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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. This 

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. 

Introduction 

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

function and behaviour
[1–4]

. To do this, the ability to manipulate a neuron activity and see the 

repercussions in other neurons and/or in behaviour is needed
[5]

. 

Up until 2005, this ability was limited due to the lack of means to rapidly manipulate a neuron 

activity without affecting neighbouring neurons. In 2005, optogenetic manipulation of neuronal activity 

was reported by the works of Boyden et al. 
[6,7]

 and Lima and Miesenbock
[8]

, allowing, for the first time, 

the induction/inhibition of action potentials in target neurons, without affecting their neighbours. This 

was achieved by using genetically encoded light-gated ion pumps/channels (optogenetic actuators). 
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The ability to manipulate a neuron activity using light allows questioning the effects that one neuron 

has at the level of behaviour and whole-brain. For these effects to be questioned, a way to rapidly 

readout neuronal activity in the whole-brain, with single cell resolution, is needed. 

This can be done using calcium fluorescence indicators of neuronal activity, combined with light-

sheet microscopy. This fluorescent microscopy technique has the ability to rapidly image the whole 

brain with high resolution, non-invasively, in the small and transparent zebrafish, Danio rerio
[9,10]

. 

This work aims to develop a setup that combines optogenetic manipulation of neuronal activity in 

transgenic lines of zebrafish with light-sheet fluorescence microscopy. 

To manipulate the zebrafish neuronal activity, the setup delivers a patterned beam of light, created 

by a digital micromirror device (DMD)
[11]

, into the animal brain. This columned patterned beam of light 

illuminates target neurons expressing the optogenetic actuators, allowing for their activation. 

Imaging large brain regions with single cell resolution, while manipulating neuronal activity with 

optogenetics, was reported in 2017 by Yang et al.
[12]

 in mouse and by Maschio et al.
[13]

 in zebrafish. 

These two publications use two-photon microscopy to image neuronal activity. While allowing for a 

high signal-to-noise and a deep tissue penetration, this technique doesn’t allow for the rapid imaging 

of whole-brain activity that this work aims for. 

Finally, this work develops a second tool for optogenetically manipulating neuronal activity, while 

reading out resulting behavioural reflexes, in zebrafish larvae. This tool is developed to work with 

optogenetic actuators activated with blue (473 nm) and red (635 nm) light simultaneously. The use of 

different wavelengths to activate optogenetic actuators was reported before
[14,15]

 but never in a 

combination that allows for the usage of red-shifted optogenetic actuators. 

Materials and Methods 

Devices and Optical Components 

A DMD from Texas Instruments (model DLP3000) integrated into a DLP® LightCrafter
TM

 Evaluation 

Module, from Young Optics was used for the patterning of the light source beam. 

For the light source, three lasers were used, models MBL-III-473/1~100mW, MLL-III-635L~200mW 

and PGL-V-H-635~800mW from Changchun New Industries Optoelectronics Technology Co., Ltd. 

A 20x Olympus XLUMPLFLN, 1.00 NA, 2.0 mm WD, water objective was used to focus the 

patterned beam into the zebrafish brain. 

Other optical components like lenses, mirrors, dichroic mirrors and optomechanics parts were 

obtained from Thorlabs
TM

 and/or Edmund Optics Inc. 

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, protected from direct illumination 

with E3+Methylene Blue medium, at physiological pH and salinity. 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
[16]

. 
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Optogenetic Manipulation with Light-sheet Imaging 

A 6 days post fertilization (dpf) Tg(Elavl3:Gal4; UAS:GCaMP6f; 10xUAS:ChrimsonR-TdTomato) 

zebrafish larvae and a control 7 dpf Tg(Elavl3:Gal4; UAS:GCaMP6f) zebrafish larvae had their 

neuronal activity in one brain region imaged by light-sheet microscopy at 50 Hz in response to an 

optogenetic manipulation. 

To do this, the zebrafish larvae were paralyzed with α-bungarotoxin (2 mg/ml) and embedded in 

agarose. The optogenetic manipulation was delivered by 4 different 260x170 μm rectangular patterns 

(Figure 1) projected into the zebrafish brain 7 times, every 40 seconds, for 10 ms, 

with a power of 15 mW/mm
2
. 10 seconds of neuronal activity before and after each 

repetition of the projection were recorded by calcium imaging fluorescence with the 

reporter GCaMP6f. 

Figure 1: Projection of the four 260x170 μm patterns projected into the zebrafish larvae. 

Optogenetic Manipulation to Test the Light Delivery System 

4 and 5 dpf Tg(Isl2b:Gal4 10xUAS:Reach) zebrafish larvae and control zebrafish from the same 

clutch, not expressing the optogenetic actuator Reach, had their tail tracked for a reflexive behaviour 

assay to test the light delivery system formulated. 

The optogenetic manipulation was done by projecting two different 130 μm by 85 μm rectangular 

patterns into the zebrafish trigeminal sensory neurons, one pattern for each side. The light patterns for 

optogenetic manipulation were projected 10 times, every 5 seconds, for 10 or 50 milliseconds with a 

power of 15 mW/mm
2
. 

Optogenetic Manipulation to Test ChrimsonR Activation Conditions 

6 dpf Tg(Elavl3:Gal4; 10xUAS:ChrimsonR-TdTomato) zebrafish larvae and control zebrafish from 

the same clutch, not expressing the optogenetic actuator ChrimsonR, had their tail tracked for a 

reflexive behaviour assay to test activation conditions for ChrimsonR. 

The optogenetic manipulation was done by projecting two different 130 μm by 85 μm rectangular 

patterns into the zebrafish trigeminal sensory neurons, one pattern for each side of the zebrafish head. 

The light patterns for optogenetic manipulation were projected 10 times, every 5 seconds, for 50 

milliseconds with a power varying between 5, 10 and 15 mW/mm
2
. 

 Setup Formulation 

Light Delivery System Formulation 

A light delivery path to project a patterned light beam into a zebrafish larvae brain was developed. 

In this path a light, emitted from a laser, goes through a telescope combination of lenses to increase in 

diameter in order to cover the DMD screen. In the DMD screen, the light beam is modulated into a 

patterned beam. The patterned beam goes through another telescope combination of lenses, a tube 

lens and the objective, in order to get resized into the zebrafish brain/head scale. In the end, a 

columned patterned beam comes out of the objective and gets projected into the zebrafish brain, 

targeting the desired regions for optogenetic manipulation. 
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This structure was used to assemble a prototype setup in order to test the projection. In this setup, 

a patterned light beam was successfully projected into the zebrafish head (Figure 2). 

Figure 2: Patterned beam projection at the 

working distance of the objective. A) Projection of 

a 1039 μm by 683 μm rectangular pattern; B) 

Projection of a 14x8 chessboard pattern; C) 

Projection of a 4x4 chessboard pattern; D) 

Projection of a 1039 μm by 683 μm rectangular 

pattern into a 7dpf zebrafish brain; E) Projection 

of a 1039 μm by 683 μm rectangular pattern into 

a 7dpf zebrafish brain, low exposure; F) Projection of a 4x4 chessboard pattern into a 7dpf zebrafish brain, low 

exposure. The scale bar marks 500 μm. 

Combining an Optogenetic Manipulation Module with Light-sheet Microscopy  

Using as a base the described light delivery path, a new setup combined with light-sheet 

microscopy was developed (Figure 3) and built (Figure 4). 

Figure 3: Schematic of the 

integration of an optogenetic 

manipulation path with a light-

sheet microscope. Lenses are 

represented by “F”, followed 

by their focal length in mm. 

Red (635 nm) light path: The 

light beam starts at the source 

(red dot) and is immediately 

reflected into a telescope 

combination of lenses that 

increases the beam radius 14x. After this, the beam gets redirected into a DMD screen where it gets modulated 

into two patterns. The undesired pattern is nullified into a beam dump while the desired pattern goes through a 

3.3x telescope, followed by a short pass dichroic mirror (740 nm cut-off) and then a 200 mm focal length tube 

lens. After this, the patterned beam enters the light sheet microscope where it gets reflected by a short pass 

dichroic mirror (553 nm cut-off) into the objective, which project the columned patterned light beam into the 

zebrafish brain. Infrared (740 nm) light path: an infrared LED emits light into a short-pass dichroic mirror (740 nm 

cut-off) that redirects the light into a 200 mm focal length tube lens. From this lens, the beam goes into a short 

pass dichroic mirror (553 nm cut-off), being redirected into the objective and illuminating the whole zebrafish 

head. There is a camera bellow the zebrafish (not shown) that captures the eye shadows under the infrared 

illumination allowing for eye movement tracking. Green (509 nm) light path: Fluorescence from GCaMP6f 

reporting zebrafish neuronal activity enters through the objective, passes through the short pass dichroic mirror 

(553 nm cut-off), and goes into a 180 mm tube lens, getting focused into a camera. Blue (473 nm) light path: 

Light-sheet laser illumination to promote GCaMP6f fluorescence. 

Behaviour Optogenetic Manipulation Module 

The behaviour optogenetic manipulation module consists in the combination of the described light 

delivery system for a 635 nm light path and a 473 nm light path. The setup was developed to test 

conditions upon which optogenetic actuators, being expressed in zebrafish transgenic lines, are 
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activated and for behavioural assays with optogenetic manipulation. The schematic of this setup can 

be seen in Figure 5 and the projection of the pattern can be seen in Figure 6. 

 

Figure 4: A) Light-sheet microscope combined with 

a 635 nm optogenetic manipulation module. B) 

Physical representation of the light path 

schematics from Figure 3, with 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 (the zebrafish shape is highlighted in blue). 

This setup could successfully project a columned 

patterned light beam with a Gaussian distribution 

into the zebrafish brain for optogenetic stimulation, while the neuronal activity can be imaged with the light-sheet 

microscope. 

 

Figure 5: Schematic of the behaviour optogenetic manipulation module (left) and a photo of the module with the 

physical representation of the light paths (right). Lenses are represented by “F”, followed by the focal length in 

mm. Red (635 nm) light path: The light beam starts at the source (red dot) and passes through a telescope lenses 

combination that increases the beam radius 10x, to cover the DMD screen. After this telescope, the beam gets 

combined with the blue (473 nm) light path after passing a long-pass dichroic mirror (550 nm cut off). From this 

point, light follows what will be described as the combination light path (purple in the image). Blue (473 nm) light 

path: The light beam starts at the source (blue dot) and passes through a telescope lenses combination that 

increases the beam radius 5.83x, to cover the DMD screen. After the beam resize, the light path gets combined 

with the red (635 nm) light path, by the long-pass dichroic mirror (550 nm cut off). From this point light follows the 

combination light path. Combination light path (purple): The beam is redirected through a set of 4 mirrors into the 

DMD screen, where it gets modulated into two patterns. The undesired pattern is nullified into a beam dump while 

the desired pattern goes through a 3.3x telescope, followed by a short pass dichroic mirror (740 nm cut-off) and 

then a 200 mm focal length tube lens. After this the patterned beam enters the objective and gets projected into 

the zebrafish brain. 

 

 

Objective DMD 

Laser 

LED 

Camera 

Light-sheet 

Figure 6: Projection of a 4x4 chessboard and a 1039 μm by 683 μm rectangular 

pattern by the behaviour optogenetic manipulation module. This module had an 

optimal projection with a Gaussian distribution, without any optogenetic aberrations. 
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Applying the Setups: Results, Discussion and Conclusions 

635 nm Optogenetic Manipulation Module 

Optogenetic manipulation combined with light sheet microscopy was tested using zebrafish 

embryos, expressing ChrimsonR in various neurons all over the brain. The experiment had the 

objective of recording, with light-sheet microscopy, neuronal activity related to the optogenetic 

manipulation stimulus. The data obtained in this experiment consisted in the neuronal activity 

fluorescence of 10 seconds before and after the optogenetic manipulation projection. The data 

analysis process is schematized in Figure 7. 

Figure 7: The average activity stack 

created by averaging the 7 repetitions of 

each projection of the optogenetic 

manipulation pattern, at each time instant,  

was treated with the MATLAB 

Pnevmatikakis et all., 2016
[17]

, toolbox. 

This toolbox found regions of interest 

(ROIs) in the average frames, by finding 

regions where the variation in the 

fluorescence trace levels justified the 

highest variance in fluorescence of the 

average activity stack. The found ROIs 

were mapped and applied into the 

repetition stack (combined information of 

all the 7 repetitions of the projection). 

After ROI identification in the repetition 

stack, the pixels belonging to the 

identified ROIs where extracted and their 

fluorescence trace was averaged, at each 

time instant, in order to create a 

fluorescence trace for each identified ROI. 

After this, a low-pass filter was applied to 

the ROIs fluorescence trace to smooth 

the data. The derivative of the smoothed 

ROI fluorescence trace was computed 

and the moments when the derivative 

went above a threshold of 2 times the 

standard deviation were considered 

significant fluorescence rising events. 

 

From the result of the data analysis, the fraction of times that, within 500 ms after each repetition of 

the light projection, a ROI accused, at least, a significant fluorescence rising event, was determined. 

The result of this fraction calculation, for all the 4 pattern projections, in the Chrimson expressing 

zebrafish and in the control, can be seen in Figure 8. 
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Figure 8: Fraction of times that, in the 7 repetitions of the 

projection, there was at least one uprising event within 500 

ms after the optogenetic stimulation. Using Kruskal-Wallis 

statistical tests, the null-hypothesis that the positive 

zebrafish fractions are the same as the control zebrafish, 

was calculated. The obtained p-values were 5.3x10
-7

, 

1.3x10
-18

, 0.6499, 3.08x10
-10

, for the projection of pattern 

1, 2, 3 and 4, respectively (Figure 1). 

The positive zebrafish had, for the projection pattern 1, 2 and 4, a significant increase in 

fluorescence after the light projection. 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. The result also shows that this difference is dependent on the 

projection pattern, indicating that the setup can stimulate different neurons with the different projection 

patterns. 

Adding to this result, a region of 

neuropil expressing ChrimsonR has 

a significant rising event ~60ms 

after every light projection of pattern 

2 (Figure 9). This indicates a 

successful optogenetic manipulation 

of neuronal activity. 

 

Figure 9: Fluorescence trace of neuropil expressing the optogenetic actuator ChrimsonR. The red lines indicate 

the light projection moments. 

Behaviour Optogenetic Manipulation Module – Reach Experiment 

Since an early age (3-4 dpf), zebrafish larvae display a set of simple reliable behaviours comprising 

locomotor manoeuvres, visual driven behaviour and optomotor responses
[18]

. One of these behaviours 

is an escape reflex response promoted by the activation of the trigeminal sensory neurons. This reflex 

can be induced with just one action potential in one of these neurons
[18]

. 

The trigeminal evoked escape response was used as a readout method for optogenetic 

manipulation to test the formulated light delivery system, using the behaviour optogenetic manipulation 

module. To do this, transgenic zebrafish expressing the optogenetic actuator Reach in the trigeminal 

sensory neurons were submitted to the projection of 473 nm light with two patterns (A and B), each 

one pointing to the trigeminal sensory neurons located on each side of the zebrafish head. 

The reflexive escape response to the optogenetic stimulus was captured by tracking the tail 

movement. The data was treated according to the workflow suggested by João Marques
[19]

. 

To analyse the response of the zebrafish larvae to the stimulus, two variables were calculated: the 

fraction of times the zebrafish had a movement within 1 second after the light projection (Figure 10) 

and the reaction time between the projection and the movement (Figure 11).  
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Figure 10: Graphic representation of 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
. Using a 

Kruskal-Wallis test, the null-hypothesis that the positive and the control zebrafish groups fractions were the same, 

was tested. 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. 

Figure 11: Reaction time between the stimulus and 

the first tail movement within 1 second after the 

various stimulus repetitions. The results obtained 

for the projection of pattern A and B are mixed. 

Using a Kruskal-Wallis test, the null-hypothesis 

that the positive and the control zebrafish groups 

reaction times were the same, was tested. The p-

values obtained were 0.6956 and 3.5x10-7, for the 

projection duration of 10 and 50 ms. 

 

 

By looking at the fractions of responses and reaction times it can be seen that the positive 

zebrafish group behaved significantly different from the control group for a light projection of 50 ms 

with a power of 15 mW/mm
2
, for both pattern A and B. For this illumination condition the fraction of 

responses in the positive zebrafish was higher with almost every individual moving its tail after each 

repetition of the light projection, for both patterns. The reaction time for the 50 ms illumination of the 

positive zebrafish was faster and more consistent, compared with the control zebrafish group (where it 

appears to be random). 

The reaction time for the positive zebrafish, for both pattern A and B, for an illumination of 50 ms, 

had a median of 58 ms. This value was close to the reported by Zottoli et al.
[20]

, of 33±11 ms. 

These results provide strong evidence to state the success of the optogenetic manipulation of 

neuronal activity, with the developed light delivery system. 

With the strong evidence towards the optogenetic stimulation success for an illumination for 50 ms, 

with a power of 15 mW/mm
2
, it was verified if the two different projections under this condition led to 

the zebrafish larvae to “escape” towards opposite sides (having opposite tail curvatures - Figure 12). 
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Figure 12: Curvature of the zebrafish larvae 

tail, 8.5 ms after the start of the first tail 

movement happening within 1 second after 

each pattern projection. A one-way analysis of 

variance was applied to the tail curvature 

values at 8.5 ms after the start of the bout to 

test the null-hypothesis that the curvature 

induced by the two patterns was the same. A 

p-value of 1.8x10
-22

 was obtained. 

The result indicates a significant difference towards where the zebrafish bends the tail after each 

projection. This points towards the success of the optogenetic manipulation and it also shows the 

targeting capability of the patterned beam created by the DMD. 

Behaviour Optogenetic Manipulation Module – Chrimson Experiment 

With the success of the formulated light delivery system for optogenetic manipulation, the next step 

was to try to find conditions upon which ChrimsonR being expressed in newly developed zebrafish 

transgenic lines could be activated. Knowing these conditions is useful to guarantee the success of 

the optogenetic manipulation in the setup with light-sheet imaging. 

The tests were conducted using zebrafish expressing ChrimsonR in various “random” neurons in 

the brain. Due to this reason, a behavioural response to the optogenetic stimulation was not certain. 

Therefore, the objective of this experiment was to find an illumination condition upon which, at least, 

one positive zebrafish responded. 

In Table 1 the fraction of times at least one tail movement happened within 1 second after the 

stimulus is presented. 

Table 1: Fraction of times, at least one bout happened within 1 second after each projection repetition. These 

fractions are in function of the zebrafish, projected pattern and illumination conditions. Highlighted in red are the 

values of the positive zebrafish 1, which seemed to have a response to the illumination with all the conditions 

tested, since the fractions obtained were higher for both patterns projections. 

 

 

Figure 13: Reaction time 

between the stimulus and the 

first tail movement within 1 

second after the various stimulus 

repetitions.  

From the fractions shown in Table 1 and the reaction times from Figure 13, it can be seen that the 

positive zebrafish 1 had a better response to the illumination conditions than the control zebrafish 

group. This indicates that all the tested illumination conditions have potential to activate ChrimsonR in 

the transgenic zebrafish lines. 



- 10 - 
 

Work Summary 

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). 
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