
Involvement of the melanocortin system in the regulation of circadian and  

behavioural mechanisms in zebrafish. 

 

1 

Table of Contents 

General abbreviations .................................................................................................. 20 

RESUMEN .................................................................................................................... 22 

RESUM ........................................................................................................................ 25 

SUMMARY .................................................................................................................. 28 

GENERAL INTRODUCTION .................................................................................................... 31 

The melanocortin system ......................................................................................... 33 

POMC ........................................................................................................................ 33 

Functions of melanocortin receptors ....................................................................... 34 

Melanocortin system and behaviour ........................................................................ 38 

Feeding behaviour ....................................................................................... 38 

Agonistic behaviour ..................................................................................... 40 

Stress response ............................................................................................ 40 

Anxiety-like behaviour ................................................................................. 42 

Circadian rhythms ........................................................................................ 43 

Zebrafish as a model for neurobehavioural research ............................................... 45 

Our model of study: zebrafish asip1-Tg .................................................................... 46 

OBJECTIVES ........................................................................................................................... 47 

CHAPTER 1 ............................................................................................................................ 51 

Abstract .................................................................................................................... 53 

1. Introduction .......................................................................................................... 53 

2. Evolution of opioid peptides and nociceptin/orphanin family ............................. 56 

3.POMC Bauplan evolution ...................................................................................... 65 

Acknowledgments .................................................................................................... 69 

Conflict of interest .................................................................................................... 69 

References ................................................................................................................ 69 

CHAPTER 2 ............................................................................................................................ 75 

Abstract .................................................................................................................... 77 

1. Introduction .......................................................................................................... 77 

2. Material and methods .......................................................................................... 81 



Alejandra Godino Gimeno 

2 

2.1 Effect of feeding rate on growth performance ...................................... 81 

2.2 Effect of rearing density on growth performance ................................. 82 

2.3 Determination of body length and whole-body weight ........................ 83 

2.4 Statistical analysis .................................................................................. 83 

3. Results .................................................................................................................. 84 

3.1 Effect of the feeding rate on growth performance ................................ 84 

3.2 Feeding levels and obesity ..................................................................... 87 

3.3 Effect of crowding stress on growth performance ................................ 88 

4. Discussion ............................................................................................................. 91 

Acknowledgements .................................................................................................. 96 

Disclosure Statement................................................................................................ 96 

Funding Information ................................................................................................. 96 

References ................................................................................................................ 97 

CHAPTER 3 ............................................................................................................................ 103 

Abstract .................................................................................................................... 105 

1. Introduction .......................................................................................................... 106 

2. Materials and methods ........................................................................................ 108 

2.1 Fish and tissue sampling ........................................................................ 108 

2.2 RNA isolation and sequencing ............................................................... 109 

2.3 RNA-seq data analysis ............................................................................ 110 

2.4 Expression of MCRs in the zebrafish intestine measured by qPCR ........ 110 

2.5 Analysis of plasma ................................................................................. 111 

2.6 Voltage clamp in Ussing chambers ........................................................ 112 

2.7 Permeability assay ................................................................................. 112 

2.8 Electrogenic amino acid transport ......................................................... 113 

2.9 Statistics ................................................................................................. 114 

3.Results ................................................................................................................... 114 

3.1 Functional classes of DEG in male zebrafish. ......................................... 114 

3.2 Functional classes of DEG in female zebrafish. ...................................... 120 

3.3 Melanocortin receptor expression in the zebrafish intestine ................ 124 

3.4 Electrophysiological studies ................................................................... 125 



Involvement of the melanocortin system in the regulation of circadian and  

behavioural mechanisms in zebrafish. 

 

3 

4. Discussion ............................................................................................................. 128 

Data availability statement ....................................................................................... 134 

Author contributions ................................................................................................ 134 

Funding ..................................................................................................................... 135 

Conflict of interest .................................................................................................... 135 

References ................................................................................................................ 136 

Supplementary materials ......................................................................................... 141 

CHAPTER 4 ............................................................................................................................ 145 

Simple Summary ....................................................................................................... 147 

Abstract .................................................................................................................... 147 

1. Introduction .......................................................................................................... 148 

2. Materials and Methods ........................................................................................ 150 

2.1 Fish and housing .................................................................................... 150 

2.2 Behavioural experiments ....................................................................... 151 

2.3 Quantification of aggressive behaviour ................................................. 152 

2.4 Cortisol determination........................................................................... 153 

2.5 Statistical Analysis .................................................................................. 154 

3. Results .................................................................................................................. 155 

3.1 Agonistic behaviour in zebrafish ............................................................ 155 

3.2 Whole-body cortisol levels .................................................................... 162 

4. Discussion ............................................................................................................. 162 

5. Conclusions ........................................................................................................... 168 

Author Contributions ................................................................................................ 168 

Funding ..................................................................................................................... 169 

Institutional Review Board Statement ...................................................................... 169 

Data Availability Statement ...................................................................................... 169 

Acknowledgments .................................................................................................... 169 

Conflicts of Interest .................................................................................................. 170 

References ................................................................................................................ 170 

Supplementary materials ......................................................................................... 177 

  



Alejandra Godino Gimeno 

4 

CHAPTER 5 ............................................................................................................................ 179 

Abstract .................................................................................................................... 181 

1. Introduction .......................................................................................................... 182 

2. Materials and methods ........................................................................................ 185 

2.1 Animals and housing conditions ............................................................ 185 

2.2 Experiment design ................................................................................. 186 

2.3 Behavioural data acquisition ................................................................. 186 

2.4 Monoamine Neurotransmitters analysis ............................................... 188 

2.5 Gene expression determination ............................................................ 189 

2.6 Statistics ................................................................................................. 190 

3. Results .................................................................................................................. 191 

3.1 Thigmotaxis did not differ between genotypes, but asip1-Tg showed 

footprints of anxiety and low exploratory behaviour ............................. 191 

3.2 Asip1-Tg displayed an enhanced anxiety-like behaviour in the NTDT. .. 193 

3.3 Asip1-Tg showed lower levels of serotonin, dopamine, and noradrenaline in 

the encephalon ....................................................................................... 196 

3.4 Chronic fluoxetine treatment reverses anxiety-like behaviour in asip1-Tg

 .................................................................................................................................. 198 

3.5 High serotonin reuptake induces low 5HT levels and, consequently, anxiety 

in asip1-Tg ............................................................................................... 200 

4. Discussion ............................................................................................................. 202 

Author Contributions ................................................................................................ 207 

Funding ..................................................................................................................... 207 

Institutional Review Board Statement ...................................................................... 207 

Conflicts of Interest .................................................................................................. 208 

References ................................................................................................................ 208 

Supplementary materials ......................................................................................... 218 

CHAPTER 6 .................................................................................................................. 221 

Abstract .................................................................................................................... 223 

1. Introduction .......................................................................................................... 224 

2. Material and methods .......................................................................................... 226 

2.1. Animals and housing conditions ........................................................... 226 



Involvement of the melanocortin system in the regulation of circadian and  

behavioural mechanisms in zebrafish. 

 

5 

2.2. Activity experiments ............................................................................. 227 

2.3. Gene expression study.......................................................................... 227 

2.4. Pineal gland perfusion and treatments ................................................ 229 

2.5. Melatonin and monoamine determination .......................................... 230 

2.6. Statistical analyses ................................................................................ 231 

3. Results .................................................................................................................. 232 

3.1 Activity patterns ..................................................................................... 232 

3.2 Melatonin and monoamine brain levels ................................................ 235 

3.3. In vitro effects of melanocortin antagonists on pineal melatonin release

 .................................................................................................................................. 237 

3.4. Clock genes expression ......................................................................... 239 

3.5 Hypothalamic POMC expression ........................................................... 241 

4. Discussion ............................................................................................................. 242 

References ................................................................................................................ 249 

Supplementary materials ......................................................................................... 254 

CHAPTER 7 ............................................................................................................................ 261 

Abstract .................................................................................................................... 263 

1. Introduction .......................................................................................................... 264 

2. Materials and Methods ........................................................................................ 265 

2.1. Animals and housing conditions ........................................................... 265 

2.2. Experimental design ............................................................................. 266 

2.3. Novel tank diving test (NTDT) ............................................................... 268 

2.4. Aversive learning methodology ............................................................ 269 

2.5. Total lipids and triglycerides ................................................................. 271 

2.6. Monoamine analysis ............................................................................. 271 

2.7. Statistics ................................................................................................ 272 

3. Results .................................................................................................................. 273 

3.1. Overfeeding induces obesity in zebrafish ............................................. 273 

3.2. Obesity does not promote anxiety-like behaviour in zebrafish. ........... 275 

3.3. Obesity does not alter central monoamine levels in zebrafish. ........... 277 



Alejandra Godino Gimeno 

6 

3.4. Obesity impairs short-term memory in zebrafish with no effects on LTM

 .................................................................................................................................. 278 

4. Discussion ............................................................................................................. 280 

5. Conclusions ........................................................................................................... 285 

Author Contributions ................................................................................................ 285 

Funding ..................................................................................................................... 286 

Institutional Review Board Statement ...................................................................... 286 

Acknowledgments .................................................................................................... 286 

Conflicts of Interest .................................................................................................. 287 

References ................................................................................................................ 287 

Supplementary material ........................................................................................... 292 

GENERAL DISCUSSION .......................................................................................................... 295 

1. Melanocortin system inhibition, growth and intestinal permeability .................. 297 

2. Melanocortin system inhibition and agonistic behaviour .................................... 298 

3. Melanocortin system inhibition and anxiety-like behaviour ................................ 299 

4. Role of the melanocortin system in the regulation of circadian rhythms ............ 301 

5. Influence of obesity on memory and anxiety-like behaviour ............................... 302 

CONCLUSIONS ............................................................................................................. 307 

General references ...................................................................................................... 311 


