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Abstract 

Dopamine (DA) is a neurotransmitter related to motor, limbic and cognitive functions. The 

development of DA is regulated by a cascade of transcription factors working together in a 

temporal and spatial manner, with its origin in the floor plate (FP) and midbrain-hindbrain 

boundary (MHB). One of the transcription factors involved in the maintenance of the FP is 

Developing Brain Homeobox 1 (Dbx1). Dysfunctions in this dopaminergic system can result 

in many diseases, for example Parkinson’s disease (PD). PD is caused by a degeneration of 

dopaminergic neurons in the substantia nigra pars compacta (SNc), resulting in tremors, 

inability to initiate movement, but also limbic and cognitive effects. Not only the SNc is 

affected in PD, but also the ventral tegmental area (VTA). The VTA is involved in limbic 

and cognitive functions such as memory and reward, and has been shown to degenerate in 

PD. Since PD also results in non-motor symptoms, the effect on the VTA in PD needs more 

research. Studies have shown that some subpopulations within the SNc and VTA seem to 

survive in PD, while others do not. Research to investigate factors that characterize these 

surviving subpopulations are of interest to understand potential neuroprotective effects from 

these factors. Gastrin Releasing Peptide (Grp) is one gene that has been shown to be spared 

in human PD patients, which raises the question whether animal models for PD also show 

spared Grp mRNA positive neurons. 

 

To investigate the function of Dbx1, a CRISPR/Cas9 mediated knockout of Dbx1 was 

performed in zebrafish, which resulted in a more anterior located MHB. To investigate how 

Grp and other markers are affected in PD animal models, two of the most common animal 

models of PD were used: the genetic model Thy1-a-Syn and the toxin-based model 6-OHDA. 

Thy-a-Syn showed no difference in the expression pattern of DA markers. The 6-OHDA 

showed that Aldh1a1 and Grp mRNA positive neurons survive in 6-OHDA mice. 

 

Keywords: development, midbrain, dopamine, substantia nigra, ventral tegmental area, 

Parkinson’s disease 

 

 

  



Introduction 

The basal ganglia are structures involved in motoric and limbic functions of the brain. The 

function of the basal ganglia is highly dependent on dopamine (DA), and a consistent 

dopaminergic input. The two main dopaminergic input regions of the basal ganglia are the 

substantia nigra pars compacta (SNc), mainly involved in motor functions, and the ventral 

tegmental area (VTA), that mainly is involved in the limbic functions. 

Dopamine neurons are formed 

The process of making a midbrain dopaminergic (mDA) neuron involves a cascade of 

transcription factors (TFs) interacting in a temporal and spatial matter during development.  

Firstly, the neural tube, which is the early version of central nervous system, is formed from 

the ectoderm after gastrulation, which occurs around embryonic day (E) 6.0 in mice (Theiler 

1989). Early in the formation of the neural tube, at E7.5 in mice, two organizing centres are 

formed: the isthmic organizer (IsO) and the floor plate (FP). The IsO marks the boundary 

between the midbrain and the hindbrain neuromeres and is therefore also called the midbrain-

hindbrain boundary (MHB). mDA neurons are formed from the FP and MHB (Arenas et al. 

2015). The MHB acts both as a physical separator between divisions of the developing brain, 

but also acts as a signalling and patterning centre (Gibbs et al. 2017). Many TFs are involved 

in the maintenance of the MHB, but two crucial TFs are Orthodenticle homolog 2 (Otx2), 

found expressed in the midbrain, and Gastrulation brain homeobox 2 (Gbx2), found in the 

hindbrain. Mainly two TFs work cooperatively to induce the formation of DA neurons. These 

are called Fibroblast growth factor 8 (Fgf8) and Wingless-int1 (Wnt1) (Arenas et al. 2015). 

 

Another TF in this region is Developing brain homeobox 1 (Dbx1), a TF that works in 

maintaining the FP. The FP is located anterior to the MHB and is defined by TFs such as 

Sonic hedgehog (Shh), Forkhead Box A2 (Foxa2) and LIM Homeobox Transcription Factor 

1 Alpha (Lmx1a). More specifically, it has been shown that microdomains of the FP that are 

positive for Dbx1 has been proven positive for important TFs for DA formation, for example 

Engrailed 1 (En1) (Kouwenhoven et al. 2016; Nouri & Awatramani 2017). En1 itself has 

been shown to be involved in the maintenance of the MHB, but it is mostly known for being 

important for the survival of dopaminergic neurons (Kouwenhoven et al. 2016). 

 

 



Dbx1 has also been proved to be involved in the formation of the forebrain. This was 

confirmed after an ablation of Dbx1 in mice. Ablated mice showed a severe reduction in size 

of the forebrain and abnormal craniofacial structures already at E8.5. This indicates that 

Dbx1 positive progenitors would play an important role in the survival of early neurons of 

the forebrain (Causeret et al. 2011). In zebrafish, Dbx1 has two paralogues: Dbx1a and 

Dbx1b. 

 

The formation of mDA neurons starts by the progenitor cells of mDA neurons, which is 

characterized by the gene Nuclear receptor related 1 (Nurr1). At E11.5, progenitor cells 

migrate to the mantle zone (MZ), a ventrally located area in the FP, where the progenitors 

differentiate and mature to mDA neurons expressing Tyrosine hydroxylase (Th). mDA 

neurons are then migrating towards dopaminergic structures such as the SNc (Arenas et al. 

2015). Th is what characterize a DA neuron, because of its crucial involvement in DA 

synthesis. Th encodes for the rate-limiting enzyme TH. TH catalysed tyrosine to L-DOPA, 

which in turn is the precursor of DA (Lohr & Miller 2014). This differentiation of a mDA 

neuron, where the mDA neurons are Th positive, occurs at E10.5 in mice. In zebrafish 

dopaminergic neuronal populations could be detected at 24 hours post fertilization (hpf) (Du 

et al. 2016). 

Dopamine synthesis and transport 

Following the production of DA in the now mature dopaminergic presynaptic vesicle, 

Vesicular monoamine transporter 2 (Vmat2) is involved in the transportation of DA. Vmat2 

allows DA to be packed in vesicles and transported from the presynapse to the postsynapse 

(Lohr & Miller 2014). The release of DA is maintained by Aldehyde dehydrogenase 1A1 

(Aldh1a1), and the transportation of DA by Dopamine transporter (Dat) (Brichta & 

Greengard 2014). Aldh1a1 is a part of a large family of Aldh genes. Aldh1a1 is almost 

exclusively expressed in the SNc (Cai et al. 2014), where it is involved in the production of 

retinoic acid, involved in neural development (Jacobs et al. 2007). It also converts toxic 

aldehydes metabolites, such as a variant of DA, into non-toxic variants by oxidation 

(Marchitti et al. 2007). Aldh1a1 has been reported to be involved in Parkinson’s disease 

(PD), as studies have shown that PD patients have reduced Aldh1a1 mRNA and protein 

levels in the SN. However, in Aldh1a1 null mice, there is an increase in extracellular DA and 

Th positive neurons in the SN (Anderson et al. 2011). PD is a disease related to a dysfunction 



in the DA system and is caused by a degeneration of DA producing neurons in the midbrain, 

causing severe motor symptoms. 

Parkinson’s disease 

Parkinson’s disease (PD) affects 1.5% of the population above the age 65 (Pringsheim et al. 

2014), being the second most common neurodegenerative disease after Alzheimer’s disease. 

The very first symptoms of PD are sleep disturbances and olfactory dysfunction (Jin et al. 

2017), while common symptoms in a progressed form of PD include tremors, rigidity, 

akinesia, and postural instability. Although, not only motor symptoms are seen in PD: also 

dementia (Hanagasi et al. 2017) and depression are common. It has been documented that 

up to 50% of PD patients are thought to be suffering from depression (Weintraub et al. 2008). 

 

The symptoms of PD arise from the degeneration of dopaminergic neurons, mainly in the 

SNc which degenerates first in the disease. Pathological hallmarks of PD include, as 

mentioned before, degeneration of dopaminergic neurons, but also the generation of Lewy 

Bodies. Lewy Bodies are largely composed of the protein alpha-synuclein (α-syn). Mutations 

in the gene encoding for α-syn, Snca, has been documented involved for hereditary forms of 

PD. α-syn has also been linked to mitochondrial dysfunction, that might be contributing to 

PD (Rocha et al. 2018). Lately, not only the SNc has been shown to be affected in PD, but 

also the VTA. Considering that PD patients not only experience motor symptoms, but also 

cognitive and limbic symptoms such as depression, there is a need to investigate how 

degeneration in the VTA might cause non-motor symptoms in PD. Previous studies report 

that certain genes may have neuroprotective roles in different subpopulations of 

dopaminergic neurons of the SNc and VTA. 

 

Calcium ion binding proteins such as Calbindin D28k (Calb1) and Calbindin 2 (Calb2) are 

both established VTA markers. Calb1 is found in dopaminergic neurons, and studies have 

found that Calb1 positive neurons survive in PD. This suggests that some Calb1 could have 

a protective effect on some dopaminergic neurons in PD (Mouatt-Prigent et al. 1994). 

Another gene that might have a neuroprotective effect in PD is Gastrin Releasing Peptide 

(Grp). Grp mRNA appears to colocalize with Th mRNA, and Grp mRNA positive cells has 

been shown to be spared in non-melanized dopaminergic neurons in the SNc of human PD 

patients (Viereckel et al. 2016). Later studies confirm the possible neuroprotective effect of 



Grp in PD, but also discusses the combinatorial expression of Grp and Neuronal 

Differentiation 6 (NeuroD6) in dopaminergic subpopulations of the VTA (Kramer et al. 

2018). Lastly, G protein-coupled inwardly-rectifying potassium channel family 2 (Girk2) 

encodes for a protein controlling cellular electrical excitability via receptor stimulation, 

changing the neural circuit activity. Previous studies report that Girk2 was found to be 

expressed in the whole SN, and in 50-60% of the VTA (Reyes et al. 2012). Girk2 has also 

been discussed as one of the gene candidates in surviving dopaminergic neurons in PD 

(Brichta & Greengard 2014). These genes are established markers for studying the 

dopaminergic system of the midbrain. 

Animal models for Parkinson’s disease 

There are several animal models for PD, all mimicking different aspects of the disease. 

Generally, animal models for PD can be divided into two groups: genetic and toxin-based 

models. In this study, one genetic model, called Line 61 (L61), and one toxin-based model, 

the 6-Hydroxy-Dopamine (6-OHDA) model, will be studied.  

 

The L61 is a genetic animal model for PD, overexpressing the human wildtype form of α-

syn under the Thy-1 promoter. Thy-1 is used as a promoter because it is ubiquitously 

expressed in the brain. This way, all structures of the brain are affected, and the typical α-

syn pathology that is seen in PD patients post-mortem is generated. Using other promoters, 

such as Th, fails to do so, because it targets catecholaminergic neurons and is therefore not 

as widespread as with the Thy-1 promoter. The L61 model also causes symptoms that are 

typical in PD; both motor symptoms and non-motor symptoms are seen. For example, there 

is a progressive decrease in Th, and striatal DA release is decreased by 40% (Chesselet et al. 

2012). For non-motor symptoms, the L61 model causes for example cognitive deficits 

(Magen et al. 2012), which is also seen in PD. 

 

The 6-OHDA model is a toxin-based model of PD, where the neurotoxin 6-Hydroxy-

Dopamine (6-OHDA) is injected in unilaterally in the brain. 6-OHDA is a DA agonist 

causing neuronal death of dopaminergic neuron by being absorbed by the DA transporter 

(Hernandez-Baltazar et al. 2017). 6-OHDA is commonly injected into the medial forebrain 

bundle (MFB), which ultimately leads to degeneration of 95% of dopaminergic neurons in 

the SNc and VTA. This leads to typical motor symptoms of PD. To confirm the success of 



the unilateral injection, induced rotation is created by administering methamphetamine or 

amphetamine, that are DA acting drugs. The animals will then rotate ipsilaterally (Torres et 

al. 2011). Non-motor symptoms include anxiety and hypolocomotion (Vieira et al. 2019). 

 

In this study, fluorescent in situ hybridization is used to study the expression pattern of before 

mentioned markers within the SNc and VTA in the L61 model and the 6-OHDA model. 

Established DA markers are used to visualize the SNc and VTA. 

 

Aims 

1) Investigate the effect of the MHB in zebrafish after a CRISPR/Cas9 mediated knockout 

of Dbx1. 

2) Investigate the expression pattern in the SNc and VTA in two common PD models, and 

to see whether Grp-positive neurons are spared in these models. 

 

  



Method and materials 

Dbx1 mutant zebrafish 

Animals 

All experiments were in accordance with Swedish regulations and European Union 

legislation. An ethics approval was obtained from the Uppsala Animal Ethical Committee.  

 

The zebrafish were kept at 28.5 °C. The developmental stages were determined according to 

(Kimmel et al. 1995). TgDAT:eGFP zebrafish were generated according to the protocol from 

(Xi et al. 2011). CRISPR/Cas9 mutant zebrafish targeting Dbx1a and Dbx1b were generated 

using the protocol adapted from Varshney et al. (2016) (Shawn Burgess Lab/NIH-NHGRI) 

by the Zebrafish Facility, SciLifeLab, Uppsala University. Two targets for each paralogue 

were chosen based on their exon location within the target sequence (see table 1), number of 

off-targets and GC-content. 

 

Table 1. Targets for Dbx1a and Dbx1b. Abbreviations: F: forward R: reverse. T: target. 

dbx1a_T1/F GAAAGAGGCGTTGAATTTGG 

dbx1a_T2/R GAGAGTGCGCGGTTTGGCTC 

dbx1b_T1/F GAGGAGATGCACTTGGCGAC 

dbx1b_T2/R CGTCGCCATGTCTACTTCTT 

  

Phenotype analysis 

3 days post fertilization (dpf) old zebrafish from the group with a +1/-8 insertion and deletion 

(indel) mutation were phenotypically analysed and documented by confocal and 

fluorescence microscopes (Leica TCS SP5; Software Leica Microsystem LAS-AF; Leica 

M205FA; Leica DFC450C) to find potential mutants. 17 zebrafish were then chosen for 

genotyping based on their abnormal phenotype. 

 

 

 



Genotyping 

17 zebrafish were fin clipped using the protocol Standard Operating Procedure #C3 version 

2 for SciLifeLab, Uppsala University. Biopsies were lysed in 30 µL NaOH (50 mM) and 

amplified with PCR. PCR products were sent to KI Gene CMM (Karolinska Institutet, 

Stockholm) for fragment length analysis (FLA) using CRISPR-somatic tissue activity test 

(STAT) (Carrington et al. 2015) to find somatic mutations. Zebrafish that were either 

heterozygotes for one or both paralogues were kept for further breeding. 

Animal models for Parkinson’s disease 

Animals 

All experiments were in accordance with Swedish regulations and European Union 

legislation. An ethics approval was obtained from the Uppsala Animal Ethical Committee. 

 

L61 project 

In the L61 project, 5 months old transgenic C57BL6/DBA2 male mice overexpressing the 

human α-syn under the Thy-1 promoter (n=5) and littermate controls with the same sex and 

age (n=5) were used (Table 2). 

 

6-OHDA project 

In the 6-OHDA project, C57BL/6NTac male mice (n=4) (Table 2) were injected with 1 μl 

6-OHDA (1.85mg/ml) in the medial forebrain bundle in the right hemisphere at the age of 

either 8 or 10 weeks. Control mice (n=4) were also injected in the same location but with 

saline solution and ascorbic acid. Both groups were given saline injections every day and 

sucrose solution and were sacrificed 2 weeks after the 6-OHDA or saline injection. 

 

In both projects, the mice were sacrificed by cervical dislocation and the brains were 

dissected. The brains were then snap-freezed in isopentane (-35°C, >99% 2-methylbutane, 

Honeywell) and stored in a -80°C freezer until being sectioned coronally using a Leica 

Cryostat CM1950. 16 μm sections were placed on glass slides and stored in -80°C. 

  



Table 2. Number of mice and sections for the L61 and 6-OHDA projects.  

 L61 6-OHDA 

L61 Control 6-OHDA Control 

Number of 

mice 

5 5 4 4 

Number of 

sections 

analysed per 

mouse 

24 24 8 8 

 

Table 3. PCR primer sequences for making PCR products of the DNA sequence of interest. PCR 

products are then used for mRNA probe synthesis. 

Probe PCR Primer Sequence (S-T3) PCR Primer Sequence (AS-T7) 

Dat AATTAACCCTCACTAAAGGGAGT

GGATCGATGCTGCCACCC 

 

TAATACGACTCACTATAGGGAGC

CAGTGACGCAGCGTGAA 

 

Th AATTAACCCTCACTAAAGGGAGT

GCGTCGGGTGTCTGACGA 

 

TAATACGACTCACTATAGGGTCC

AAGGAGCGCTGGATGGTG 

 

Vmat2 AATTAACCCTCACTAAAGGGATC

CGTGGCTGGGATGGGTATG 

 

TAATACGACTCACTATAGGGCCTT

TGCGATGGCACCACCA 

 

rSNCA AATTAACCCTCACTAAAGGGAGA

GCCTTTCACCCCTCTTGC 

 

TAATACGACTCACTATAGGGAGG

TGCATAGTCTCATGCTCACA 

 

Calb1 AATTAACCCTCACTAAAGGGAAG

CCCTCTCGCCCGAGGTTC 

 

TAATACGACTCACTATAGGGCCC

TCCATCCGACAAGGCCATTA 

 

Aldh1a1 AATTAACCCTCACTAAAGGGACT

GTGTCGCAGCATCCCGGA 

 

TAATACGACTCACTATAGGGCCT

GGGGAACAGAGCAGCTGAC 

 

Girk2 AATTAACCCTCACTAAAGGGAGA

ACCGGCGAGTCGGAGCTG 

 

TAATACGACTCACTATAGGGCGG

GGCACTTGTCCGTGATG 

 

Grp AATTAACCCTCACTAAAGGGACG

GCTCGGAGCTCTCGCTCT 

 

TAATACGACTCACTATAGGGGAA

TGGTAGCAAATTGGAGCCCTGA 

 

 

  



Synthesis of riboprobes 

To synthesise riboprobes, transcription reagents were added in the following order: 5X 

transcription buffer, 10X labelling mix with either DIG (red label) or Fluorescein (green 

label), 100 mM DTT, Rnasin (20U/μl), T7 RNA polymerase (20U/μl), the PCR product 

targeting the sequence of interest and water. The mix was then incubated in 37°C for 2 hours. 

The riboprobe mix was then purified by centrifugation with an Illustra Probequant G-50 

micro column and RNA level was subsequently measured using a Nanodrop. Hybridization 

buffer with formamide was then added to the riboprobes. The riboprobes (Table 3) were then 

stored in -80°C. 

 

Fluorescent in situ hybridization 

Frozen (-80°C) sections on glass slides were thawed in room temperature (RT) before 

fixation treated with paraformaldehyde (4%). Sections were washed in 1X PBS and 

acetylated with triethylamine (TEA, pH=8.0) and acetic anhydride (0.25%) for 9 minutes 

and 45 seconds. Sections were washed in 1X PBS. Meanwhile, DIG- or fluorescein labelled 

riboprobes (kept on ice) were added to hybridization buffer with formamide (50/50 solution) 

and denaturated in 85°C for 10 minutes. Cold hybridization buffer with formamide was 

added to the riboprobes before being added to the sections. Sections were then hybridized in 

65°C for 16-18 hours.  

 

Sections were then washed in warm (65°C) 5X, 0.2X saline-sodium citrate (SSC) and 

subsequently 0.2X SSC in RT, before being washed in maleic acid buffer with Tween 20 

(0.1%) (MABT). For the fluorescein-riboprobe revelation step, blocking reagent (BR) was 

added to the sections. The sections were incubated in horseradish peroxidase-conjugated 

anti-fluorescein antibody (anti-fluorescein-POD) in BR (1:1000) for 1 hour. Next, the 

fluorescent signal was amplified by adding a biotin conjugated tyramide signal amplification 

(TSA) with TSA diluent (1:75) to the sections. Sections were then treated with Neutravidin-

Oregon-Green in PBST (1:500) for revelation of biotinylated targets. POD-inhibition was 

then performed to block the horseradish peroxidase by incubating sections in glycine (0.1M, 

pH=2.1) and H2O2 (3%). For the DIG-riboprobe revelation step, sections were incubated in 

anti-DIG-POD (1:1000) and Cy3 conjugated TSA in TSA diluent (1:150). Lastly, the 

sections were washed and then stained with DAPI (1:50,000) and mounted using 

Fluoromount mounting media.  



Results 

Dbx1 mutant zebrafish 

The analysed zebrafish from the -1/+8 indel group showed, at 3 dpf, a decreased size of the 

forebrain, which is shown in figure 1. The MHB is hence located more anterior compared to 

the possible wildtype, and compared to reference literature (Kimmel et al. 1995). The straight 

line between the middle of pupils is a reference mark to visualize the difference in distance 

from the MHB and the anterior part of the forebrain (Fig. 1). As seen in figure 1, the MHB 

in the possible wildtype zebrafish is located posterior to the pupils of the eye, whereas in the 

possible mutant, the MHB is located more anterior. In the possible mutant, the MHB is 

instead found on the same location on the anterior-posterior axis. 

 

Zebrafish were later genotyped using FLA to investigate somatic mutations and to see if they 

had mutations in either one or both of the Dbx1 paralogues, see table 2. Here, two zebrafish 

had a double mutation in both Dbx1 and Dbx1b, and several had a single mutation of either 

Dbx1a or Dbx1b (table 2).  

 

 

Figure 1. 3 dpf tgDAT:eGFP Dbx1 mutant zebrafish and wildtype showing dopaminergic structures 

in the brain. Dotted line is placed between the pupils of the eyes as a reference point. As the genotype 

is unknown at this point, zebrafish are marked “possible wildtype” and “possible mutant” based on 

their phenotype only. Left: possible wildtype zebrafish where the MHB is located posterior to the 

eyes (posterior to dotted line). Right: possible hetero- or homozygous zebrafish where the MHB is 



located between the eyes of the zebrafish (along dotted line). Abbreviations: A: anterior. F: forebrain. 

M: midbrain. MHB: midbrain-hindbrain boundary. H: hindbrain. P: posterior. 

 

Table 4. Fragment length analysis results. Every combination of number and letter equals one 

zebrafish. 17 zebrafish were genotyped to find somatic mutations within both Dbx1a and Dbx1b. 

Cells marked either 8 or -1 shows insertion or deletion respectively, indicating a mutation. WT 

reference for Dbx1a is 311.41∓0.21 and for Dbx1b 303.99∓1.12, meaning no somatic mutation 

within the gene sequence was found. Bold marks zebrafish with a double mutation (cell C1 and B4). 

Empty cells indicate no result. 

Gene 
 

1 2 3 4 5 6 

Dbx1a 

A 311.51 8.07 8.2 8.14 8.18 311.55 

B 311.46 - 311.32 8.23 8.06 311.46 

C 
8.34 311.43 311.14 8.16 8.2 - 

Dbx1b 

A - 304.59 - 303.38 304.54 303.61 

B -1.99 305.59 303.38 -1.99 303.36 - 

C 
-1.04 - 304.5 303.54 303.38 - 

 

  



Animal models for Parkinson’s disease 

Dopaminergic mRNA levels are unaffected in L61 mice 

By using fluorescent in situ hybridization, it could be shown that the DA markers Th, Dat 

and Vmat2 mRNA seem unaffected in L61 mice (Fig. 2). Both L61 mice and controls show 

expression of Dat, Th and Vmat2 mRNA in the SNc and VTA. Overall, a strong expression 

of mRNA can be seen in all these markers. 

 

 

Figure 2. L61 mice showed no change in mRNA expression of the dopaminergic markers Dat, Th 

and Vmat2. A, C, E: Control mice at bregma -3.40. B, D, F: L61 mice at bregma -3.40 mm. A-B: 

Expression of Dat mRNA. C-D: Expression of Th mRNA. E-F: Expression of Vmat2 mRNA. 

Abbreviations: SNc: substantia nigra pars compacta. VTA: ventral tegmental area. 

 

 

 



 

α-syn is overexpressed in L61 mice 

The rat Snca (rSNCA) sequence was used to design the probe for Snca mRNA to verify the 

L61 model as the Thy1 promoter is ubiquitously expressed in the brain. The results show 

that Snca was highly overexpressed in the L61 mice (Fig. 3). Structures that are most 

expressed are the cortex (Fig. 3B, 3D, 3F) and hippocampus (Fig. 3F), while it appears that 

Snca is relatively less expressed within the SNc and VTA (Fig. 4). 

 

 

Figure 3. rSNCA mRNA overexpression at three different levels in control and L61 mice. A, C, D: 

control where rSNCA is not overexpressed. B, D, F: L61 mice where rSNCA is overexpressed. A, B: 

bregma 0.38mm. C, D: -1.06mm. E, F: 2.06mm. Abbreviations: SNc: substantia nigra pars compacta. 

VTA: ventral tegmental area. 

 



 

Figure 4. Snca is overexpressed in L61. A, C, E: control animals. B, D, F: L61 mice. A, B: overview 

of Snca mRNA expression at bregma -3.28 showing a clear overexpression of Snca in L61 mice. C, 

D: closer view of the SNc and VTA. E, F: colocalization of Th and Snca mRNA (yellow). In control 

(E) both Th and Snca mRNA can be seen in the SNc and VTA, while in L61 mice (F), no Snca is 

expressed within the SNc and VTA.  

 

Markers Calb1, Aldh1a1 and Girk2 are unchanged in L61 mice 

When compared to control, the markers Calb1, Aldh1a1 and Girk2 show the same mRNA 

expression in L61 mice (Fig. 5). Calb1 and Girk2 both have a relative weak expression 

compared to Aldh1a1, which is seen as highly expressed in the SNc. Calb1 is mainly found 

in the VTA and not SNc, and Aldh1a1 in the SNc and not VTA. Girk2 is ubiquitously 

expressed within both the SNc and VTA, but the expression was found low in this study.  

 



 

Figure 5. Expression of Calb1, Aldh1a1 and Girk2 mRNA, that all are unchanged in L61 mice when 

compared to controls. A, C, E: control mice. B, D, F: L61 mice. A, B: Calb1 expression, bregma -

3.52mm. C, D: Aldh1a1 expression, bregma -3.08. E, F: Girk2 expression, bregma -3.08mm. 

Abbreviations: SNc: substantia nigra pars compacta. VTA: ventral tegmental area. 

 

 

 

  



Unilateral expression of dopaminergic markers Dat, Th and Vmat2 in 6-OHDA mice 

The 6-OHDA injection caused a unilateral expression of the mRNA of Dat, Th and Vmat2 

(Fig. 6). All three markers are found in the SNc and VTA. For Vmat2, it appears that there 

is a neurodegenerative progression since the mice sacrificed 3 weeks after the 6-OHDA 

injection show less expression of Vmat2 mRNA compared to mice sacrificed 2 weeks after 

the injection (Fig. 7). 

 

 

Figure 6. The injection with 6-OHDA results in a unilateral degeneration of dopaminergic neurons, 

which is shown by the dopaminergic markers Dat, Th and Vmat2, all expressed in the SNc and in the 

VTA. Mice sacrificed 2 weeks after injection. A, C, E: Control mice at bregma -3.40 mm. B, D, F: 

6-OHDA injected mice at bregma -3.40. A-B: Expression of Dat mRNA. C-D: Expression of Th 

mRNA. E-F: Expression of Vmat2 mRNA. Abbreviations: SNc: substantia nigra pars compacta. 

VTA: ventral tegmental area. 

 

 



 

Figure 7. Comparison of Vmat2 mRNA expression in mice that were sacrificed either 2 weeks or 3 

weeks after the 6-OHDA injection, and their controls, all bregma -3.40 mm. A, B: Control mice 

where no difference is seen between 2 weeks and 3 weeks after injection. C, D: 6-OHDA injected 

mice. A, C: Mice sacrificed 2 weeks after the injection. B, D: Mice sacrificed 3 weeks after the 

injection. D: Results suggest that the 6-OHDA injection caused more degeneration of Vmat2 positive 

cells in mice sacrificed after 3 weeks compared to 2 weeks (7C). Abbreviations: SNc: substantia nigra 

pars compacta. VTA: ventral tegmental area. 

 

Grp and Aldh1a1 positive cells survive in 6-OHDA injected mice 

Some Aldh1a1 and Grp mRNA positive cells can be seen in the injected hemisphere of the 

6-OHDA mice (Fig. 8B, 8F, marked with arrowhead). Although, the number of surviving 

cells is few. This may suggest that Aldh1a1 and Grp positive cells survive in this model of 

PD. Girk2 mRNA shows no surviving neurons in the 6-OHDA injected hemisphere (Fig. 

8D). For Grp, it appears that some, but not all, of the maintained cells are colocalized with 

Th compared to the colocalization in the controls (Fig. 9). 



 

Figure 8. Expression of Aldh1a1, Girk2 and Grp mRNA in 6-OHDA injected mice and control. Mice 

sacrificed 2 weeks after injection. A, C, E: Control mice at bregma -3.40 mm. B, D, F: 6-OHDA 

injected mice at bregma -3.40 to -3.50. A, B: Aldh1a1 mRNA is found in the SNc and VTA in control, 

while Aldh1a1 positive neurons are spared in the VTA in 6-OHDA injected mice (marked with 

arrowhead). C, D: Girk2 is expressed in the SNc and VTA in control and shows no spared neurons 

in the 6-OHDA injected mice. E, F: Grp positive neurons, found in the ventral VTA in control, are 

spared in the 6-OHDA injected mice. Spared neurons are found in the ventral VTA (F; marked with 

arrowhead). Abbreviations: SNc: substantia nigra pars compacta. VTA: ventral tegmental area. 

 

 



 

Figure 9. Colocalization of Grp and Th in 6-OHDA injected mice and control mice. Mice sacrificed 

2 weeks after injection. A: control where Grp is expressed in the medial VTA. B: 6-OHDA injected 

mice where Grp positive cells are expressed in the medial VTA (arrow). C: colocalization of Th and 

Grp mRNA in control mice (arrowhead). D: colocalization of Th and Grp mRNA (arrowhead). 

Abbreviations: SNc: substantia nigra pars compacta. VTA: ventral tegmental area. 

  



Discussion 

This master thesis consists of two parts: 1) CRISPR/Cas9 mediated knockout of Dbx1 in 

zebrafish. 2) Expression pattern analysis of the midbrain dopaminergic system in two models 

for Parkinson’s disease in mice. 

 

Dbx1 knockout in zebrafish 

For the first part of this master thesis, the knockout of the two paralogues of Dbx1 resulted 

in an anterior shift of the MHB in the zebrafish brain. This was visualized using by 

fluorescent expression of Dat, marking dopaminergic structures. The MHB is located 

posterior to the eyes in wildtype but were in knockouts seen as located in the same location 

as the eyes on the anterior-posterior axis. This might be due to a reduction of the forebrain, 

causing an anterior shift of the MHB. Previous Dbx1 knockout studies, but in mice, have 

shown a reduction of size of the forebrain and craniofacial structures, suggesting that a 

knockout would have the same effect on zebrafish. 

 

The limitations to this study are that the genotype of the zebrafish that were first 

phenotypically analysed (Fig. 1) is unknown. Figure 1 shows the phenotypic analysis and 

assumptions about whether the zebrafish are wildtype or mutants (hetero- or homozygous 

for Dbx1 paralogues) are therefore made, which is not reliable. However, the results based 

on the phenotypic analysis are promising, since the “possible mutant” shows severe changes 

in the location of the MHB. There were also limitations timewise, as the zebrafish had to 

mature before further breeding after the genotyping (Table 2) to generate more offspring 

with somatic mutations. In this study, this would be the next step. After a strain with double 

mutations has been generated, additional imaging and experiments can be performed. For 

example, in situ hybridization targeting a neurotransmitter found in large parts of the brain 

could be of interest to see whether the forebrain is smaller in size, and to see other potential 

effects of the knockout. Targeting the glutamatergic marker Vesicular glutamate transporter 

2 (Vglut2) could be a good marker for that purpose. After generating a strain with double 

mutations, imaging could be done during several embryonic stages, for example from 3 dpf 

to 5 dpf and adult, to see whether the MHB remains to be located more anterior than the 

control in older embryos and adults.  

 



However, the knockout of Dbx1 generated zebrafish with interesting phenotype that suggests 

that Dbx1 could play a role in maintaining the location of the MHB in an anterior-posterior 

axis. Future experiments will test this hypothesis. 

 

Animal models for Parkinson’s disease 

In the L61 study, it appears that the overexpression of α-syn did not have an effect on the 

SNc and VTA. The heterogeneity of DA neurons of the SNc and VTA appear to be 

unaffected in L61 mice, by looking at the expression pattern of dopaminergic markers. Since 

the L61 does not cause any degeneration of DA neurons in the SNc and VTA, this could be 

an explanation to the results. In addition, the mice used in this study were only 5 months old, 

while previous studies saw a decrease in older mice. Potential neuroprotective effects in 

genes are therefore difficult to study. However, in the 6-OHDA study, a few Aldh1a1 and 

Grp positive neurons appear to be maintained in the 6-OHDA mice when compared to 

controls. For Aldh1a1, this is in accordance with previous studies studying the vulnerability 

of Aldh1a1 positive cells. For Grp, some studies have also shown that Grp positive neurons 

survive in 6-OHDA mice. However, not all studies came to the same conclusion. One study 

found that neurons are both Grp mRNA positive and NeuroD6 mRNA positive are not any 

more resistant to degeneration than other neurons. This raises questions whether Grp itself 

is neuroprotective, or if other factors influence the resistance to neurodegeneration. Since 

NeuroD6 was not studied in this thesis, it is not possible to confirm that the surviving Grp 

positive neurons in our 6-OHDA mice are also colocalized with NeuroD6. Although, when 

colocalization of Th and Grp was studied, not all remaining Grp neurons in the 6-OHDA 

mice were Th positive. If this also is due to a combinatorial effect is a potential future 

investigation. The limitation to the 6-OHDA animal model study was that a quantification 

of the spared cells could not be made due to limited time. 

 

As a conclusion, this PD animal model study confirms previous studies that show that some 

Aldh1a1 positive neurons are spared in a 6-OHDA model for PD. This study also gives new 

insight to the possibility that Grp positive cells are resistant to neurodegeneration. 
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