, 

since these increases will correspond to a high amplitude and high frequency fluorescence rise, which 

mainly happen due to GCaMP6f fluorescence. 

To find the rising events, the smooth fluorescence trace, for each ROI,  first order derivative was 

computed and a threshold was applied to the later signal. The threshold value used was taken as 2 

times the standard deviation, of the derivative fluorescence trace. Every time the derivative of the 

fluorescence trace goes above this threshold, a fluorescence significant level increase is considered 

and the time of occurrence is registered (Figure 49). These registered times, from now on, will be 

denominated as “rising events”. 

 

Figure 49: Example of the derivative of a ROI smooth fluorescent 

trace with the threshold level. 

In the image is represented the result of the thresholding applied 

to the derivative of the smooth fluorescence trace of Figure 47. 

The time points corresponding to fluorescence variation above the 

threshold give the rising events. 

 

 

 

Note that, if there was no signal, the probability of random noise accusing a rising event with the 

defined threshold would be 2.5%, since the derivative of random noise has a normal distribution 

around 0
[99]

. When considering noise and signal, the standard deviation of the derivative gets higher 

than when only noise is considered (Figure 50). This means that the probability of noise accusing a 

rising event, considering signal, is lower than 2.5%. Besides this, the probability of noise accusing a 

rising event in the control and the positive zebrafish is the same, so comparing the two fishes takes 

into consideration noise contribution in the identification of rising events. 
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Figure 50: Noise standard deviation vs noise+signal 

standard deviation. 

When only noise is considered (plot above), a certain 

standard deviation of the noise derivative to 0 is obtained 

denominated as STDn, in the noise order of magnitude. 

When noise and signal are considered, the standard 

deviation (STDs+n) of the derivative to 0 is in the order of 

magnitude of signal, which is higher than the order of 

magnitude of noise. Due to this, STDs+n > STDn. 

 

 

 

 

Figure 51: Example of rising time instants detection. 

Rising time instants detection in the fluorescence smooth trace of ROI 12 from the optogenetic stimulation with 

pattern 1. In the plot is represented the smooth fluorescence trace, the rising events and the time when the 

optogenetic stimulus is happening. Remember that this trace contains the accumulated information from the 7 

optogenetic stimulation repetitions imaged, and so 140 seconds of fluorescence information (7 times 20 seconds 

recorded for each repetition).  

Results and Discussion 

Average Activity Stack Videos 

From the average activity stack of the positive larvae (Supplemental Material - Video 3), 

immediately after the 10 seconds mark (when the optogenetic stimulation occurs), a rise in 

fluorescence can be seen in certain neuronal assemblies. The same cannot be seen in the control 

zebrafish (Supplemental Material - Video 4). This result indicates that the positive zebrafish seems to 

have activity correlated with the optogenetic stimulation projection. 
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Fraction of Rising Events Within 500 ms 

By using the Pnevmatikakis et all., 2016
[89]

, toolbox, for the positive zebrafish larvae, the 

optogenetic stimulation with pattern 1, 2, 3 and 4 led to the identification of 74, 74, 69 and 84 ROIs, 

respectively. For the control fish, the imaged region was bigger and had more neurons (Figure 43), 

which led to the identification of 169, 173, 163 and 186 ROIs, for the stimulation with pattern 1, 2, 3 

and 4, respectively. 

For each of this ROIs, the fluorescence trace was smoothed and the rising events were determined 

(data not shown). After this, the fraction of times at least a rising event happened within 500 ms after 

each repetition of the optogenetic manipulation projection was determined, for each ROI within each 

experiment (Figure 52). 

 

Figure 52: Fraction of times at least one rising event happened within 500 ms . 

From Figure 52, it can be seen that the positive zebrafish ROIs had, at least, a rising event within 

500 ms after the repetitions of the optogenetic manipulation projection, more frequently than the 

control. 

To test the significance of the difference between the control and the positive zebrafish fractions, 

for each pattern projection, a Kruskal-Wallis test
[92]

 will be used. This non-parametric test can be 

applied in ranked data and tests if data sets from two groups with same distribution, have different 

variances. To apply this test, the two groups need to be independent. 

The null hypothesis to be tested is that, for each pattern projected, the positive and control groups 

fractions come from a population with a distribution with the same variance. The alternative hypothesis 

is that the groups differ in the distribution variance, not belonging to the same population distribution. 

In this work, null hypothesis will be rejected if the p-value is higher than 0.05.  

The p-values obtained by comparing the positive and the control zebrafish fraction for each pattern 

with the Kruskal-Wallis test were 5.3x10
-7

, 1.3x10
-18

, 0.6499, 3.08x10
-10

, for the projection of pattern 1, 

2, 3 and 4, respectively. This allows for the rejection of the null hypothesis for the projection patterns 

1, 2 and 4 (p-value<0.05). For pattern 3, there is no sufficient evidence to reject the null-hypothesis. 

This result points towards the positive zebrafish larvae rising events being more correlated with the 

optogenetic manipulation projection, when compared with the control zebrafish. This is exactly what 

was expected since, for each projection, a column of light is going throw the zebrafish head, activating 

neurons expressing ChrimsonR which results in an output of neuronal activity in the whole-brain. 
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 The result also shows that this difference is dependent on the projection pattern, indicating the 

possibility of the setup stimulating different neurons with the different projection patterns. This was 

expected since the light delivery system formulated is based in publications where one micron of 

spatial resolution in the stimulation projection was obtained
[32,79,100]

. This might also explain why 

pattern 3 projection fractions between the positive and control zebrafish do not vary significantly, since 

the brain region being target by pattern 3 projection might not capture a significant amount of neurons 

expressing ChrimsonR to lead to significant neuronal activity. 

ROIs with ChrimsonR Expression 

With the evidence towards the optogenetic manipulation being successful, let’s address the main 

result expected from this set of experiments: to image neurons expressing ChrimsonR and responding 

to the optogenetic manipulation projection.  

The first step to do this was to find ROIs containing neurons or neuropil where ChrimsonR was 

expressed. To do this, the ROI map was matched into a two-photon microscopy image showing 

GCaMP6f and ChrimsonR expression in the positive zebrafish (Figure 53). The matching of the ROIs 

can be seen in Supplemental Material - Data 3. From the matching, manually, ROIs where ChrimsonR 

was expressed were selected (see Supplemental Material - Data 3). 

 

Figure 53: ChrimsonR expression with two-photon microscopy. 

In the image the plane of the positive zebrafish is compared with the same plane imaged with two-photon 

microscopy. In the two-photon microscopy image, in green is represented GCaMP6f fluorescence and in magenta 

is represented TdTomato fluorescence, reporting neurons or neuropil expressing ChrimsonR. 

 

From Figure 53 it can be seen that ChrimsonR expression was weak in the positive zebrafish, 

since all the neurons expressing GCaMP6f should also be expressing ChrimsonR due to the 

expression of Gal4. The image suggests that, in the majority of the imaged neurons, ChrimsonR 

expression was silenced. 

Besides this, it can be seen that the majority of the neurons expressing ChrimsonR are located in 

the periphery of the imaged brain region. In Figure 42, the optogenetic stimulation patterns cover the 

center of the zebrafish larvae, so there is a possibility that the imaged neurons expressing ChrimsonR 

don’t get hit by the stimulus. There was no available way to see which neurons the projection pattern 

was hitting, so this possibility couldn’t be analysed. 
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From Supplemental Material - Data 3, it can be seen that there are multiple Chrimson expression 

regions not accusing a ROI. Since Pnevmatikakis et all., 2016
[89]

, toolbox finds ROIs explaining the 

maximum fluorescence variance, neurons/neuropil expressing ChrimsonR not identified as ROIs didn’t 

contribute significantly to the fluorescence variance. This indicates that the not identified regions 

should not be responding to the stimulus. 

 For the identified ROIs containing regions where ChrimsonR expression happened, the fraction of, 

at least, a rising event happening within 500 ms after each projection, and the number of frames 

between the pattern projection and the first rising event happening within 500 ms, are presented in 

Table 2. 

 

Table 2: Data analysis result for ROIs containing regions with ChrimsonR expression. 

 

Cells without any information mean that the correspondent ROI didn’t have any rising event within 500 ms after 

the pattern projection, for any repetition. (frame) – number of frames between the first rising event within 500 ms 

after the optogenetic stimulation; (fraction) – fraction of times a rising event happened within 500 ms in all the 

repetitions of the pattern projection. 

 

From Table 2, ROI 11 from the projection of pattern 2 shows a consistent fraction of, at least, one 

rising event happening within 500 ms after each projection, with the time between the optogenetic 

stimulation and the rising event being always of 3 frames. The presence of this ROI in the imaged 

region of the zebrafish brain, expressing ChrimsonR and consistently responding to the optogenetic 

stimulus by only one of the patterns, indicates a successful optogenetic manipulation and a spatial 

specificity in the stimulation. 

The finding of only one ROI can be related to: low expression of ChrimsonR in the imaged region; 

ROIs expressing ChrimsoR in the imaged region not being illuminated by the stimulation patterns 

used; the expression levels of ChrimsonR in expressing neurons being too low to induce action 

potentials; the illumination conditions used not being reliable in the activation of ChrimsonR expressed 

in the majority of neurons. The used illumination conditions were selected in order for the optogenetic 

stimulation to be short (10 ms projection), with a high power of 15 mW/mm
2
, a high value also used to 

activate other optogenetic actuators
[11,23,32,101]

. 

Note: The raw fluorescence trace of ROI 11 from the projection of pattern 2 was plotted to check if the 

response wasn’t due to some patterned noise in the fluorescence trace. This plot can be seen in 

Supplemental Material - Data 4. From the trace plot it can be seen that the ROI only has fluorescence 

rises associated with the optogenetic stimulation. 



56 
 

4.2 - Behaviour Optogenetic Manipulation Module 

Reflexive Behavioural Assays to Test Optogenetic Manipulation 

Zebrafish possess, since an early age (3-4 dpf), a set of simple reliable behaviours comprising 

locomotor manoeuvers, visual driven behaviour and optomotor responses
[11]

. Some of these 

behaviours are involuntary reflexive locomotor responses, like the escape behaviour promoted by 

touch sensitive trigeminal sensory neurons. These neurons are known to elicit an escape response in 

the zebrafish with a single action potential and, when activated, result in the fish bending its tail to 

“escape” from the source of the sensation. 

If an optogenetic actuator, expressed in the trigeminal sensory neurons, gets activated and induces 

an action potential in said neurons, the fish will bend its tail in a reflexive escape response. This was 

already showed with the optogenetic actuator ChR2
[11]

. This way, a behaviour assay where the tail 

movement of the zebrafish larvae is monitored can be used to verify the effective activation of 

optogenetic actuators being expressed in the trigeminal sensory neurons
[11,1]

. 

Due to this, in this work, zebrafish lines expressing the optogenetic actuator Reach, which 

responds to 473 nm light, in the trigeminal sensory neurons where used to test the light delivery 

system formulated. 

Data Analysis 

Data Acquisition 

For the acquisition of tail movement data, before the experiment, in the camera recording the 

zebrafish, the larvae tail start and end are manually selected. From these points, custom software 

developed by the lab, using a contrast algorithm, divides the tail into 16 points. During the experiment, 

tail movement is tracked by recording the angles between these 16 points, just like in Figure 54. 

 

Figure 54: Tail tracking and data acquisition. 

In the image 16 orange spots can be seen tracking the 

tail. The tracking works by calculating and recording the 

angle between the spot n and the spot n+1. In the 

highlighted region it can be seen how the angle 

calculation happens both for spot n and for spot n+1. 

In the end of the process, the data is contained in a 

matrix like the one shown below. 

 𝑡 (𝑓𝑟𝑎𝑚𝑒𝑠)

𝜃
(𝑎𝑛𝑔𝑙𝑒)

[
𝜃1(𝑡1) ⋯ 𝜃1(𝑡𝑚)

⋮ ⋱ ⋮
𝜃16(𝑡1) ⋯ 𝜃16(𝑡𝑚)

]
 

𝑚 = Total number of frames in the duration of the 

experiment. 
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Data Processing and Bout Identification 

The processing of the data matrix shown in the description of Figure 54 was done according to the 

following workflow, proposed by João Marques
[102]

: 

1. Apply a 3-point boxcar averaging filter accordingly to Equation 9, with the objective of 

smoothing the angles. 

 
𝜃𝑛(𝑡𝑖) =

∑ 𝜃𝑛
𝑖+1
𝑗=𝑖−1 (𝑡𝑗)

3
 

1 ≤ n ≤ 16 ;  n ∈ ℕ 

1 ≤ i ≤ m ; i ∈ ℕ 

Equation 9: 3-point boxcar averaging 

 

2. Do the cumulative sum of the absolute value of the angles (Equation 10), aiming to 

enhance the signal and attenuate noise. 

 
𝜃𝑛(𝑡𝑖) = ∑|𝜃𝑛(𝑡𝑗)|

𝑖

𝑗=1

 

1 ≤ n ≤ 16 ;  n ∈ ℕ 

1 ≤ i ≤ m ; i ∈ ℕ 

Equation 10: cumulative sum 

 

3. Do a 10-point average convolution of the tail angles (Equation 11). This convolution is 

done by assuming the tail curvature is well described by the angles of the first 10 points 

that track the tail. The selection of only the first 10 points was done since the last 6 points 

had a lot of noise. This noise came from the difficulty of the software to track the narrower 

and more transparent tip of the tail.  

 
𝐶𝑜𝑛𝑣(𝑡𝑖) = ∑

∑ 𝜃𝑛(𝑡𝑗)10
𝑛=1

10

𝑖

𝑗=1

 

1 ≤ n ≤ 16 ;  n ∈ ℕ 

1 ≤ i ≤ m ; i ∈ ℕ 

Equation 11: 10-point average 
convolution 

 

 

 

 

Figure 55: Example of the first 3 steps of tail tracking data analysis. 

In the plot, the y axis represents a score attributed to the angles of the spots (tail curvature), and the x axis shows 

the correspondent frames. The data was obtained in 700 Hz. After the 10 point-average convolution the 16 angle 

traces become one, as illustrated in the plot. 
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4. Detect the bout start and end accordingly to a MATLAB program developed by João 

Marques
[102]

. This program uses a threshold of the max curvature in the 10-point average 

convolved trace divided by 20. The scores of said trace above this threshold are 

considered tail bouts. After identifying bouts, the program joins together bouts with less 

than 10 ms (7 frames) between them and eliminates bouts with less than 10 ms (7 frames) 

in duration and with a curvature inferior to 0.2. All these values were suggested by the 

author of this program, João Marques, and tested empirically on the data (example in 

Figure 56). 

 

Using this workflow, the start and the end of all the bouts made by the fish during the experiments 

were determined, just like shown in the example on Figure 56. 

 

Figure 56: Example of bout identification 

In the image, in blue is represented the tail angle by averaging the first 10 points of the tail, at each time instant, 

obtained during an experiment with a positive zebrafish expressing Reach in the trigeminal sensory neurons. 

Using the data processing workflow described above, bouts starts and ends were identified (green and red 

respectively). In this case, it can be seen that the bouts happen after the optogenetic stimulus (black bar). 

 

Reach Optogenetic Actuator Experiments 

The first experiment consisted in projecting patterns from the images A and B, Figure 28, into 11 

positive zebrafish larvae expressing Reach in the trigeminal sensory neurons, and 8 controls. Each 

pattern was projected with 10 repetitions for a duration that varied between 10 ms and 50 ms, with an 

illumination power of 15 mW/mm
2
. 

Both 10 and 50 ms projections of light had been already shown to elicit an escape response reflex 

in the zebrafish expressing the optogenetic actuator ChR2 in the trigeminal sensory neurons
[101]

. Since 

Reach is derived from ChR2 and still possesses the absorption capability at 473 nm from ChR2, using 

these projection times should also elicit an escape response reflex. 
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Fraction of Responses Test 

With the bout starts identified with the above mentioned data analysis workflow for the tail 

movement data, the fraction of times the zebrafish had at least one bout within 1 second after each 

repetition of a pattern projection, for the 10 and 50 ms projections, was calculated (Figure 57, 

Supplemental Material - Data 5 and Data 6). 

 

Figure 57: Fraction of times at least a bout happened within one second after stimulus (Reach). 

The graph shows the fraction of times where there was at least a bout within 1 second after the various stimulus 

repetitions, for the positive (Tg(Isl2b:Gal4; 10xUAS:Reach)) and the control zebrafish larvae. For each projection 

condition (10 or 50 ms projection duration / projection of pattern A or B), 11 positive and 8 control zebrafish larvae 

were tested. The illumination power used for every condition was of 15 mW/mm
2
. 

 

To test the significance of the difference between the control and the positive zebrafish fractions, 

for each pattern projection and projection condition, a Kruskal-Wallis test
[92]

 is used. 

The null hypothesis to be tested is that, for each pattern projected and projection condition, the 

positive and control groups fractions come from a population with a distribution with the same 

variance. The alternative hypothesis is that the groups differ in the distribution variance, not belonging 

to the same population distribution. In this work, null hypothesis will be rejected if the p-value is higher 

than 0.05. 

The p-values obtained for the projection duration of 10 ms were 0.0877 and 0.0117, for the 

projection pattern A and B, respectively. The p-values obtained for the projection duration of 50 ms 

were 6.9x10
-4 

and 0.0015, for the projection pattern A and B, respectively. 

The obtained p-values allow for the rejection of the null hypothesis for the projection pattern B for a 

duration of 10 ms and the projection patterns A and B for a duration of 10 and 50 ms (p-value<0.05). 

In the case of the projecting pattern A for a duration of 10 ms, there is no sufficient evidence to reject 

the null-hypothesis. 

 

The result of the fraction of response test indicates that the positive zebrafish larvae, especially for 

a projection time of 50 ms, are responding to the projection of the optogenetic manipulation pattern in 

the trigeminal sensory neurons on each side of the zebrafish head. 

Note that the illumination of the trigeminal sensory neurons was made by projecting a pattern that 

seemed to cover the region where these neurons are located. Since there was no way to check if the 

neurons were, in fact, being illuminated, there is a slight possibility that these neurons were missed by 

the illumination. 
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This miss of the trigeminal sensory neurons by the illumination might explain why, in the 50 ms 

projection duration for pattern A, all positive zebrafish seem to have a strong response, while for the 

pattern B, hitting the trigeminal neurons on the other side of the head, there are two zebrafish that only 

reacted to 10% of the projection repetitions (Figure 57). 

Due to this reason, a second test was done to the obtained data, to be sure that the positive 

zebrafish were responding to the optogenetic pattern projection. 

Reaction Time Test 

This test over the data looks into the reaction time of the first tail movement within 1 second after 

the stimulus. This test is based in the fact that there is a time associated with a reflex response. If the 

optogenetic manipulation is inducing a reflex response, the time between the optogenetic projection 

and the start of the first bout should be regular for the positive zebrafish larvae. For the control 

zebrafish, this time should be random. 

To look into the reaction time, when the zebrafish had, at least, a tail movement within 1 second 

after the projection of the optogenetic manipulation pattern, the time between the optogenetic 

projection start and the start of the first bout was taken (Supplemental Material - Data 5 and Data 6). 

This time, the reaction time, is plotted in Figure 58, for each zebrafish tested. In this plot, the reaction 

times belonging to the projection of pattern A and B are mixed since the escape reflex response time 

should be consistent for the stimulation of the trigeminal sensory neurons on both sides
[103]

. 

 

Figure 58: Reaction time distribution (Reach). 

 

To test the significance of the difference between the control and the positive zebrafish reaction 

times distribution, for each projection condition, a Kruskal-Wallis test
[92]

 is, once again, used. 

The null hypothesis to be tested is that, for each projection condition, the positive and control 

groups reaction times come from a population with a distribution with the same variance. The 

alternative hypothesis is that the groups differ in the distribution variance, not belonging to the same 

population distribution. In this work, null hypothesis will be rejected if the p-value is higher than 0.05. 
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The p-values obtained were 0.6956 and 3.5x10
-7

, for the projection duration of 10 and 50 ms, 

respectively. The obtained p-values allow for the rejection of the null hypothesis for the projection 

duration of 50 ms (p-value<0.05). In the case of the projecting duration of 10 ms, there is no sufficient 

evidence to reject the null-hypothesis. 

 

For the projection time of projected for 50 ms, the positive zebrafish reaction times distribution has 

variance significantly different from the control. From Figure 58 it can be seen that the reaction time of 

the positive zebrafish larvae for this projection time is fast and consistent for almost every zebrafish 

tested. This is a strong indicative that the zebrafish is responding to the optogenetic manipulation. 

The reaction time of the positive zebrafish group being stimulated with a 50 ms projection median 

is of 58 ms. This time was compared with the reflexive escape response times reported in the 

literature, being close to the reported 33±11 ms reported by Zottoli et al.
[103]

, which supports the 

occurrence of a reflexive escape response. The median was used to represent the overall reaction 

time of the zebrafish larvae, instead of the mean, due to some outliers like the positive zebrafish 8 

(Figure 58).  

Video Analysis  

Strong evidence points towards a reflex escape response being induced by the optogenetic 

manipulation with the developed light delivery system in this work. 

Despite all the evidence, one final test was made: look into the tail movement video to see if the tail 

movement corresponds to an escape response. 

To see the tail movement, one of the positive zebrafish larvae and one of the controls were 

recorded (Supplemental Material - Video 5 and Video 6). In this video, it can be seen that the positive 

fish bends the tail in what looks exactly like an escape response, according to Zottoli et al.
[103]

, giving 

more evidence towards the success of the optogenetic manipulation. The response shown in the video 

is illustrated in Figure 59. 

 

 

Figure 59: Zebrafish reflexive escape response induced by optogenetic stimulation. 

A) 6 dpf Tg(Isl2b:Gal4; 10xUAS:Reach) zebrafish larvae under optogenetic stimulation. B) control zebrafish larvae 

under optogenetic stimulation. The image on the left represents, in different colours for each repetition, the 

position of the zebrafish tail 40-60 ms after the optogenetic stimulation end. On the right of this image is 

represented one of the repetitions of the optogenetic stimulation and the tail movement in the 360 ms that 

followed that repetition.   



62 
 

Targeting Test 

Another question that can be posed with this data is the target capability of the behaviour 

optogenetic manipulation module. 

As stated in the methods section “Optogenetic Manipulation to Test the Light Delivery System”, two 

patterns from images A and B, Figure 28 were used for the optogenetic stimulation. These two 

patterns target the trigeminal sensory neurons in different sides of the zebrafish larvae. 

The reflexive escape response induced by the trigeminal neurons should lead the zebrafish to 

escape to the opposite direction from where the stimulus comes from
[101]

. Due to this, if the patterns 

are targeting and activating the neurons on opposite sides of the brain and the targeting is 

successfully, the side to which the tail bends after the projection should be opposite for each pattern. 

To see this, for the projection time of 50 ms, the curvature of the tail for the first 8.5 ms of the first 

tail movement within 1 second after the optogenetic stimulation was plotted (Figure 60). 

 

 

 

 

 

 

 

 

 

 

Figure 60: Tail curvature 8.5 ms into the first bout 

 

From Figure 60 it can be seen a clear difference between the curvature tendency between pattern 

A and B, showing that the tail is bending in opposite directions for each of the projected patterns. 

 

To test if the difference between the curvatures in the tail movement induced by each pattern was 

significant, a one-way analysis of variance (ANOVA)
[104]

 statistical test was used. This parametric test 

can be applied over data well represented by the mean and variance (normal distribution), which is the 

case.  

The null hypothesis is that the tail curvatures in response to each pattern are the same between 

the control and the positive zebrafish larvae. The alternative hypothesis is that the positive zebrafish 

and the control zebrafish curvatures are not the same. 

The null-hypothesis of this test will be rejected if the p-value is lower than 0.05. 

After applying the test a p-value of 1.8x10
-22

 was obtained, leading to the rejection of the null-

hypothesis. The difference between the tail curvatures induced by the projection of each pattern is 

significantly different. 
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ChrimsonR Optogenetic Actuator Experiments 

Experiment Formulation 

For this experiment the original idea was to use the zebrafish line Tg(Isl2b:Gal4; 

10xUAS:ChrimsonR), that expresses ChrimsonR in the trigeminal sensory neurons, in order to test the 

optogenetic manipulation illumination conditions for a reliable activation of ChrimsonR in the newly 

developed zebrafish lines by Rita Esteves, 2016
[1]

. 

Unfortunately, the Tg(Isl2b:Gal4; 10xUAS:ChrimsonR) progenitors didn’t lay eggs, which led to the 

usage of the alternative Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato) zebrafish line for this 

experiment. 

 

The problem with the Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato) line is that, since ChrimsonR 

is expressed in various neurons in the brain due to the Elavl3 driver, and that the neurons expressing 

the optogenetic actuator vary from fish to fish, the behavioural response expected to the optogenetic 

manipulation is unknown. 

Knowing this, the objective of the following experiment was to find an illumination condition for 

optogenetic manipulation to which, at least one positive zebrafish, had a behavioural response 

correlated with the projection. 

 

In the experiments, 3 positive and 3 control zebrafish were stimulated by projecting the same 

patterns A and B used for the Reach optogenetic actuator experiments. These patterns were used 

because, since there was a possibility of ChrimsonR being expressed in the trigeminal sensory 

neurons, it could happen that a reflexive escape response would be induced by the illumination, with 

these patterns, on the positive zebrafish. 

The illumination conditions tested varied only in the illumination power. With an illumination 

duration of 50 ms (which was shown to work for the Reach expressing zebrafish), the illumination 

powers of 5, 10 and 15 mW/mm
2
, were tested. 

 

Testing Response 

The fraction of times the zebrafish had at least one bout within 1 second after each repetition of a 

pattern projection, for the various illumination conditions, was calculated (Table 3, Supplemental 

Material - Data 7). 

 

Table 3: Fraction of times, at least one bout happened within 1 second after each projection repetition. 
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In Table 3, the fraction values from the positive (Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato)) 

zebrafish 1 (highlighted in red) are considerably different from the control group. This seems to 

indicate tail movement induced by the optogenetic manipulation illumination in this positive zebrafish. 

 

Just like in the Reach experiments, the reaction time for the first tail movements within one second 

after the projection of the patterns was plotted (Figure 61). 

 

 

Figure 61: Reaction time distribution (Chrimson). 

The control group contains information about the reaction times for movements within 1 second after the 

projection for 3 control zebrafish larvae. 

 

In Figure 61, it can be seen that the positive zebrafish 1 has a consistent response to all the 

illumination conditions. It can also be seen that zebrafish 3 seems to move a lot after the illumination 

with a power of 15 mW/mm
2
, but this movement appears to be random. 

 

The results point to the successful optogenetic manipulation of the positive zebrafish 1 behaviour 

under all the tested illumination powers. This indicated that all the tested illumination conditions have 

potential to activate ChrimsonR in the transgenic zebrafish lines available. 

 

Note that the behavioural response induced in this zebrafish was not a reflexive escape response. 

This can be seen from the high reaction time to the optogenetic stimulation (median between all the 

conditions of 161 ms). This high time, in a natural scenario, would probably lead to the death of the 

zebrafish. 

From a recording of the positive zebrafish 1 tail movement (Supplemental Material - Video 7), the 

movement response seems to be a periodic tail movement that would lead the fish to probably swim 

forward if it was not stuck in agarose. 
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5 - Conclusions 

5.1 – Main Objective 

As stated in the Introduction chapter, the main objective of this work consisted in: 

1. Formulating a light delivery path for the optogenetic manipulation using a digital micromirror 

device; 

2. Combining the formulated light delivery path with a custom light-sheet microscope; 

3. Apply the novel setup by imaging zebrafish larvae, expressing GCaMP6f and ChrimsonR, 

neuronal activity in response to an optogenetic manipulation stimulus. 

 

A prototype light delivery system for optogenetic manipulation was developed. This prototype used 

a digital micromirror device to project a pattern of light into a zebrafish brain in the form of a columned 

beam. In the Setup Formulation chapter it was shown that this prototype could successfully project a 

pattern into the zebrafish brain with minimal optical aberrations, marking the conclusion of the first part 

of the main objective of this work. 

 

After the development of this prototype, the 635 nm optogenetic manipulation module was 

developed and combined with a custom light sheet microscope capable of imaging rapidly the whole-

brain of the zebrafish with single neuron resolution. The setup was successfully aligned (with minor 

barrel field curvature aberration) and the beam being projected into the zebrafish brain had a 

Gaussian distribution of photons. 

This marked the conclusion of the second step of the main objective. Even though this step was 

concluded, in the future, the 100 mm focal length of the second telescope of the setup 635 nm beam 

path should be switched from a 1 inch lens to a 2 inch lens, since it was shown that this improves the 

projection quality. 

 

With the setup containing the 635 nm optogenetic manipulation module and the light-sheet 

microscope integrated, the setup was applied to a 6 dpf (Tg(Elavl3:Gal4; UAS:GCaMP6f; 

10xUAS:ChrimsonR-TdTomato)) zebrafish larva and a 7 dpf  GCaMP6f (Tg(Elavl3:Gal4; 

UAS:GCaMP6f)) control zebrafish larva. From this experiment, it was found that the positive zebrafish 

had fluorescence rising events due to CGaMP6f more correlated with the optogenetic manipulation 

projection than the control. A region of interest with neuropil expressing ChrimsonR with fluorescence 

rising events highly correlated with the optogenetic manipulation stimulus was also found in the 

imaged region, for one of the projected patterns. 

The results seem to indicate not only the success of the optogenetic manipulation combined with 

the light-sheet imaging, but also a targeting capability from the optogenetic manipulation light-delivery 

system. 
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Despite the promising results, it has to be noted that, since only one region of the brain was 

imaged for each fish, the fraction of neurons imaged might not be representative of all the neurons 

population. The same goes in terms of the positive and control zebrafish populations representation, 

since only one positive and one control zebrafish were imaged. 

Overall, the obtained result was promising and, with these results, the third step of the main 

objective, to image the neuronal activity of the zebrafish with the light-sheet microscope while using 

optogenetic manipulation of neuronal activity, was concluded. 

 

Note about the data analysis of the light-sheet microscope imaging 

To analyse light-sheet raw calcium imaging data to extract neuronal activity is a non-trivial 

problem
[105]

. During the last years, various publications present tools for this analysis, like the 

Pnevmatikakis et all., 2016
[89]

 toolbox used in this work. The majority of these tools try to predict the 

calcium indicator dynamics or use known dynamics
[89,105–107]

, and use this to find ROIs and predict 

their neuronal activity. These methods have shown to be more efficient over the years in predicting 

neuronal activity in calcium imaging
[108]

. While extremely efficient, the approximations obtained of 

neuronal activity rely in complex algorithms to be applied in stacks of high definition imaging data that 

can easily go above the dozens or hundreds of Gigabytes, resulting in a computationally demanding 

processing. 

For this work, the calcium imaging was done to find a possible correlation between the optogenetic 

manipulation and fluorescence level variation that could be justified by GCaMP6f. This way, to simplify 

the analysis, the ROI selection capability of Pnevmatikakis et all., 2016
[89]

, toolbox was used but the 

fluorescence variation was analyzed using basic imaging processing tools from the Handbook of 

fundamentals Imaging Processing
[93]

. This allowed for a simple and fast image analysis workflow that 

could be easily run on any computer, while continuing to give useful information about fluorescence 

levels variation. 

 

5.2 – Secondary Objective 

The second setup built, the behaviour optogenetic manipulation module, was shown to have an 

optimal projection of a Gaussian patterned beam into a zebrafish brain for optogenetic manipulation 

with 635 nm and 473 nm light. It was built to readout tail movement behaviour induced by optogenetic 

manipulation of neuronal activity. 

This setup was used to test the formulated light-delivery system for optogenetic manipulation that 

was used in all the setups built in this work. This test was done with zebrafish expressing Reach in the 

trigeminal sensory neurons and the results obtained indicate, with strong evidence, that the formulated 

light delivery system was able to activate optogenetic actuators being expressed in the zebrafish brain 

and to be able to target independently different neurons with the illumination pattern. 

This tool showed itself as an important add-on to the lab repertoire, allowing for the use of 

optogenetic manipulation in behaviour assays, and also the usage of these behaviour assays to test 

activation conditions of optogenetic actuators in zebrafish transgenic lines. 
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This setup was also formulated with an integrated 740 nm short-pass mirror before the objective 

(Figure 38), which allows adding an infrared LED to the optical path for eye movement tracking, in the 

future. This will increase the amount of behavioural assays that can be done with this setup (tail and 

eye movement tracking). 

 

With this behaviour optogenetic manipulation module, it was also shown the promising capability of 

a 50 ms illumination with powers of 5, 10 and 15 mW/mm
2
, for activating ChrimsonR in transgenic 

zebrafish larvae. 

The next step is to prove, with statistical significance, the reliability of these illumination conditions 

and others for the activation of ChrimsonR in zebrafish. To do this, the experiment can be repeated for 

a Tg(Isl2b:Gal4; 10xUAS:ChrimsonR) zebrafish line. This line, by expressing ChrimsonR in the 

trigeminal sensory neurons, is more indicated to test activation conditions for ChrimsonR in zebrafish 

larvae since it has a reliable reflexive behaviour in response to the optogenetic stimulation. 

 

5.3 – Work Summary and Future Prospects 

In this work two setups were developed that represent valuable and necessary assets for 

unravelling the contribution of individual neurons to circuit function and behaviour in zebrafish. 

 

This work contributes to neuroscience by describing the formulation of a successful combination of 

optogenetic manipulation with a light-sheet microscope capable of whole-brain imaging with single cell 

resolution, in zebrafish larvae. The optogenetic manipulation is done via a light-delivery path that, by 

using a digital-micromirror device, allows the usage of patterns for a rapid dynamic targeting of 

neurons for illumination. 

This work contributes also with the development of a tool that can be used to test optogenetic 

actuators activation conditions and for behavioural assays with optogenetic manipulation, with two 

different wavelengths simultaneously (635 and 473 nm). 

 

More tests with the setup combining optogenetic manipulation with a light-sheet microscope are 

still needed. These tests will consist in using a zebrafish line expressing ChrimsonR in one known 

region of the brain, like in the trigeminal sensory neurons, and imaging the whole-brain GCaMP6f 

fluorescence variation in response to optogenetic manipulation. The optogenetic manipulation 

illumination conditions will be determined with tests using the behaviour optogenetic manipulation 

module. After obtaining the results, the correlation between the activity of neurons expressing 

ChrimsonR and the optogenetic manipulation projection can be evaluated using the data analysis 

described in this work and, if the correlation is significant, the outcome of the activity of these neurons 

in the whole-brain can be evaluated, showing the causality between a neuron’s firing and activity in 

other neurons. 

At this point, the setup objective is fulfilled and the neuronal activity outcome of any neuron type 

expressing Gal4 in a zebrafish transgenic line, can be questioned at the whole-brain level.  
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Supplemental Material 

Videos 

Video 1: 8x8 chessboard rectangles projection 635 nm optogenetic manipulation module. 

Projection of each square/rectangle of an 8x8 chessboard on the working distance of the objective from the 635 

nm optogenetic manipulation module. 

 

Video 2: 8x8 chessboard rectangles projection behaviour optogenetic manipulation module. 

Projection of each square/rectangle of an 8x8 chessboard on the working distance of the objective from the 

behaviour optogenetic manipulation module. 

 

Video 3: Average neuronal activity in response to pattern projections from the 635 nm optogenetic manipulation 

module, by the positive zebrafish. 

Average neuronal activity of 10 seconds before and 10 seconds for 4 different pattern projections by the 635 nm 

optogenetic manipulation module, in a 6 dpf Tg (Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato) zebrafish larvae. 

The projection happens when the timer in the video marks 10 seconds. In the middle of the video is an image 

identifying to which projection pattern each of the 4 imaging average shown corresponds. The projection patterns 

were the ones shown in Figure 27. 

 

Video 4: Average neuronal activity in response to pattern projections from the 635 nm optogenetic manipulation 

module, by the control zebrafish. 

Average neuronal activity of 10 seconds before and 10 seconds for 4 different pattern projections by the 635 nm 

optogenetic manipulation module, in a 7 dpf control zebrafish larvae. The projection happens when the timer in 

the video marks 10 seconds. In the middle of the video is an image identifying to which projection pattern each of 

the 4 imaging average shown corresponds. The projection patterns were the ones shown in Figure 27. 

 

Video 5: 4 dpf Tg (Isl2b:Gal4; 10xUAS:Reach) zebrafish larvae response to pattern A projections of 50 ms with a 

power of 15 mW/mm
2
, from the behaviour optogenetic manipulation module (473 nm laser). 

Video recorded at 25 Hz. Time between stimulus – 5 seconds. 

 

Video 6: 4 dpf control zebrafish larvae response to pattern B projections of 50 ms with a power of 15 mW/mm
2
, 

from the behaviour optogenetic manipulation module (473 nm laser). 

Video recorded at 25 Hz. Time between stimulus – 5 seconds. 

 

Video 7: 6 dpf Tg (Isl2b:Gal4; 10xUAS:ChrimsonR)  zebrafish larvae illustrative response to pattern A, from 

the behaviour optogenetic manipulation module (635 nm laser). 

Video recorded at 60 Hz and showed at 120 Hz. Time between stimulus – 10 seconds; Projection duration – 1 s; 

Light Power of 15 mW/mm
2
. 
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Data 

Data 1: Light distribution of a projection by the 635 nm optogenetic manipulation module. 

A 1039 μm by 683 μm rectangle was divided into a 8x8 chessboard on which, each chessboard square had 130 μm x 85.4 μm. Each of the 64 squares from 

the 8x8 chessboard had its light intensity measured by a Thorlabs photodiode power sensor (model S120C) and, to each square measured, was given a x and 

a y value corresponding to their position in the chessboard. The y positions corresponded to the 1039 μm side of the chessboard and the x positions 

corresponded to the 683 μm side of the chessboard. 

Y X Z (mW) STD (mW) Y X Z (mW) STD (mW) Y X Z (mW) STD (mW) Y X Z (mW) STD (mW) 
1 1 0.1223 0.0001 3 1 0.1684 0.0001 5 1 0.1774 0.0004 7 1 0.1672 0.0003 

1 2 0.1941 0.0002 3 2 0.2883 0.0019 5 2 0.3171 0.0003 7 2 0.2728 0.0007 

1 3 0.3022 0.0019 3 3 0.4418 0.0007 5 3 0.4583 0.0004 7 3 0.3337 0.0006 

1 4 0.3299 0.0008 3 4 0.5062 0.0031 5 4 0.4899 0.0005 7 4 0.4377 0.0008 

1 5 0.3922 0.0015 3 5 0.4854 0.0007 5 5 0.5057 0.0004 7 5 0.4665 0.0008 

1 6 0.3180 0.0010 3 6 0.3512 0.0011 5 6 0.4133 0.0017 7 6 0.3845 0.0013 

1 7 0.2120 0.0004 3 7 0.2600 0.0009 5 7 0.2687 0.0004 7 7 0.2259 0.0009 

1 8 0.0718 0.0001 3 8 0.0888 0.0002 5 8 0.0900 0.0002 7 8 0.0794 0.0002 

2 1 0.1664 0.0002 4 1 0.1973 0.0007 6 1 0.1888 0.0003 8 1 0.1443 0.0001 

2 2 0.2383 0.0003 4 2 0.3155 0.0010 6 2 0.2923 0.0005 8 2 0.2271 0.0007 

2 3 0.3580 0.0003 4 3 0.4705 0.0004 6 3 0.3714 0.0005 8 3 0.3211 0.0004 

2 4 0.4263 0.0006 4 4 0.5315 0.0007 6 4 0.4556 0.0005 8 4 0.3263 0.0004 

2 5 0.4804 0.0017 4 5 0.4721 0.0008 6 5 0.4790 0.0008 8 5 0.3884 0.0003 

2 6 0.3413 0.0010 4 6 0.4050 0.0011 6 6 0.4021 0.0025 8 6 0.3223 0.0005 

2 7 0.2329 0.0006 4 7 0.2791 0.0012 6 7 0.2489 0.0007 8 7 0.1902 0.0002 

2 8 0.0776 0.0003 4 8 0.0842 0.0001 6 8 0.0823 0.0001 8 8 0.0680 0.0001 
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Data 2: Light distribution of a projection by the behaviour optogenetic manipulation module. 

A 1039 μm by 683 μm rectangle was divided into a 8x8 chessboard on which, each chessboard square had 130 μm x 85.4 μm. Each of the 64 squares from 

the 8x8 chessboard had its light intensity measured by a Thorlabs photodiode power sensor (model S120C) and, to each square measured, was given a x and 

a y value corresponding to their position in the chessboard. The y positions corresponded to the 1039 μm side of the chessboard and the x positions 

corresponded to the 683 μm side of the chessboard. 

Y X Z (mW) STD (mW) Y X Z (mW) STD (mW) Y X Z (mW) STD (mW) Y X Z (mW) STD (mW) 
1 1 0.05164 0.00005 3 1 0.07551 0.00007 5 1 0.07986 0.00009 7 1 0.06130 0.00007 

1 2 0.06617 0.00008 3 2 0.09824 0.00008 5 2 0.10426 0.00006 7 2 0.07337 0.00010 

1 3 0.07279 0.00007 3 3 0.11373 0.00008 5 3 0.12371 0.00007 7 3 0.08964 0.00011 

1 4 0.09168 0.00008 3 4 0.13694 0.00009 5 4 0.14148 0.00012 7 4 0.10335 0.00007 

1 5 0.09240 0.00007 3 5 0.13662 0.00010 5 5 0.14386 0.00010 7 5 0.10365 0.00010 

1 6 0.09920 0.00008 3 6 0.13844 0.00014 5 6 0.13834 0.00015 7 6 0.11040 0.00011 

1 7 0.09140 0.00006 3 7 0.13774 0.00007 5 7 0.14464 0.00012 7 7 0.09786 0.00013 

1 8 0.07446 0.00009 3 8 0.11489 0.00008 5 8 0.11387 0.00009 7 8 0.08078 0.00008 

2 1 0.06399 0.00008 4 1 0.08200 0.00007 6 1 0.07311 0.00007 8 1 0.04499 0.00006 

2 2 0.08060 0.00009 4 2 0.10398 0.00007 6 2 0.08990 0.00008 8 2 0.05596 0.00005 

2 3 0.10090 0.00007 4 3 0.12415 0.00008 6 3 0.11481 0.00009 8 3 0.06879 0.00008 

2 4 0.10832 0.00012 4 4 0.14023 0.00012 6 4 0.13447 0.00010 8 4 0.07407 0.00007 

2 5 0.11302 0.00007 4 5 0.15162 0.00015 6 5 0.13322 0.00010 8 5 0.07535 0.00007 

2 6 0.13144 0.00008 4 6 0.14412 0.00010 6 6 0.12352 0.00008 8 6 0.07308 0.00010 

2 7 0.11239 0.00012 4 7 0.14923 0.00010 6 7 0.11774 0.00013 8 7 0.06694 0.00009 

2 8 0.09710 0.00010 4 8 0.11908 0.00008 6 8 0.11176 0.00008 8 8 0.04847 0.00007 

 

  



IV 
 

Data 3: ROI map for each optogenetic stimulus pattern in a 6 dpf zebrafish larvae Tg (Elavl3:Gal4; 

UAS:GCaMP6f; 10xUAS:ChrimsonR-TdTomato), imposed on a two-photon microscopy image with 

two channels. Green represents GCaMP6f fluorescence and magenta represents TdTomato 

fluorescence reporting ChrimsonR. 

The following ROIs contain neurons or neuropil expressing Chrimson (manual identification): 

 Optogenetic Stimulation Pattern Projection 1: 2, 6, 10, 14, 20 and 29. 

 Optogenetic Stimulation Pattern Projection 2: 1, 5, 8, 11, 16, 17, 25, 52 and 54. 

 Optogenetic Stimulation Pattern Projection 3: 6, 14, 27 and 43. 

 Optogenetic Stimulation Pattern Projection 4: 5, 7, 12 and 73. 
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Data 4: Raw fluorescence trace of ROI 11 from the projection pattern 2. 

In red are represented the optogenetic stimulation frames and the dashed line separates the seconds corresponding to each repetition of the projected 

pattern. A clear response to the optogenetic stimulus can be seen. 
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Data 5: Final results from 4 and 5 dpf zebrafish larvae Tg(Isl2b:Gal4 10xUAS:Reach) optogenetic stimulation behaviour assay with the behaviour optogenetic 

manipulation module. The patterns were projected for 10 ms with 15 mW/mm
2
. 

The projection patterns where the patterns A and B shown in Figure 28. Spaces without values correspond to corrupted data. The zebrafish are identified by 

their line and number. If two columns of data have the same zebrafish number and line, the zebrafish is the same, when comparing with Data 6. 

(fraction) fraction of times there were bouts within 1 second after the stimulus. 
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Data 6: Final results from 4 and 5 dpf zebrafish larvae Tg(Isl2b:Gal4 10xUAS:Reach) optogenetic stimulation behaviour assay with the behaviour optogenetic 

manipulation module. The patterns were projected for 50 ms with 15 mW/mm
2
. 

The projection patterns where the patterns A and B shown in Figure 28. Spaces without values correspond to corrupted data. The zebrafish are identified by 

their line and number. If two columns of data have the same zebrafish number and line, the zebrafish is the same, when comparing with Data 5. 

(fraction) - fraction of times there were bouts within 1 second after the stimulus 
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Data 7: Final results from 6 dpf zebrafish larvae Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato) optogenetic stimulation behaviour assay with the behaviour 

optogenetic manipulation module. 

The projection patterns where the patterns A and B shown in Figure 28. Spaces without values correspond to corrupted data. The zebrafish are identified by 

their line and number. 

 (fraction) - fraction of times there were bouts within 1 second after the stimulus; 
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MATLAB R2015b Algorithms 

Algorithm 1: Trace signal frequency filter MATLAB R2015b function (TraceFrequencyFilter) 

 

Description: Applies a low-pass frequency filter or high-pass frequency filter or both to a signal trace 

 

Variables: trace (signal trace), samplerate (frequency of the signal trace recording), LPass (low-pass 

frequency filter threshold), HPass (high-pass frequency filter threshold), FF_trace (trace after applying 

the frequency filter), points (number of time points in the trace), step (step between 2 points in the 

frequency domain), nyquist (Nyquist frequency), freq_vector (symmetric vector containing the values 

of the frequency axis in the frequency domain), lpf (low-pass frequency filter with 0 in the frequencies 

to cut from the signal trace and 1 in the frequencies to keep), hpf (high-pass frequency filter with 0 in 

the frequencies to cut from the signal trace and 1 in the frequencies to keep), fr_filter (combination of 

the lpf and hpf, it will be applied to the signal trace in the frequency domain to filter the data). 

 

Input: trace, samplerate, LPass, HPass 

Output: FF_trace 

Function: [ FF_trace ] = TraceFrequencyFilter ( trace, samplerate, LPass, HPass) 

 

Algorithm: 

 

 Check Variables 

This section analyses the input variables to check the validity of the inputs. 

Theory: To apply the frequency filter, the signal trace in the time domain is switched to the frequency 

domain using a Fourier Transform
[98]

. The frequency range of this frequency domain is between 0 and 

the Nyquist frequency (samplerate/2). The Nyquist frequency is the maximum frequency in the signal 

that can be captured at the frequency of the recording. 

Additional Information: If the user desires to only use an high-pass frequency filter or a low-pass 

frequency filter, it is defined that the user should place the value 0 in the type of filter that should be 

inactive. 

Algorithm:  

%checks if the given LPass or HPass are lower than the Nyquist frequency 
if LPass>(samplerate/2) || HPass>(samplerate/2)  
    error('The cut frequencies must be inferior to half the sample rate'); 
end 
 
%checks if the given LPass or HPass are higher than 0 
if LPass<0 || HPass<0 
    error('The cut frequencies are >0'); 
end 
 
%checks if there is an active filter 
if LPass==0 && HPass==0 
    error('No filter was defined'); 
end 
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 Filter Formulation 

Theory: When in the frequency domain, the trace components will be organized in a vector according 

to their frequency. This vector has the same length as the trace and is symmetric. This way, a filter is 

design consisting in a symmetrical vector of ones and zeros. Ones correspond to the frequency 

components to keep and zeros to the components in frequency to remove. 

Algorithm:  

% create support variables 
points=length(trace); 
step=samplerate/points; 
nyquist=samplerate/2; 
 
%% Filter Formulation 
% creates a symmetric vector with the length of the trace, with ones 
% corresponding to the frequencies to keep. 
freq_vector=(0:step:samplerate-nyquist-step); % create half the symmetric vector 
freq_vector=cat(2,freq_vector,wrev(freq_vector+step)); % create symmetric vector 
if LPass>0 
    lpf=( freq_vector.*freq_vector < LPass^2); % low-pass filter formulation 
else 
    lpf=1; 
end 
if HPass>0 
    hpf=( freq_vector.*freq_vector > HPass^2); % low-pass filter formulation 
else 
    hpf=1; 
end 
 
fr_filter=lpf*hpf; 

 

 Filter Application 

Theory: Using the MATLAB R2015b function fft, a fast Fourier Transform of the signal trace is done. 

This function is a fast algorithm to apply a discrete Fourier Transform
[98]

. When applying this algorithm, 

the signal trace is passed from the time domain into the frequency domain. In the frequency domain, 

the signal trace is represented by complex numbers organized by frequency in a symmetric vector 

with the same length as the signal trace. Each complex number contains the information about the 

phase and amplitude of the components with the frequency it corresponds to. To filter signal trace, the 

amplitude of the complex numbers corresponding to components of undesired frequencies need to be 

nullified. This way, the filter formulated before is multiplied by the frequency symmetric vector nullifying 

the undesired frequencies. The result suffer an inverse fast Fourier Transform (function ifft of MATLAB 

R2015b) to recreated the filtered signal trace in the time domain. 

Additional Information: This filter works since the signal trace frequency components resulting from the 

fast Fourier Transform are organized from 0 to the Nyquist Frequency and then from the Nyquist 

frequency to 0 (is a symmetric vector)  

Algorithm:  

% Applies a fast Fourier transform -> Applies the filter -> Applies the inverse fast Fourier transform 
 
FF_trace = ifft(fr_filter.*fft(trace)); 
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