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Supplementary Figure 1. Catecholamine biogenesis and catecholamine systems in zebrafish 
(A) Enzymatic pathways of catecholamine synthesis. AADC: Aromatic L-Amino Acid Decarboxylase; 
DBH: Dopamine β-hydrolase; L-DOPA: L-3,4-dihydroxy-phenyalanine; PNMT: Phenylethanolamine-N-
methyltransferase; TH: Tyrosine hydroxylase (th and th2 loci in zebrafish); TYR: Tyrosinase (sdy locus in 
zebrafish). Modified from1.  
(B) Catecholamine systems in zebrafish larvae. Anatomical scheme of CA systems in the 3-5 days post 
fertilization (dpf) larval zebrafish brain. Dorsal view, anterior left. CA systems expressing th are shown 
using the nomenclature developed by Rink et al.2,3. The DA systems have evolved significantly and show 
both distinct and shared features with the mammalian systems4,5. Compared to mammalian DA systems, 
the diencephalospinal DA systems (A11 in mammals, DC 2,4,5 and 6 in the zebrafish posterior tuberculum; 
DC = DA Cluster, figure shows numbers only), the prethalamic system (A13 versus DC1), olfactory system 
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(A16 versus OB), and amacrine retinal system (A17) are considered largely conserved. In zebrafish, the 
preoptic system (A15 versus PO) is complemented by the optic recess region DA system (ORR). The 
hypothalamic A12 and A14 systems develop divergently in the zebrafish, which have mammillary (DC3) 
and tuberal (DC7) hypothalamus DA systems6. Zebrafish, contrary to mammals, have DA systems in the 
pretectum (Pr)7 and extended medial amygdala of the subpallium (SP)8. Furthermore, mesdiencephalic DA 
clusters (A8, A9 and A10 in mammals) are absent in zebrafish, likely due to secondary loss in teleost 
evolution, given that they are found in lungfish9, and very few non-functional remnants have also been 
detected in zebrafish10. The hindbrain (LC locus coeruleus and MO medulla oblongata) and peripheral 
(carotid body and sympathetic ganglia; not shown) NA systems are largely conserved7,11,12. 
The CA clusters DA (green) and NA (yellow) have initially been described based on th expression. By 5 
dpf, th2 (cyan) expression domains occur in the hypothalamic posterior and lateral recess, the 
paraventricular organ and preoptic region13,14. GABAergic (magenta) or glutamatergic (red) second 
transmitters are indicated. Abbreviations: AC: amacrine cells of retina; OB: olfactory bulb; SP: subpallium; 
Pr: pretectum; PO: Preoptic system; 1-7: DC clusters 1 to 7; LC: locus coeruleus; MO: medulla oblongata.  
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Supplementary Figure 2. Dopamine ELISA.  
 
(A) Comparison of DA ELISA data obtained from heads collected in bulk and single heads. The sample 
numbers (n) in the table give the number of biological replicates for each condition. For data see 
Supplementary Data 1 - 3. 
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Supplementary Figure 3. Cell counts of th and th2 in the catecholaminergic cell clusters. 
 
Cell counts from experiment shown in Figure 4 for (A) th and (B) th2 expressing CA neurons in two 
reference strains (wildtype AB/TL and mitfa mutant) as well as tyr combined with th and/or th2 mutants in 
mitfa mutant background (A: Supplementary Table 3; B: Supplementary Table 4). Brains were fixed at 120 
hpf, and cells counted separately for left and right halves of the larval, and numbers represent neurons per 
hemisphere. For statistical analysis,  Kruskal-Wallis test and Dunn’s post-hoc comparisons (Bonferroni-
adjusted) was used (for A see Suplementary Data 4, and for B see Supplementary Data 5; ns: p-value > 
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0.05; *: p-value < 0.05; **: p-value < 0.001). For nomenclature and anatomical locations of CA clusters 
see Supplementary Figure 1B. Boxes represent the interquartile range (25th–75th percentiles, 50% of the 
data), the central line corresponds to the median and the vertical lines show the spread of the remaining 
data.  
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Supplementary Figure 4. Expression of HGC markers and selected CA Receptors in HGC clusters 
Expression of HGC markers (A,B) and selected CA Receptors (C-F) in HGC clusters of scRNAseq data 
from Daniocell online resource (https://daniocell.nichd.nih.gov/index.html, v1.1)15,16. The analysis is based 
on 38,371 cells for stages 3,3 to 12 hpf, and 451,315 cells for stages 14 to 120 hpf. Data are from 3.3–120 
hpf (G) whole-animal AB/TL zebrafish. Only cell mapped in the Daniocell resource to the axial mesoderm 
clusters axia_15, axia_18, and axia_20 are shown. In A-F, the color scale represents the log2 fold change 
of mean expression in relation to all cells analysed at this stage (for details see Daniocell website and 
publications)15,16. 
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Supplementary Figure 5. HR and HRV of AB/TL WT controls and tyr mutant larvae 
Relates to Main Figure 6. HR and HRV are not significantly different in tyr mutants compared to AB/TL 
WT larvae at 28.5°C. (A) For HR statistical analysis was performed using two-tailed Welch’s t-test (t-
Welch (11) = 0.13, p = 0.90, effect size (Hedges’s g) = 0.06, CI 95% [-0.85, 0.97]). (B) For HRV two-tailed 
Mann-Whitney test was used (W = 35, p = 0.79, effect size (r (rank biserial)) = 0.09, CI 95% [-0.45, 0.59]). 
Boxes represent the interquartile range (25th–75th percentiles, 50% of the data), the central line corresponds 
to the median and the vertical lines show the spread of the remaining data. 

HR (bpm)  HRV (RMSSD) 
AB/TL tyr  AB/TL tyr 

204 224  91,27 82,39 
190 216  90,3 98,6 
180 213  101,9 88,28 
214 205  88,4 83,81 
240 201  83,47 86,41 
228 208  87,59 89 
252 246  83,1 84,4 
234 218  81,1 84,18 
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Supplementary Figure 6. Comparison of HR and HRV changes at different temperatures for specific 
tyr, th and th2 mutant combinations 
Relates to Main Figure 7. (A) HR and temperature appear positively related for all genotypes. (B) HRV 
increases with temperature challenges. Significances were calculated comparing each temperature with 
28°C. Statistical analysis was performed using two-way ANOVA with Tukey’s multiple pairwise-
comparisons test (See Supplementary Data  6 and 7). *: p-value < 0.05; **: p-value < 0.001; ***: p-value 
< 0.0001; ****: p-value < 0,00001. Boxes represent the interquartile range (25th–75th percentiles, 50% of 
the data), the central line corresponds to the median and the vertical lines show the spread of the remaining 
data.  
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Supplementary Figure 7. Spontaneous locomotion of AB/TL WT controls and tyr mutant larvae  
Relates to Main Figure 9. Spontaneous locomotor activity measured as distance traveled in 1 hour (hr) is 
not significantly different in tyr mutants compared to AB/TL control larvae (Supplementary Table 11). 
Statistical analysis was performed using two-tailed Mann-Whitney test (W = 68, p = 0.41, effect size (r 

(rank biserial)) = -0.20, CI 95% [-0.57, 0.25]). Boxes represent the interquartile range (25th–75th 
percentiles, 50% of the data), the central line corresponds to the median and the vertical lines show the 
spread of the remaining data.  
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Supplementary Figure 8. OMR kinematic parameters in CA depleted larvae (with outlier analysis) 
(A) Latency in OMR initiation (χ2 Kruskal-Wallis (3) = 25.33, p = 0.00001, effect size (ε2) = 0.12, CI 95% 
[0.05, 1.00]), (B) Directionality (χ2 Kruskal-Wallis (3) = 15.78, p = 0.00126, effect size (ε2) = 0.07, CI 95% 
[0.04, 1.00]), (C) Velocity (vector) (χ2 Kruskal-Wallis (3) = 21.13, p = 0.00009, effect size (ε2) = 0.09, CI 
95% [0.04, 1.00]), (D) Speed (scalar) (χ2 Kruskal-Wallis (3) = 20.19, p = 0.000155, effect size (ε2) = 0.09, 
CI 95% [0.03, 1.00]). Statistical analysis was performed using Kruskal-Wallis non-parametric test with 
Dunn´s pairwise comparisons and Holm p adjustment method (Supplementary Table 14). ns: p-value > 
0.05; *: p-value < 0.05; **: p-value < 0.001; ***: p-value < 0.0001; ****: p-value < 0.00001. For a better 
visualization, outliers are not shown in the figure, but highlighted in the Supplementary Excel file 
(Supplementary Data 8). Outlier analysis supports that th is required for normal kinematic performance. 
Boxes represent the interquartile range (25th–75th percentiles, 50% of the data), the central line corresponds 
to the median and the vertical lines show the spread of the remaining data. 
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Supplementary Figure 9. Expression of CA receptors in 5dpf brain cells 
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scRNAseq data from dissected brains and eyes from 5 dpf larval zebrafish published by Raj et al. (2020)17 
were analyzed using the Seurat package (v4.3.0) (https://satijalab.org/seurat/reference/featureplot)18. 
Average expression levels represent log-transformed, library size normalized count per cell as output of the 
Seurat package. The analysis is based on 31,659 cells dissociated from dissected zebrafish barins at 5 dpf19. 
(A) Color coded identified clusters from the publication, for annotation see (E).  (B-D) Relative expression 
levels of CA receptors in single cells. (B) Expression of DA receptors, combined as indicated. (C) Beta2 
and beta3-adrenergic receptors which have linked to noradrenaline signaling, combined as indicated. (D) 
Alpha- and beta-adrenergic receptors, combined as indicated. (E) Cluster Annotation was retained from 
original data. 
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Supplementary Figure 10.  

Uncropped images of gel electrophoresis images from Figures 1 and 2 

 

Uncropped image 
of gel shown in 
Figure 1B. 
 
Original UV 
transilluminator 
image was subjected 
to grey scale 
inversion and linear 
levels adjustment 
(Photoshop 
software). 

 

Uncropped image 
of gel shown in 
Figure 1D. 
 
Figure 1D shows the 
8 lanes to the right of 
the 100 bp ladder 
marker (lane 5). The 
other lanes not 
included in Figure 
1D show genotyping 
of additional 
independent 
samples. 
 
Original UV 
transilluminator 
image was subjected 
to grey scale 
inversion and linear 
levels adjustment 
(Photoshop 
software). 
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Uncropped image of gel shown in 
Figure 2C th2 exon 1. 
 
Original UV transilluminator image 
was subjected to grey scale inversion 
and linear levels adjustment (Photoshop 
software). 
 
Figure 2C does not contain the 
rightmost lane with the 100 bp ladder 
marker (lane 8).  
 
 

 

Uncropped image of gel shown in 
Figure 2C th2 exon 12. 
 
Original UV transilluminator image 
was subjected to grey scale inversion 
and linear levels adjustment (Photoshop 
software). 
 
Figure 2C does not contain the 
rightmost lane with the 100 bp ladder 
marker (lane 8).  
 

 

Uncropped image of gel shown in 
Figure 2D. 
 
Figure 2D shows the 7 lanes to the right 
of the 100 bp ladder marker (lane 3 
from left). The other lanes not included 
in Figure 2D show genotyping of 
additional independent samples. 
 
Original UV transilluminator image 
was subjected to grey scale inversion 
and linear levels adjustment (Photoshop 
software). 
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Supplementary Table 1: Dopamine ELISA results for WT and tyr mutants  (related to Figure 3A)  

Dopamine ELISA measurements of wild type and tyr samples collected from bulked and singles heads, 
genotypes as indicated. 
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Supplementary Table 2: Dopamine ELISA for WT and tyr mutants statistical analysis (related to 

Figure 3A)  

Dopamine ELISA measurements of wild type and tyr samples collected from bulked and singles heads, 
genotypes as indicated. Statistical analyses (ANOVA, Tukey’s HSD Test).   
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Supplementary Table 3: th cell counts (related to Figures 4 and S3) 

Cell counts and statistical analyses of th expressing catecholaminergic neurons for each analysed cell 
cluster, genotypes as indicated. For abbreviations of anatomical cluster names see Figure 4 legend. 
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Supplementary Table 4: th2 cell counts (related to Figures 4 and S3) 

Cell counts and statistical analyses of th2 expressing catecholaminergic neurons for each analysed cell 
cluster, genotypes as indicated. For abbreviations of anatomical cluster names see Figure 4 legend. 
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Supplementary Table 5: Cell counts of mnx1a:GFP positive cells at 33 hpf (related to Figure 6B)  
Cell counts and statistical analysis for the data shown in Figure 6B 33 hpf. 
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Supplementary Table 6: Cell counts of mnx1a:GFP positive cells at 3 dpf (related to Figure 6B) 

Cell counts and statistical analysis for the data shown in Figure 6B 3 dpf. 
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Supplementary Table 7: HGC phenotypes 3 dpf (related to Figure 7B) 

Embryos from a th+/-, th2+/-, tyr-/- cross were analysed at 3 dpf for HGC phenotype. 180 embryos with 
HGC[+] phenotype were identified. 189 HGC[-] embryos were randomly selected from the cross as HGC[-
] population. Genotypes for each embryo were determined by PCR after sorting.  
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Supplementary Table 8: Levels of HGC retention among genotypes from 3 dpf to 5 dpf (related to 

Figure 7E) 

A random subset of 92 embryos classified as HGC+ retention phenotype at 3 dpf (Figure 7B and 
Supplementary Table  7) were reanalysed at 5 dpf. The percentages were extrapolated based on the analysis 
group of 92 larvae with the 3 dpf HGC retention phenotype, and not on the total cross (see legend Table 5). 
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Supplementary Table 9: HR and HRV temperature dependence data (related to Figure 8) 

HR and HRV measurements for the analysis shown in Figure 8 and in Supplementary Figure 6. Outliers 
are shown in red, but the full data set is shown in Figure 8 without outliers removed. Outlier exclusion 
would have not affected the significance of the results reported in the main Figure 8. 
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Supplementary Table 10: HR and HRV temperature dependence statistical analysis - summary 

(related to Figure 8) 

Two-way ANOVA and Tukey’s multiple comparison results for HR and HRV related to Figure 8 and 
Supplementary Figure 6 (details in Supplementary Data 6 and 7). 
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Supplementary Table 11: Locomotor activity in ABTL and tyr mutants related to Supplementary 

Figure 7) 

Spontaneous locomotor activity for control genotypes ABTL and tyr-/- shown in Supplementary Figure 7. 
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Supplementary Table 12: Locomotor activity data (related to Figure 9A) 

Spontaneous locomotor activity measurements of larvae obtained from th+/-, th2+/-, tyr-/- in-crosses. 
Analysis is shown in Figure 9A. Figure 9A shows the full data set, without outliers removed. Outlier 
exclusion does not affect the significance of the results reported in the main Figure 9A. 
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Supplementary Table 13: Optomotor response data (related to Figure 9C) 

Proportion of responders and non-responders among genotypes 
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Supplementary Table 14: Optomotor response statistical tests (related to Figure 10) 

Genotype distributions were compared using the two-sample Kolmogorov-Smirnov test. Pairs of compared 
genotypes are shown with an “x”. D: Maximum distance between the empirical distribution functions of 
two samples. Results of Kruskal-Wallis with Dunn’s pairwise comparisons and Holm p adjustment method 
for each kinematic parameter analyzed considering the outliers (Outliers Present) and not considering them 
(Outliers Removed).  
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Supplementary Table 15: Sequence of oligos used for th2 HCR in situ detection (related to Methods) 

th2_B5_P1 CTCACTCCCAATCTCTATaaCTGTCGCGCCGCGCGTCCTCAATCA 

th2_B5_P2 GGGCCCGGAGATGAAGAGCCGCTCTaaCTACCCTACAAATCCAAT 
th2_B5_P3 CTCACTCCCAATCTCTATaaCTCAAAGACTTTGCCAGCCTTGAAG 

th2_B5_P4 CAGGTGTAGCAGCTTGGTTTCGAAAaaCTACCCTACAAATCCAAT 

th2_B5_P5 CTCACTCCCAATCTCTATaaTCTTGCTCTTTCTGCTCGCTCGACT 

th2_B5_P6 AGAACTCCAGATCTTCTCCACTGCTaaCTACCCTACAAATCCAAT 

th2_B5_P7 CTCACTCCCAATCTCTATaaAGGTCAGAAATCTTCTTTGGAAACC 

th2_B5_P8 TTTGTTATCAGATGATTGCATGTATaaCTACCCTACAAATCCAAT 

th2_B5_P9 CTCACTCCCAATCTCTATaaTCGGAGCAGTGCACTTCACACCGCA 

th2_B5_P10 TTTAAAGAGTTGATGAAGATGTCGGaaCTACCCTACAAATCCAAT 

th2_B5_P11 CTCACTCCCAATCTCTATaaATCTGGTCTTCTCCATACAGACGTT 

th2_B5_P12 AAAGCAGACACCTCTCTGAGCTGAGaaCTACCCTACAAATCCAAT 

th2_B5_P13 CTCACTCCCAATCTCTATaaACCTCCCATGTGGCATTCTCTTCTG 

th2_B5_P14 GGGTAAAGGCTCCTCAGAGTCCTGTaaCTACCCTACAAATCCAAT 

th2_B5_P15 CTCACTCCCAATCTCTATaaCGTGCTTATAATTGAAAGCCATTTC 

th2_B5_P16 TGTATTCCACTACTGGTAAAGGGTCaaCTACCCTACAAATCCAAT 

th2_B5_P17 CTCACTCCCAATCTCTATaaACACAAAGTAAACTGGTTGATATGA 

th2_B5_P18 TCTGTTTGGCGTCCTCAAAGCTCTCaaCTACCCTACAAATCCAAT 

th2_B5_P19 CTCACTCCCAATCTCTATaaAGCTGGGTCGAATGGCTTGTACTGA 

th2_B5_P20 ATCTTGGTATGGTTGAACTGCAGTCaaCTACCCTACAAATCCAAT 
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