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When life gets you down, do you know what youve got to do?
Just keep swimming.
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Abstract

Zebrafish is a frequently used model organism with an array of transgenic lines that have been used in
developmental and physiological studies.

We aim to generate novel transgenic zebrafish reporter lines to study subpopulations of spinal neurons in
Vivo.

The gene editing system called CRISPR/Cas9 system was used to knock in reporter genes such as green
fluorescent protein (GFP) or Gal4 transcription factor, to generate transgenic fish lines. Zebrafish embryos
were injected with gRNASs targeting gabrbl or nrd4a2a and GFP or Gal4 plasmid, respectively. FO larvae
were screened, positive fish were raised until sexual maturity, and founders characterized to verify
germline insertion. Three founders were found for gabrbl and the location and the direction of the insert
verified. The GFP expression was studied during development and differential expression patterns were
identified whereas all founders had expression in brain and spinal cord. In parallel, positive fish from the
Gal4 injections were raised and will be screened. Immunohistochemistry was performed to check if nr4a2a
is expressed in the same cells as known neuronal markers. However, no co-localization was detected.

The three gabrbl founders identified in this study highlight the challenges into creating stable transgenic
lines recapitulating true expression of the gene of interest. Sequencing, in-situ hybridization and
immunohistochemistry should be performed to verify the line. A possible reason for the varying expression
may be that through the knock-in we may interfere with regions regulating gene. The nr4a2a-Gal4 line
will be used to perform functional studies. Those experiments will be performed using reporter genes, such
as opsins or GCaMP, controlled by Upstream Activation Sequence (UAS). These transgenic lines will
provide important insights regarding neuronal subpopulations that express gabrbl and nr4a2a to unravel
how the locomotor network is formed.
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Popular Scientific Summary

Can a fluorescent fish unravel the mystery of spinal cord neurons?

Zebrafish is a small fish that is found in freshwater streams in India and Burma. This fish is widely used
in developmental and physiological studies. Among its many advantages, the fish eggs and larvae are
transparent which makes it possible to monitor the changes in development in real time. Zebrafish are also
frequently used as model organism to study the nervous system. The reduced complexity of the fish makes
it easier to study the complex structures and functions of the nervous system. The main goal in this thesis
was to use zebrafish to mark and study specific groups of cells in the nervous system, called neurons. By
investigating sets of neurons in the spinal cord, we hope to gain insights into how a relatively simple circuit
coordinates its activity to generate a coherent output in the form of movements.

In order to mark these neurons, we used a gene-editing tool called CRISPR. With this technique we can
cut the DNA of the fish in a specific place of choice and insert a reporter gene to mimic the expression of
the gene of interest. Our target place in the DNA was close to gabrbl, a gene that produces a protein
present in neurons and is mainly responsible for de-activating cells. The goal was to be able to distinguish
the cells that are functionally different but look morphologically alike. In order to visualize the cells, we
cut the DNA close to the gabrbl gene and inserted another gene that creates a protein that emits in green
color. With this technique, when we see green, it means that the gabrbl gene is expressed in that cell.

This procedure was performed in fish eggs just after fertilization and fish that expressed the green protein
were raised until they were sexually mature. After 2 months, the fish were mated, and the eggs were
screened using a fluorescent microscope. If we found green cells in the offspring, it meant that the parent
fish carried the modified genome in their germ cells. From our experiments, we found three parent fish
that gave positive offspring. However, these three fish gave offspring that expressed the green protein in
different cells; therefore, we observed three different patterns. One possible explanation why we observed
different patterns could be that the insert was probably introduced in different places in the fish DNA or
that the insertion modified DNA sequences with a regulatory function differently in these three fish.

In parallel with this method, we also used an already established line of fish that had the same inserted
gene (green protein) close to the nr4a2a gene. In these fish, we wanted to check if the gene is expressed in
the same cell types as some other known marker genes. To achieve that, we used specific antibodies that
target those genes in larvae producing the green protein in nr4a2a expressing cells and then imaged the
fish with a confocal microscope. By using different colors for the antibodies, we could monitor if one cell
expressed many different target genes. Our results showed that we did not have co-expression of those
markers in the neurons which in some cases verifies the results from previous studies.

By performing these experiments, the main goal is to use the new transgenic fish in other experiments to
study the role of these cells in generating the motor output. If we can specifically label different populations
of cells, we can use optogenetics to turn them on and off in a living animal. This will give us the opportunity
to study the activity of those cells and see their effect on locomotion. By knowing the basic structures and
functions of the neurons we can make conclusions of their role in different circuits in the brain and spinal
cord. Thereafter, we can use this knowledge to understand the mechanisms underlying of many motor and
neurological diseases in neurologically more complex organisms, such as humans.
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Introduction

The nervous system is considered one of the most complex systems in the body. The human brain contains
more than 100 billion cells and the connections between them control every function and every decision
that we make. Our focus is to study how this complex system is formed and more specifically how the
different cells and cell types interact with each other to generate motion. One specific type of motor
activity, called locomotion, is studied intensively by researchers and is of interest even for this thesis.
Locomotion is an umbrella term that includes the different ways an animal uses to move from one place to
another. This process is controlled by many neuronal networks that include different types of neurons that
interact with each other and the muscles to create a specific behavior.

One way to study how the locomotor network translates into behavior is by using model organisms. In
model organisms, we can study the behavioral output of a locomotor circuit, but we can also generate
transgenic lines to study specific populations of neurons in vivo.

Zebrafish as a model organism

One of the most common model organisms used in science is zebrafish. Zebrafish (Danio rerio) is a small
fish about 2,5-4cm long that is native to rice paddies in India and Burma (Engeszer et al., 2007). It inhabits
freshwater streams; it survives about 2 years in nature, and it reaches sexual maturity after 2 months. It is
widely used as an experimental animal for studying developmental and physiological processes due to its
many advantages.

The development of zebrafish is fast, and the fertilization takes place in the water. The female lays
transparent eggs in clutches of about 200 and the male is fertilizing them. The embryo remains transparent
for all the larval stages. At about 2 days post fertilization (dpf), pigmentation starts appearing on the skin
and at the adult phase the fish is covered with horizontal stripes. The transparency at the early stages of
life gives the opportunity to monitor the changes that occur during development in real time. This
advantage makes zebrafish widely used for developmental studies (Bao et al., 2019).

Husbandry of zebrafish is relatively easy since they can be housed in a manageable space. Due to that fact,
many different lines of fish can be kept and used in many experiments.

Along with the other major advantages, zebrafish has established itself as a model organism because of the
plethora of molecular tools available. The full zebrafish genome was sequenced and annotated in 2013 and
it contains about 26,000 protein coding genes. From those genes, 70% have similar genetic structure with
the human genes and 84% of genes related to human disease have homologous counterparts in zebrafish
(Howe et al., 2013). This has made zebrafish a very promising model of human disease but also for
unraveling the structures and functions of many different biological systems.

One of the most complex systems that is studied in zebrafish is the nervous system. The basic organization
of the nervous system is similar among higher vertebrates and zebrafish. Neural circuits, cell types,
structure and basic functions seem to be conserved (Burton, 2015). However, the reduced complexity in
the fish makes it easier to study basic functions as well as the fine-tuning between the different cells and
cell types. Zebrafish can also be used in experiments that cannot take place in other vertebrates. Larvae
can be stored in 96-well plates and be treated with a variety of drugs; in vivo screenings can take place as
well as electrophysiological recordings (Burton, 2015). The most important tool though is the ability to
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genetically manipulate the fish and create many different transgenic lines in relatively short periods of time
(Costantini, 2001; Ma and Liu, 2015; Sertori et al., 2016).

Zebrafish genetic tools

In order to interfere with the genome, three ways are very popular among groups that use zebrafish. The
Cre-LoxP system, the Gal4-UAS and CRISPR/Cas9 are widely used to study gene expression, gene
interactions and disease traits either by introducing reporter genes in the genome or by inducing mutations.
Cre-LoxP is a recombination process where structural mutations like deletions, insertions, translocations
and inversions can be induced. The system contains a recombinase, Cre, that can target specific sequences
in the genome called Lox. The Cre cuts in the Lox sites and according to the number of Lox sites the DNA
can be cut in one, two or more places.

Introduction of specific reporter genes can indicate the place and time where a gene is expressed. Green
and red fluorescent protein (GFP and RFP respectively), as well as other fluorescent proteins can be very
useful since their expression can be visualized with a simple fluorescent microscope. Also, reporter genes
are or can be involved in the next two methods, Gal4-UAS and CRISPR/Cas9.

The Gal4-UAS system was first developed in 1988 (Kakidani and Ptashne, 1988), adapted in 1993 (Brand
and Perrimon, 1993) and is currently considered one of the most powerful techniques -along with the in-
situ immunohistochemistry- to study gene expression. It was used widely in drosophila, but it has been
used in zebrafish studies as well (Davison et al., 2007). The system consists of two parts, the gene that
encodes the Gal4 protein and the Upstream Activation Sequence (UAS) which functions as an enhancer
activated by Gal4. The way it is used in fish is that one line is created which carries the Gal4 gene and
another one with the UAS and a reporter gene (e.g., GFP). In the first fish line the Gal4 gene is expressed
under the promoter of the gene of interest, but the enhancer is not present, whereas in the second fish line
the enhancer is inactive and GFP is not expressed because Gal4 is not present in the cell. However, if those
two fish are crossed then the offspring will carry both the Gal4 and the UAS, enabling an active enhancer
and GFP expression. With this system, lines that express Gal4 only in specific tissues can be created and
different types of information can be obtained based on the reporter gene. For example, when a fluorescent
protein is used then information on which cells express Gal4 can be obtained. Additionally, opsins like
channelrhodopsin and halorhodopsin can also be used as reporter genes (Arrenberg et al., 2009; Zhu et al.,
2009). These can be used to study the function of certain neurons, since neurons can be activated or
suppressed by the light-sensitive channels. The Gal4-UAS system allows also for calcium imaging where
proteins of the GCaMP family are used as reporter genes. Those proteins are fluorescent when calcium is
released and since this happens when neurons are firing (transmission of the electrical signal between
neurons) it can give insights of how the nervous system operates in real time (Kettunen, 2020, 2012).

CRISPR (Clustered Regulatory Interspaced short palindromic repeats) was first discovered in 1987 in
bacteria, and it served as an immune response to bacteriophages (Barrangou, 2015). It is a cluster of DNA
sequences in the bacterial genome derived from the phages. Those sequences are used to identify viral
DNA that enters the bacterium in a subsequent infection (Barrangou et al., 2007). There are three types of
those immune responses in bacteria and each of them is associated with a different enzyme. The method
used in the present work is based on type Il (Chylinski et al., 2014). Type Il CRISPR is associated with an
enzyme called Cas9 (CRISPR-associated protein 9) which is an endonuclease. The Cas9 has two active
sites, one is for binding the RNA from the CRISPR site and one that creates a double strand break in the
DNA that is complementary with the RNA sequence. This bacterial system was adopted to be used for
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editing genomes of organisms. The CRISPR/Cas9 was introduced as a genetic tool in 2014 and can be used
to target specific sequences in the genome (Doudna and Charpentier, 2014). The CRISPR RNA can be
designed, and it can guide the Cas9 to an exact location in the genome where the enzyme introduces the
double-strand break. The CRISPR/Cas9 system has been used to modify crops, to de-activate genes in
human cells, to treat genetic disorders and in other applications (Jiang and Doudna, 2017; Zhang et al.,
2014). In the present thesis, CRISPR/Cas9 was used to create a double strand break upstream of the 5’
UTR (Un-translated region) of gabrbl. Instead of knocking out the gene, a sequence of a reporter gene
was introduced upstream of the gene we are interested in. In that way, the reporter gene -GFP- is expressed
in cells and the developmental stages where gabrbl is expressed. This method was published in 2014
(Kimura et al., 2014).

gabrbl

gabrbl is the gene encoding betal subunit of the GABA receptor. y-aminobutyric acid (GABA) is one of
the main neurotransmitters in the central nervous system. Its effect is mainly inhibitory, and it controls
neural circuits through the GABAA receptors. There are two types of GABA receptor; GABAA and
GABAg. The difference between them is that GABAA, is mediating rapid hyperpolarization, while GABAg
produces slow and prolonged signals. In this thesis we focus on the GABAA receptor. This receptor was
first discovered in crustacean muscles, since it was easier to test neuroactive substances from mammals in
crustacea (Florey, 1954; Florey and McLennan, 1959; Kuffler, 1954). The GABAAa receptors play
numerous roles in the central nervous system. At the beginning of development, they are involved in the
generation of neurons and the synapses and promote neuronal excitation (Ben-Ari, 2002; Ben-Avri et al.,
2007). However, their role in generation of neurons and neuronal excitation was challenged but their
involvement remains very crucial (Bregestovski and Bernard, 2012; Valeeva et al., 2016). In general, the
GABAA receptors are involved in two areas, the inhibitory synapses and the extrasynaptic sites. In
inhibitory synapses, GABA is released quickly and briefly but causes acute inhibition of the neuron. On
the other hand, in extrasynaptic sites it initiates tonic inhibition which is less intense but lasts for longer
periods of time (Farrant and Nusser, 2005; Mody, 2001; Sadamitsu et al., 2021).

Despite their different types on inhibition, all GABAA receptors constitute of five subunits which form a
CI" dependent channel. Each of the subunits penetrates the membrane four times and contains a ligand
binding site in the N-terminal domain. Mammals have 19 subunits (a1-6, 1-3, y1-3, 3, &, 7, 6, and p1-3)
that comprise the GABAA receptors and despite the amount of different possible combinations, most
receptors are composed by two a, two B and one y subunit. GABAA receptors are also studied in zebrafish,
where 23 subunits have been found (eight a, four B, three y, one 8, one &, one (, and five p) (Cocco et al.,
2017; Sadamitsu et al., 2021). Cocco at al. also studied the expression levels of the GABAA receptors in
the adult zebrafish brain. GABAA receptors are also highly expressed, but also tissue specific, in larval
stages as indicated by in situ hybridization (Monesson-Olson et al., 2018). Another in situ hybridization in
5dpf larvae showed that some are widely expressed in forebrain, midbrain, hindbrain and eye, like al
subunit. Others had more constrained expression like in the olfactory bulb. B subunit, which is the focus
of this study, were broadly expressed in the whole brain region (Sadamitsu et al., 2021).

Zebrafish is used as a model organism to study the effect of those receptors in human disease since the
receptor subunits are very conserved among mammals and teleosts (Sadamitsu et al., 2021). Loss of
function studies with morpholinos or CRISPR/Cas9 have revealed disease phenotypes in larvae and
juvenile fish (Reyes-Nava et al., 2020; Samarut et al., 2018). Those results are consistent with studies of
GABAA receptors and gabrbl specifically, in mice and humans. Many variants in the GABAA subunits
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and bl among them (gabrbl) are linked with epilepsy and alcohol consumption (Anstee et al., 2013;
Hernandez and Macdonald, 2019; Hirose, 2014).

nurrl (nrda2a)

nrd4a2 (nuclear receptor subfamily 4 group A member 2), also called nurrl (nuclear receptor related 1
protein) was first identified by Law et al. in 1992 (Law et al., 1992). This nuclear receptor is a key protein
for the maintenance of the dopaminergic system of the brain as it is involved in the development of the
dopaminergic neurons in the central nervous system (Sacchetti et al., 2006; Zetterstrom et al., 1997).
Mutations and loss of function studies in this gene have shown that it is involved in differentiation and
survival of the dopaminergic neurons. It is also linked with disorders related to dopaminergic dysfunction
such as Parkinson’s disorder and schizophrenia (Decressac et al., 2013; Lei et al., 2011; Montarolo et al.,
2019). nrda2a is a very important factor that is involved in the regulation of dopamine transporter and
tyrosine hydroxylase along with other genes such as Pitx3 and Foxa2 (Arenas, 2005; Yi et al., 2014). Wnt
pathway and retinoid signalling are regulating the nr4a2a gene (Smidt et al., 2009; Volakakis et al., 2009).
In zebrafish this gene is present in two paralogs, a and b, with overlapping expression patterns. From Blin
et al. 2008, it is known that nr4a2a is homologous to Nr4a2 in Amniota (Blin et al., 2008). This fact is
supported by loss of function studies, where knock-down of nrda2a results in loss of dopaminergic
phenotype in different neurons in the central nervous system. This outcome is the same when knocking
down both nr4a2a and nr4a2b, but the phenotype is less severe when only nr4a2b is lost (Filippi et al.,
2007).

Aim of the study

The main goal of this thesis was to generate a transgenic zebrafish line that expresses GFP in cells where
the gabrbl gene is expressed in order to mark and study those neurons. Moreover, we wanted to insert
Gal4 upstream of the nr4a2a gene with the aspiration to create a transgenic line and use it in optogenetic
or calcium imaging experiments to study the neurons that express this transcription factor. Those two genes
were selected after an extensive screening in mice where many possible candidate genes were assessed for
their ability to mark only few neurons. In the mouse spinal cord, the genes were expressed in limited
number of interneurons, and they have homologous zebrafish genes.

In summary, we followed the timeline of generating a transgenic line from the injections until the
verification using two gene targets. For gabrb1, we injected one cell stage embryos with gRNA, Cas9 and
the GFP plasmid, we screened the fish that had cells expressing GFP in the spinal cord and raised them
until sexual maturity. After that we screened the offspring of these fish trying to find a fish with germline
insertion and identified three founders. These founders showed different GFP expression patterns and we
performed PCR to explain the differences in the patterns. In parallel, we injected a Gal4 plasmid for the
nrda2a gene in order to generate a nr4a2a:Gal4 driver line to combine with UAS-opsins or UAS-GCaMP
fish in order to perform functional experiments. Also, immunohistochemistry was performed in the already
established nr4a2a-GFP line by using antibodies targeting known neuronal markers like Wtl1, Calb2 and
IsI1/2. With this experiment we wanted to characterize the cell types where GFP and therefore nr4a2a was
expressed by examining co-localization with other known transcription factors. The next step in the process
would be to use the lines to study the sub-populations of neurons, that express the specific markers, and
use them in functional studies in order to see how the neural networks are formed and how these neurons
are involved in locomotion.
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Materials & Methods

Ethical statement

All zebrafish lines were housed at Genome Engineering Zebrafish National Facility (SciLife Lab, 342
Uppsala, Sweden) under the local welfare standards as well as the European Union legislation (EU-
Directive 201_63). The fish were kept under standard conditions of 14 hours light/ 10 hours dark cycles at
28° C and in densities of max 5 fish/L tanks for adult fish. All embryos used were anesthetized and
euthanized using Tricaine and rapid cooling according to up-to-date publications (Alestrom et al., 2020;
Kohler et al., 2017). The ethics permit was obtained from the local ethical board in Uppsala and carries the
following number: C164/14 and 14088/2019.

Embryo treatment

All eggs used for further experiments were collected from zebrafish natural crosses. In order to collect fish
for injections, the fish were kept in tanks with separators the previous day. The separators were removed
the following morning and the eggs were used at the one cell stage. For the eggs used in other experiments
the fish were left to mate freely. All the collected eggs were kept in an incubator protected from light and
at 28°C. Unfertilized eggs and dead embryos were removed from the petri dishes and the rest of the eggs
were kept in water with methylene blue. Embryos used for immunohistochemistry were treated with 1-
Phenyl-2-thiourea (PTU, 0.003% final concentration) at 24 hours post fertilization (hpf) to avoid
pigmentation.

Injections

Preparation
Injection needles were made from glass capillaries (Narishige, GD-1) using a needle puller (Narishige,

model PC-10). The needle was backfilled with 5uL mix that contained gRNA targeting a region upstream
the 5 UTR of the gabrbl gene, a GFP carrying plasmid, mbait gRNA to cut open the plasmid, Cas9 mRNA
and protein and phenol red dye (50ng/uL target gRNA, 15ng/uL plasmid, 50ng/uL mbait gRNA, 4.55ng/uL
Cas9 protein, 112.5ng/uL Cas9 mRNA, 0.075% phenol red (SIGMA Life Science, P0290)) (Kimura et al.,
2014). The needle was then placed in the microinjection manipulator (Narishige, 1IM-31) that was
connected to a microinjection pump (Narishige, IM-31) and the tip was opened using a pair of forceps.
Balance and pressure in the pump were adjusted in order to obtain the covetable injection volume. The
volume of the injection droplet was calculated at using a micrometer slide (ZEISS) and the whole process
was carried out under a stereomicroscope (Nikon SMZ1500). The droplet volume was optimized by
administering the mix into an oil droplet until the diameter of 0.5mm was achieved. This droplet diameter
corresponds to injection volume of 0.06uL using the following formula, V=1/6xd3 (1bar). This process
was repeated whenever the needle was changed.

Procedure

Fish (AB or NACRE lines) were set up using separators in the breeding tanks. In the morning, the separator
was removed, and the eggs were collected after 20-30 minutes. The one-cell staged embryos were lined up
against a microscope slide that is placed inside a petri dish. The excess water is removed so that the eggs
are immobilized and then they are injected in the one cell while avoiding injection to the yolk. In every
clutch of eggs collected, about 10-20 were kept as non-injected controls. After the injection, the embryos
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were kept in a dark incubator at 28° C and after 3h were cleaned from dead or unfertilized eggs. The
embryos were kept in the incubator and screened every 24h until 5 dpf for GFP positive cells in a
fluorescent stereomicroscope (Leica, MZ10F). At 5dpf the healthy, GFP positive fish were put in the
system to grow and were screened after 2 months.

gRNA construction

For the gRNA construction, the protocol from burgess lab was adjusted (Varshney et al., 2015). The
method is using oligos and amplification during a Polymerase Chain Reaction (PCR) and RNA synthesis
to make the sgRNA followed by RNA clean-up with an affinity column process.

Oligo assembly & preparation

At first, the lyophilized primers (Forward: tgtaaaacgacggccagttgaaaattcagaccaaattgttt, Reverse:
gtgtcttGCCGACTCAACACCTCTTTC) were diluted to a final concentration of 10uM via 100uM stock
solution. Then a PCR mix containing 5XPhusion buffer (1X, 5uL), dNTPs (10mM, 0.5uL), gene specific
oligo 1 (taatacgactcactataGGGACCGTGGATGAGAGGAAGgttttagagctagaaatagcaag) (10uM, 0.5ul),
0ligo2(AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAAC
TTGCTATTTCTAGCTCTAAAAC) (10uM, 0.5uL), Taq Phusion polymerase (2U/uL), RNase free water
(18.3uL) run at the following conditions: denaturation 98°C for 2 minutes, annealing 50°C for 10 minutes,
extension 72°C for 10 minutes. The PCR product was imaged on a 2.5% agarose gel where a 120bp single
band was visible (3-5uL of PCR product and 3uL of ladder (GeneRuler DNA Ladder, ThermoFisher
Scientific)).

RNA synthesis and clean up.

For RNA synthesis the T7 quick high yield RNA synthesis kit (New England Biolabs, E2050S) was used.
The whole process was performed on ice and a tube with dNTP mix (10uL), ddH20 (5uL), assembled
oligos for sgRNA mbait (mbait is a specific sequence in the plasmid) (3uL) and T7 polymerase (2uL) was
then incubated at 37°C for 2-16h in a PCR machine (Biorad T100 thermal cycler). After the incubation
1ul of DNase (ThermoFisher Scientific) was added and the sample was incubated at 37°C for 15 minutes.
For the clean-up of the product, Gene JET RNA Cleanup and concentration micro kit (ThermoFisher
Scientific, KO841) was used, and the final sample was eluted in 10uL RNase-free H2O. The final RNA
was kept on ice and its concentration was verified via nanodrop measurements. A 2% agarose gel was also
used as an extra check point. As a final step the sSgRNA was diluted to 250ng/uL and aliquots of 3uL were
kept in a -80 °C freezer.

Immunohistochemistry

Immunohistochemistry was performed in nr4a2a-GFP transgenic fish at 3dpf. The fish were set-up without
separators and the eggs were collected one hour after the light was turned on. The dishes were cleaned
from dead or unfertilized eggs and the healthy embryos were kept in a dark incubator at 28°C. After about
24h from fertilization, the eggs were treated with 1-Phenyl-2-thiourea (PTU, 0.003% final concentration)
and at 3dpf they were screened for GFP positive cells. From the positive fish, 10-15 were selected for the
experiment.

Larvae were fixed in 4% PFA (ThermoFisher Scientific, Pierce™ 16% Formaldehyde (w/v), Methanol-
free) in Protein Bovine Serum (PBS) for 15 minutes at room temperature, equilibrated three times
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10minutes in PBS-T (1xPBS, pH7.3, 0.1% Triton X-100). After equilibration, cryoprotection with 30%
sucrose solution in PBS for 2 hours at room temperature, was performed followed by three 10-minute
washes with PBS-T. The permeabilization was achieved with pre-chilled acetone (100%) for 20 minutes
at -20°C. The preceding step was a series of washes; first with PBS-T, then with ddH20 and then again
with PBS-T, each for 2 rounds of 5 minutes. The preparation for the primary antibody was initiated with a
one-hour incubation with 1% BSA in PBS-T (blocking buffer) at room temperature. Thereafter, the fish
were incubated with the primary antibody against GFP (chicken, 1:1000), 111/2 (mouse, 1:200), Wtl
(mouse, 1:100) and Calb2 (rabbit, 1:1000) for the nrd4a2a-GFP fish diluted in blocking buffer at 4°C
overnight.

On the second day, the fish were washed twice with PBS-T for one hour at room temperature and then
incubated with the secondary antibody -diluted in blocking buffer- at 4°C, in the dark (488nm, goat, anti-
chicken, 1:500 for GFP, 594nm, donkey, anti-mouse, 1:400 for Isl1/2, 594nm, donkey, anti-mouse, 1:400
for Wtl, 647nm, donkey, anti-rabbit, 1:400 for Calb2).

On the final day, two washes with PBS-T were performed for one hour each at room temperature and the
fish were kept in PBS, in the dark at 4°C. It is noted that every incubation always took place with gentle
agitation and that the tubes were kept in the dark.

Imaging with fluorescent stereomicroscope and confocal microscope

For imaging of the samples and the injections we used 3 different microscopes. For the injections, the
Nikon SMZ 1500 was used. The screening of the injected fish as well as the potential founders took place
in the Leixa MZ10F fluorescent stereomicroscope. The characterization of the founders and the
immunohistochemistry imaging was conducted in SP8 Leica confocal microscope, and the image analysis
was done in Fiji, LasX software, GIMP, InkScape and Adobe Illustrator.

PCR & Sequencing

For verification of the location and direction of the insert, PCR was used to amplify the region where the
plasmid was induced. Combination of primers were used that were specific to the genomic area upstream
of the gabrbl gene as well as primers inside the GFP gene and the heat-shock promoter (hsP) (Table 1).

Table 1: List of primers used for the PCRs to verify the position and direction of the insert.

Primer name Sequence (5°- 3”)

gabrbl Forward TGAAAATTCAGACCAAATTGTTT
gabrbl Reverse GCCGACTCAACACCTCTTTC

hsP Forward GACCGCAGAGAAACTCAACC
hsP Reverse GCCCGTCTGTTCATTGTTTT
EGFP Forward ATCATGGCCGACAAGCAGAA

EGFP Reverse TCTCGTTGGGGTCTTTGCTC
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Results

Knock-in of GFP resulted in three founders

From the CRISPR/Cas9 injections many positive fish were identified from screening but not all of them
were suitable for further in the experiments. A large number of fish developed an unhealthy phenotype and
others had unspecific expression of the GFP, mainly in the muscles. About 50 larvae that expressed the
GFP only in the spinal cord were continued to grow until sexual maturity. These FO fish were set up and
screened and three of the fish gave GFP-positive offspring (F1). These F1 fish (Fig. 1), which are named
A, B and C based on the chronological order they were found, expressed GFP in three different patterns.
All the F1 fish had expression in the brain and spinal cord; but expression in the blood vessels and
neuromasts was present in some of them (Fig.1).

: ~ @

Figure 1: Lateral views on zebrafish larvae at 3dpf. Brain and spinal cord expression were found in offsprings from founder A(A), founder
B(B) and founder C(C)

Neurons in the spinal cord express GFP in all three founders

The first area we characterized for GFP expression was the spinal cord. In F1 embryos from founder A and
B, the GFP started to be expressed from day 1 but this was not the case for the offspring of founder C
where the expression was not detected before day 2. Offspring from founder A (hereafter referred to as
founder A) displayed very strong expression in relatively few cells of the spinal cord on day 1 but also
some expression was seen in the muscles (Fig. 2, Al). On the contrary, offspring from founder B (hereafter
referred to as founder B) had weaker expression in the spinal cord on day 1 and it was also in few cells
(Fig. 2, B1).

On day 2, the expression patterns diverged even more. In founder A we found expression in few cells,
mainly on the dorsal and ventral side of the spinal cord, while Rohon-Beard cells (white arrows, Fig. 1,
A2) were also fluorescent on the dorsal side. On founder B the expression was stronger, different types of
neurons were highlighted and many of the neuronal axons were also expressing GFP (Fig. 2, B2). Offspring
from founder C (hereafter referred to as founder C) developed high levels of GFP expression in day 2 (Fig.
2, C2). The majority of the spinal neurons were expressing GFP, and expression was also present in the
blood vessels (white arrow, Fig. 1, C2). The muscles did not display strong GFP expression.

Founder A continued to express GFP in a few cells on the dorsal and ventral side of the spinal cord at day
3and 4, and the Rohon-Beard cells were not present or not labelled anymore (Fig. 2, A3, A4). For founders
B and C at day 3 and 4, the expression pattern remained the same with strong cells in the spinal cord and
in the blood vessels (Fig. 1, white arrows, C3) in founder C.
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Figure 2: Confocal images from larvae spinal cords from 1dpf to 4dpf for offspring from the three founders. On day 1, we observed GFP
expression in founders A and B but not in founder C. On day 2, all the founders expressed GFP but in different patterns. Founder A expressed
GFP in few neurons and the Rohon-Beard cells (white arrows A2), founder B had expression in more cells both dorsally and ventrally and
founder C had very strong expression throughout the spinal cord and the blood vessels. On days 3 and 4, in founder A the expression in
Rohon-Beard cells was not present and the GFP expression was limited in neurons mainly in the dorsal and ventral side. In founders B and
C, in the same period, the expression was in all of the spinal neurons and in founder C in the blood vessels as well (white arrows, C2, C3).
GFP expression in the muscles was also noticed mainly in founder A (white star in A1). Scale bar at 50um.

Expression patterns in the brain of the three founder fish

The brain of the larvae of all founders showed cells expressing GFP. In day 1, founders A and B exhibited
strong expression of the fluorescent protein but GFP expression in founder C is not present (Fig. 3, Al,
B1, C1). Founder A showed at 2-4dpf very strong expression in the forebrain and hindbrain where some
bouquet-like structures of cells are very distinguishable (Fig. 3, red box, A3). Founder B had strong
expression in the posterior lateral line ganglion and some cells on the surface of the head, probably some
skin cells at day 2 (Fig. 3, white arrow, B2). Clear axonal projections to the neuromasts and hair cells in
the ear were detected at day 3-4 (Fig. 3, B3, B4). Founder C expressed GFP mainly in the midbrain and
retina, but some fluorescence could also be detected in the heart (Fig. 3, C2).
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Figure 3: Confocal images of the head and brain of the offsping of the three different founders. On day 1, founders A and B strongly express
GFP in the head area while in founder C expression was not detected. In founder A, strong GFP expression remained until day 4 and it was
detected in the forebrain, midbrain and hindbrain. Some bouquet-like structures were obvious as well (red box, A3). In founder B, on day
2 some superficial cells expressed GFP, and the expression remained until day 4 (white arrows, B3, B4). The posterior lateral line ganglion
was also fluorescent in founder B. In founder C, axons towards the neuromasts were also visible and the retina, midbrain and heart cells
expressed GFP. Scale bar at 50um.

Neuromasts express GFP in two of the founders

Neuromasts are sensory patches that are present in the surface of the fish throughout the body. They are
stimulated by water flow, and they help the fish move through the water, avoid obstacles and catch pray.
This group of cells consists of a rosette of hair cells and the supporting cells (Wada and Kawakami, 2015).
In the confocal images of the founders, we identified that neuromasts were also GFP positive (Fig. 4).
Founder A had GFP positive neuromasts in the head and along the spinal cord (Fig. 4, A). From the
confocal images, we can observe that the cells expressing the insert are mainly the supporting cells.
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Founder C also displayed fluorescence in the neuromasts but not the ones in the head but only the ones
along the side of the body (Fig. 4, C). Founder B’s neuromasts were not labelled by GFP.

Figure 4: Offspring of the founders A and C had expression of GFP in the neuromasts. From a schematic picture of a neuromast (modified
from (Wada and Kawakami, 2015)), we observe that the supporting cells are the ones that expressed GFP. The confocal image for founder A
(A) was taken at 4dpf and the one from founder C (B) at 3dpf but the expression was visible from day 2 until day 4. Scale bar at 50um.

Verification of the line via PCR

In order to examine the location of the insert and its direction in the genome we performed a series of
PCRs. This was also a way to explain the differences observed in the expression patterns of the three
founders. For the PCRs, we used primers that target the genomic area upstream of the 5 UTR of the gabrbl
gene as well as two sets of primers for the GFP gene and the heat-shock promoter (Fig. 5). For the PCRs
all the different combinations were used but the amplification was not successful (Fig. 6). When the
genomic primer and the EGFP primers were used, the expected product was 1600bp but the bands that
were visible in the gels were not corresponding to the expected molecular weight of the desired products

(Fig. 6).

genomic (FLA) hsP target site for
forward primers forward primer mbait sgRNA s
hsP genomic (FLA)

rse primer i
reverse prime reverse primers

| 1
d 1
ca 1600 bp

using genomic forward and EGFP reverse primer

using genomic forward and hsP reverse primer

ca 600 bp

Figure 5: Schematic approach of the genomic areas recognized by the different primers. The genomic primers were specific for gabrb1
while the hsP primer and the EGFP primer were specific to bind to sequences in the insert. The fish used for the PCR were heterozygous
so when the genomic forward and reverse primers were used, we were getting an amplification from the wild type copy of the genome
that did not include the insert. When the EGFP or hsP primers were used and we got a band it indicated that the insert is present in the
genome. What we were not able to amplify was a band when using genomic forward primer and one of the hsP or EGFP primers. If the
insert was in a forward direction, the genomic forward primer with the EGFP reverse one would have given a 1600bp band. In the same
concept, if we used the genomic forward primer and the hsP reverse we would have amplified a 600bp piece. (Modified from J. Habicher)
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Figure 6: Example of a gel from the PCR using combinations of
primers. The wells are from left to right: ladder (Gene Ruler
100bp, ThermoFisher Scientific), genomic forward and reverse
primers (1,5), EGFP forward and reverse primers (2,6),
genomic forward and EGFP reverse primers (3,7) and genomic
reverse and EGFP reverse primers (4,8). The PCR was
performed in 2 fish samples of founder B. Only the controls
(wells 1,2 for fish 1 and 5,6 for fish 2) gave the expected bands
while the combinations of primers gave bands of lower
molecular weight than the expected.

Gal4 injections resulted in ca. 50 positive fish

We performed injections with a gRNA targeting upstream of the 5° UTR of the nr4a2a gene. We used
UAS-GFP and UAS-RFP lines to inject the CRISPR/Cas9 mix. If the injections are successful and the
Gal4 is inserted upstream of the nr4a2a, then the UAS will be activated, and we could screen for GFP or
RFP cells. From our injections with gRNA targeting nr4a2a we had about 50 fish growing. After 2 months,
when they are sexually mature, they will be screened for positive cells in their offspring.

Characterization of the nr4a2a-GFP cells in the spinal cord

Two different immunohistochemistry (IHC) processes were performed in the nrda2a-GFP line. We used
three known neuronal markers Wt1, Calb2 and Isl1/2. In the first one, we used an antibody against GFP,
one for Wtl and one for Calb2 (Fig. 7, B). For the second one, GFP and Isl1/2 antibodies were used (Fig.
7, A, 7, C). While in the maximum projection we can observe some yellow cells, searching in the z-stack
images we concluded that in both IHC there was no co-localization of the known markers with the GFP.
This indicates that the cells expressing GFP, and therefore also the nr4a2a gene, are not the same cells that
express Wtl1, Calb2 and Isl1/2.
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Figure 7: Confocal images of the performed immunohistochemistries. A and C are lateral views of the head and spinal cord, of
3dpf fish, respectively. In green is the GFP positive cells and in red is the Isl1/2 expressing cells. Attention should be paid to the
fact that the images are depicting the maximum projections. Some yellow cells are visible but by examining the z-stack images,
overlapping was not found. Image B is a dorsal view of the spinal cord of 3dpf fish where in green are the GFP expressing cells, in
red the Wt1 positive cells and in blue the Calb2 expressing cells. No overlapping is present in this immunohistochemistry as well.
Scale bar at A and C at 50um and at 80pixels at B.
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Discussion

Studying the nervous system is difficult but very interesting and zebrafish is an important model organism
for these types of studies. This model system gives the opportunity to study neuronal development from
the first hours after fertilization due to the transparency of the larvae. Despite its reduced complexity,
compared to mammals, zebrafish has more than 20 different classes of embryonic spinal neurons
(Goulding, 2009). These neurons are distinguished by the combinations of transcription factors they
express. In this study we wanted to assess whether the two candidate genes, gabrbl and nr4a2a can be
used as markers for a subpopulation of neurons in the spinal cord. In order to achieve that, we created a
transgenic line that expressed GFP in the cells that gabrbl is expressed. Moreover, we used an already
established line to perform immunohistochemistry to check if the nrda2a is co-expressed with other known
markers.

From the first part of the thesis, we managed to create a transgenic line that expressed GFP in some of the
cells where gabrbl is expressed. However, we generated three different founders with three different
expression patterns. This inconsistency is possibly a result of the insert that includes the GFP gene, the
heat-shock promoter (hsP) and the rest of the plasmid. With the CRISPR/Cas9 method, the gRNA that cuts
the genome creates a double-strand break and by Non-Homologous End Joining (NHEJ) repair the plasmid
can be inserted in the genome. With this process, nucleotides can be inserted or deleted in the site of the
break and create different types of mutations. The mutations can interfere with the regulatory sequences
that are upstream of the gene of interest which can lead to differential expression of the controlled gene.
The nucleotides that are added to the normal genomic sequence can alter the function of enhancer
sequences and as a result the gene is not expressed in the same way in all the different founders.

Moreover, the genomic gRNA that cuts the genome is tested to check if it cuts in the correct area upstream
of the 5’UTR of the gene of interest. However, the gRNA may have some unspecific targets in other
genomic sites. If the gRNA cuts in other places as well, then the insert can be introduced in the wrong
place in the fish genome. As a result, the GFP is not expressed in the cells where gabrbl is expressed but
either randomly or in cells where some other gene target is expressed. This explanation is very possible
since we have many different subunits of the GABA receptors that may have high sequence similarity. As
a result, our gRNA may have off targets due to high complementarity with other subunit sequences. This
reasoning is also in line with our PCR results. Our GFP controls gave a band and GFP is also visible in the
fish via stereomicroscope and confocal microscope. However, we could not amplify the estimated products
from the combinations of primers. This can be an indication that the insert is not in the correct place in the
genome but is inserted in a different place. If the GFP is introduced in three different places in the fish
genome then this also explains why we observe three different expression patterns but also expression in
places where GABA receptors are not expected to be expressed.

In order to verify the location of the insert, at first, we can try to perform a PCR in homozygous fish. All
the PCRs we performed were in heterozygous fish in order to have two internal controls. We had a positive
band from the genomic primers from the wild type allele without the insert and a band from the EGFP
primers from the allele with the insert. If we would test homozygous fish, then both alleles should have the
insert. This means that the genomic primers would not be able to amplify the part with the insert, since it
is longer than 7kb, therefore we would only have a band from the EGFP primers. However, if the insert is
not in the correct place in the genome, then the genomic primers would give us a band. This is an indirect
way to get a primary conclusion of the location of the insert.
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Another method to check in which cells GFP is expressed is immunohistochemistry. We can use an
antibody for the gabrbl protein and investigate if the gene is co-expressed in the same cells with other
known neuronal markers. With this method, we will be able to monitor the expression of the protein in the
cells and check if it is the same among the three different founders. Other more time-consuming and
difficult methods such as whole genome sequencing can also give an answer, but it might be hampered by
the sequence similarity of the receptors.

The other part of the thesis focused on some later steps of the process of generating a transgenic line.
Generating a transgenic line is a time-consuming task. It starts with inserting the GFP in the specific place
in the genome, then characterizing it over development and verifying that it is expressed in the cells where
the target gene is expressed. It is also important to check which cells are marked either by setting up crosses
with other known transgenic lines or performing immunohistochemistry. If the marked cells are from a
specific population of neurons that means that the targeted gene is a promising marker for that cell
population. Then, the next step is to generate a Gal4 line and use it for functional analysis. Since the present
study was limited by time, we used an already established transgenic line to perform the Gal4 injections.
This line was generated with the same method as the gabrbl line, but the gene target was nr4a2a. For the
nrda2a line we performed two different immunohistochemical labellings. The first one targeted Wt1 and
Calb2 and the other Isl1/2.

From the RNA sequencing data, we know that nr4a2a expression is overlapping with Doublesex And Mab-
3 Related Transcription Factor 3 (dmrt3) (Andersson et al., 2012). Wtl and Calb2 are two markers of the
dmrt3 lineage and since nr4a2a is expressed in dmrt3 neurons we expected that it might be co-expressed
with Wt1 and Calb2 as well. However, this was not confirmed by the immunohistochemistry performed in
this thesis. In our experiments, we did not observe any expression overlapping between the markers which
verifies, only in one case, the RNA sequencing data. We need to keep in mind that immunohistochemistry
directly targets the protein of interest in the expressing cell which means that the protein is present in this
cell. RNA sequencing is targeting the mRNA in a pool of many cellular mMRNAs. Therefore, the fact that
the RNA is present is not an implication that it is also translated into a protein.

From the experiments performed, it is obvious that generating transgenic lines is easier than in the past,
but it remains a challenging task. The main goal when generating these lines is to be able to use them for
functional studies. The Gal4 injections performed aim to create a line that has Gal4 upstream of the nr4a2a.
When we cross this line with other UAS:opsin or UAS:GCaMP lines we can perform optogenetics and
calcium imaging and be able to study the activity of the neurons expressing nrda2a in the spinal cord.
These experiments in the nr4a2a:Gal4 line but in other lines as well, can give us insights of the structure
and function of different neuronal sub-populations. These types of experiments can subsequently help us
unravel the complexity and the connections between the different neurons in the neural circuits. Last but
not least, knowledge on the structure and function of the nervous system can contribute to understanding
neuronal disease processes and help in the development of treatment.
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