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Résumé 

A l’échelle des populations sauvages, des études en situation post-accidentelles ont 

montré une diminution du volume crânien d’oiseaux (Tchernobyl) et de fœtus de 

macaques (Fukushima) dans les territoires contaminés. D’autre part, des études de 

laboratoire montrent qu’une exposition néonatale de rongeurs aux RI réduit le nombre 

de progéniteurs neuronaux et conduit à des défauts cognitifs (i.e. apprentissage et 

mémoire). De récentes études attestent de l’apparition d’effets neurologiques chez 

l’adulte tels qu’une augmentation du risque d’apparition de la maladie de Parkinson ou 

des défauts cérébrovasculaires associés à une exposition avec des faibles débits de dose. 

Une altération de l’intégrité du système nerveux central lors d’une exposition chronique 

à faibles doses de RI serait donc susceptible d’affecter des processus majeurs comme la 

survie, la reproduction et le comportement.  

Afin d’évaluer l’impact des radiations sur le cerveau du poisson zèbre adulte, trois 

débits de doses (0,05 mGy.h-1 ; 0,5 mGy.h-1 et 5 mGy.h-1) ont été retenus et maintenus 

durant 36 jours.  

Grâce à des études transcriptomiques complétées d’hybridations d’ARN in situ, nous 

avons observé l’augmentation de l’expression de gènes impliqués dans la 

neurotransmission (à l’exception du système acétylcholinergique) ou dans l’axe du stress 

(cortisol en particulier) et identifié de potentiels biomarqueurs (ocytocine, arginine-

vasopressine, cone rod homeobox) spécifiques d’une réponse aux expositions des 

rayonnements ionisants en comparaison avec la blessure physique du stabwound.  A 

contrario des fortes doses de RI (diminution de neurogenèse) et similairement au 

stabwound, l’induction de la neurogenèse dans nos conditions expérimentales suggère la 

mise en place d’une compensation. Cette compensation est indépendante d’un processus 

inflammatoire et agirait sous les actions antioxydantes de l’ocytocine et de la mélatonine 

ou l’action anti-inflammatoire du cortisol et permettrait l’induction d’une neurogenèse 

réactive ainsi que l’expression de gènes impliqués dans la photoréception et présents au 

niveau du télencéphale.  

Ces modifications à l’échelle moléculaire ont entrainé des perturbations 

comportementales, en particulier l’initiation d’un stress et la diminution de la réponse 

sociale spécifiquement chez les femelles poisson zèbres. Par conséquent, ces travaux 
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soulignent l’interaction complexe entre neurohormones, neurotransmetteurs et 

processus de neurogenèse afin de compenser les perturbations causées et modifiant 

l’homéostasie cérébrale suite à l’exposition chronique à des doses faibles à modérées de 

rayonnements ionisants.  
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Abstract 

Nuclear accidents such as Fukushima and Chernobyl released high levels of IR in the 

environment, and studies reported the occurrence of microcephaly in yearling birds and 

Macaca fuscata fetuses. Laboratory studies demonstrated that neonatal exposure to IR 

reduces the number of neuronal progenitors and induces cognitive impairment (i.e., 

learning and memory). Emerging evidence describe neurological effects on adult 

exposure to radiation at dose rates much lower than previously thought in humans 

including elevated risk of Parkinson’s disease and cerebrovascular defects. The alteration 

of central nervous system integrity caused by chronic exposure to low to moderate dose 

rates of IR could thus affect major processes such as survival, reproduction and behavior.  

To evaluate the impact of IR on adult brain zebrafish, we exposed the whole organisms 

to three dose rates (0,05 mGy.h-1; 0,5 mGy.h-1 et 5 mGy.h-1) for 36 days.  

Transcriptomic studies associated with RNA in situ hybridization analysis showed the 

increased expression of genes with function in neurotransmission (except for 

acetylcholine system) or stress (cortisol specifically) and identified potential biomarkers 

(oxytocin, arginin-vasopressin, cone rod homeobox) specific to ionizing radiation 

exposure compared to physical injury through stabwound. In our experimental 

conditions, we observed the induction of neurogenesis contrarily to the impact of acute 

and high doses of IR where neurogenesis is reduced. While after stabwound injury, 

reactive neurogenesis is dependent on inflammatory processes, here neuro-inflammation 

was not initiated thus proposing a compensative system through potential anti-oxidative 

action of oxytocin and melatonin and the anti-inflammatory role of cortisol still allowing 

proper reactive neurogenesis and including the induction of genes involved in 

photoreceptor role in the telencephalon. These modifications on the molecular scale 

impacted the behavioral response specifically on female zebrafish with increased stress 

and reduction of sociability. Altogether, these findings highlight the intricate interaction 

between neurohormones, neurotransmission and neurogenesis process to balance the 

disturbed brain homeostasis caused by chronic exposure to low to moderate dose rates 

of IR.  
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Introduction 

Initially, radioprotection aimed at caring protection of human populations without 

considering radiological risks on ecosystems. Indeed, first norms of International 

Commission on Radiological Protection (ICRP) in the seventies stand that human being 

the most radiosensitive species, a radioprotection focused on human will therefore 

protect all types of species (ICRP, 1977). However, ethical considerations on protecting 

biodiversity and wildlife, as well as concerned on the sustainability of ecosystemic 

services were raised in the following decades (ICRP, 1991; Pentreath, 1998; Whicker and 

Bedford, 1995). Several international agencies (International Atomic Energy 

Agency/IAEA, International Commission for Radiological Protection/ICRP, United 

Nations Scientific Committee on the Effects of Atomic Radiation/UNSCEAR) aimed at 

developing regulatory frameworks, recommendations, and safety concepts to provide 

handbooks to guide the evaluation for environmental protection against ionizing 

radiation and define requirements for ecological protection. Herein, in 2008, the 

UNSCEAR proposed that a threshold below 100 and 400 µGy/h of dose rates does not 

represent significant danger for terrestrial and aquatic populations respectively  

(UNSCEAR, 2008). Later, the development of European scientific projects (FASSET, ERICA 

and PROTECT) allowed the establishment of new reference values. Scientists developed a 

database (FREDERICA) to gather data from literature on the effect of radiotoxicants on 

mortality, reproduction, mutations and morbidity on sixteen taxonomic groups 

(Copplestone et al., 2008). This work led to the assessment of dose-response relationships 

for each species and the derivation of a recommended safety threshold at 10 µGy.h-1 to 

protect 95% of the species with less than 10% of effects (EDR10) (Garnier-Laplace et al., 

2010).   

Several sources can contribute to the release of radiations into the environment. 

Beside natural sources (cosmic, telluric, water, atmospheric radioactivity) that can 

contribute to the background exposure to ionizing radiation (IR), artificial sources 

increase the risk of exposure of populations as well as the release in the environment 

(medical, industrial and military activity). In that context, releases from nuclear industry 

are regulated (in France) but can be subjected to accidental releases due to human 

mistakes or environmental catastrophes. The best but unfortunate illustrations are the 
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Chernobyl (1986) and Fukushima Daiichi (2011) nuclear accidents. In comparison to 

Chernobyl where the dose rates after 20 days reached 20000 mGy/day (UNSCEAR, 2008), 

in France, exposure to aquatic organisms by controlled releases of nuclear plants is 

around 0.01 mGy.year-1 (Antonelli et al., 2021). Despite the radioactive decay of 

radionuclides, radiations are persistent in nuclear power plant accident sites with Cesium 

137 (gamma radiation), Strontium 90 (beta radiation) or Plutonium 239 (alpha radiation) 

presence, consequently inducing a chronic exposure of wildlife still today in Chernobyl 

(0.0024 mGy/day to 24 mGy.day-1) or Fukushima (2600 mGy.day-1 in benthic biota 30 

days after the accident) (Garnier-Laplace, 2013; Garnier-Laplace et al., 2011). Indeed, in 

contrast to human population that relocate, wildlife and plants do not and are thus 

continuously exposed to radionuclides. Moreover, many studies on rodents aimed at 

elucidating the effects of acute and high doses of radiations which mainly illustrates 

exposures in the medical field. In that context, it is crucial to study and understand the 

adverse outcomes of chronic low to moderate dose rates of ionizing radiation in order to 

protect the environment. Such data are not only important for danger characterisation on 

wild animals, but also to preserve in the long term the functioning of intact ecosystems 

for the next generations. 

In ecotoxicology, the main parameters evaluated are resumed to reproduction, 

growth or survival without considering other individual aspects such as behavioral 

factors and effects at the molecular scale. The study of molecular events is however of 

great interest and needs a particular attention. Indeed, these effects occur earlier than the 

outcomes at the individual levels (mortality, reproduction or growth) and can thus be 

used as early warnings of detrimental effects observed at higher biological scales. 

Consequently, the study of the molecular mechanisms induced by exposure to ionizing 

radiation may bring to light the potentiality of a biomarker specific to chronic low to 

moderate dose rates of ionizing radiation. With the onset of toxicogenomic era, the limited 

predictivity of few biomarkers is compensated by the congruence of massive dataset that 

characterize the disturbance of biological pathways as a whole. At the organism scale, 

behavior is another integrative parameter that can predict effect on reproduction, growth 

or survival. For example, it was suggested that stress behavior or defect in social 

responses can impair foraging efficacy, defense against predator or mating choice in fish 

(Brown et al., 2003). The developing nervous system being one of the most sensitive 

organs to IR with the reproductive system, perturbation of its function with consequences 

on behavior is thus of major interest. 
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In that perspective, this thesis’ work aims at deciphering the molecular effects of 

chronic low to moderate dose rates of ionizing radiation in the brain of adult zebrafish 

and how these events can affect behavior and particularly, social and stress responses. 

Thus, two axes articulate this study: 

- Axis I: from molecular effects to stress behavior and reduced sociability  

- Axis II: Common and differential features of IR response compared to 

regenerative neurogenesis induced by neuroinflammation  

To evaluate the radiation induced impairment of brain adult zebrafish, three dose rates 

(0.05 mGy.h-1, 0.5 mGy.h-1, 5 mGy.h-1) were chosen from the fact that exposure levels 

correspond to the domain of the low dose rates in humans (<6 mGy.h-1) (UNSCEAR, 2010), 

are near the reference value for ecosystem radioprotection (0.01 mGy.h-1) (Andersson et 

al., 2009) and are near the range of the dose estimated in fish after the Chernobyl accident 

(0.4 mGy.h-1) (Lerebours et al., 2018).  

4 parts constitute this work: 

• The first part is the current general introduction 

• The second part summarizes the actual knowledge needed to apprehend the 

objectives and results of the work. It presents (i) elementary notions on 

radioactivity through its history and the biological effects of ionizing radiation, (ii) 

the basic knowledge upon constitutive and regenerative neurogenesis with a focus 

on the radiological effects on brain and behavior, (iii) generalities on social and 

stress behavioral responses with emphasis on the zebrafish.  

• The third part aims at developing the objectives of this thesis and the global 

experimental design used for this study. 

• The fourth part deals with the presentation of the obtained results  

• The fifth part corresponds to the general discussion and perspectives 
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1.  State of the art 

1.1. Understanding radioactivity 

1.1.1. The need of radioprotection due to human 

activities 
 

• Röntgen and X-rays 

In the nineteenth century, the discovery of radioactivity transformed diverse fields of 

research, including physics and chemistry. Researchers developed and improved various 

devices using theories from multiple domains including physics and electromagnetism. At 

the end of 1895, Wilhelm Röntgen, professor of physics in Germany, discovered X rays, 

called from the unknown “x” in mathematics. This finding will revolutionize medicine by 

providing a direct insight in living organisms without the need of vivisection. He 

employed a modified version of Crook’s tube (Figure 1), originally used for the study of 

cathode rays. In this device cathode rays are created by the generation of electrons from 

a cathode and accelerated towards the anode in a sealed glass tube with partial vacuum.  

Figure 1 – Cathode tube ray. Electrons travel from the cathode 
towards the anode. The electrons are carried by their momentum to 
the glass tube behind the anode and emit light by falling back to 
their original energy level. The cross shaped anode in this tube is 
designed to cast a shadow. Adapted from Malley, 2011.  
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Rontgen covered the tube with a thick black cardboard, made the room completely 

dark, and surprisingly, a screen covered with barium platinocyanide (emitting 

fluorescence when hit by electrons) that was disposed away from the apparatus to 

prevent the escape of light, became illuminated. These rays could penetrate through its 

apparatus, travel far in air and their path was not modified by magnets. He proved his 

stunning discovery by photographing the human bones of his wife’s hand (Figure 2). This 

discovery revolutionized medicine as physicians could now visualize fractures in their 

patients and predict the localization of tumours (Malley, 2011; Tubiana, 1996).  

 

• Henri Becquerel and Uranium 

Henri Becquerel was issued from a family of scientists. He became in 1892 the director 

of Paris’ Museum of Natural History where he oversaw a large collection of luminescent 

minerals that his father has gathered over the years. His particular interest was the 

luminescent uranium mineral, a heavy metal found in central European mines and 

commonly used for fluorescent tableware as glasses (Figure 3).  

Figure 2 – First X-ray taken by Wilhelm Röntgen. From AncientPages.com, 2017.  
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One year after Rontgen discovery, Becquerel wonders if the properties of 

phosphorescence and fluorescence of uranium salt are the same kind as X rays. Thus, he 

exposed uranium salts to the sun and as for X-rays, the paper photo reacted. However, the 

following days were cloudy and rainy so he could not experiment again and let a virgin 

photo paper with uranium salts in a drawer (Figure 4). Surprisingly, few days later, the 

paper photo reacted again and consequently uranium salts do not need to absorb light to 

glow. He thought that uranium had a property of hyper-phosphorescence because even 

after a long time, it could still darken the photo plate. He tried unsuccessfully to destroy 

uranium’s activity by dissolving and recrystallizing uranium salt in darkness, a procedure 

known to destroy phosphorescence in other materials. These first experiments pave the 

path to the description of natural radioactivity of uranium, a term that Marie Curie will 

defined few years later (“Biographie - Henri Becquerel,” n.d.; Malley, 2011).  

 

Figure 3 – Uranium glass under visible light (left) and under ultraviolet illumination 

(right). From “Uranium glass fluorescing – 11725688 ❘ Science Photo Library,” n.d. 
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• Marie Curie, Pierre Curie and Radium 

Marie Curie became very interested in Becquerel works and decided to focus her PhD 

on the uranic rays. First, she discovered that the power of ray emission (that she called 

activity) was proportional to the amount of uranium contained in the sample. The ray was 

not influenced by either temperature, chemical or physical state. Herein, the activity was 

dependent on the uranium element itself. She then tested other elements and found that 

only thorium and uranium were able to emit invisible rays. She also discovered that two 

minerals, pitchblende and chalcolite had even higher activity than uranium or thorium 

thereby demonstrating that these minerals contained unknown elements. This hypothesis 

was confirmed when she extracted from pitchblende, the polonium element in July 1898, 

named after her home country and the radium element in December 1898. The latter is 

about one million more radioactive than uranium and many scientists became interested 

in this property particularly in the medical field. They experimented on animals that 

radium could heal wounds and cure malignant tumours. Medical applications ensued 

from this discovery: therapist could now treat skin cancers by insertion of needles 

containing radium and even deep tumours using radium pumps. 

In 1904, Antoine Béclère, a French doctor described the harmful effects of radiations 

after observing redness, burns and ulcers on the medical staff working with radiations to 

treat cancers. This marks the beginning of radioprotection focusing first on external 

exposure. Simultaneously, other industrial applications began to grow as radium was 

advertised in the cosmetic industry as a tonifying and rejuvenating agent added in cream, 

toothpaste or shampoo. It was also used to prevent and treat arthrosis and rheumatism 

Figure 4 - Photo of uranium salts that stayed in the drawer taken by Becquerel the 1st of 
march of 1896. From de Andrade Martins, n.d.  
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and was available off the shelf. Other industrial applications of radium included paints for 

watch and alarm clock needles phosphorescent in darkness. Female workers used to 

refine their paintbrush with their mouth after dipping them in radium paint. But in 1924, 

a new-yorker dentist evoked the emergence of maxillary cancers in these women and 

correlated it with their profession. This case introduced the notion of radioprotection 

after internal exposure (contamination) by ingestion (Bayounes et al., 2013; IRSN, 2013; 

Malley, 2011; Prigent, 2012).  

• Committees on Radioprotection 

In 1928, the International X Ray and Radium Protection Committee is founded and set 

the first limit of workers exposition to radiation. Later, it will become the International 

Commission on Radiological Protection (ICRP) that will add some limit exposure to the 

public population too. In 1955, American atmospheric nuclear assays in the Pacific Ocean, 

and particularly the consequences on the radioactive fallout on the Japanese Daigo 

Fukuryū Maru fishermen in 1954, led to the creation of the United Nations Scientific 

Committee on the Effect of Atomic Radiation (UNSCEAR). Few years later, the 

International Atomic Energy Agency (IAEA) is founded (1957). These three organizations 

interact together and aimed at providing recommendations and safety requirements 

based on scientific knowledge. To do so, the UNSCEAR publishes public reports related on 

the Effects of Atomic Radiation. These reports serve as review of the scientific knowledge 

for the ICRP that will further deliver recommendations used by the IAEA that provide 

safety standards as guides or requirements that can be used as legal basis for 

governments and decision makers. In France, the ASN (Authority of Nuclear Safety) 

ensures nuclear safety and radioprotection. The IRSN (Institute for Radioprotection and 

Nuclear Safety) is the public expert involved 

- in UNSCEAR reports with its research activity,  

- in ICRP for prospective and retrospective review of the radioprotection standards 

along with the IAEA (Clarke and Valentin, 2009; IRSN, 2013) 

- and the generation of novel knowledge on the effects of ionizing radiations through 

research programs.
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1.1.2. Ionizing radiation: Definitions and biological 

effects 
• α, β and γ rays 

In parallel of Curie’s work, scientists aimed to identify the different rays emitted by 

uranium. In 1899, Ernest Rutherford named them alpha and beta radiation and in 1900 

Paul Villard distinguished the gamma rays (Malley, 2011).  

“Radioactivity is the phenomenon of the spontaneous disintegration of unstable to 

more energetically stable atomic nuclei” (Guinn, 2003). The release of energy is due to the 

radioactive decay defined as the decreased number of unstable nuclei. Depending on the 

nature of the radionuclide, the energy is released under the form of particles (e.g., α, β) or 

electromagnetic rays (e.g., X, γ). By traveling through matter, the emitted photons and 

particles can expulse electrons from surrounding atoms: this phenomenon is called 

ionization. The quantity and track of deposited energy is measured through the linear 

energy transfer (LET) which is the amount of energy that an ionizing particle transfers to 

the material traversed per unit distance (eV. μm-1).  α particles have a high LET, meaning 

they transfer most of their energy in short distances, with low penetration in mater (they 

can be stopped by a sheet of paper). In contrast, β and γ rays have lower LET meaning that 

they penetrate deeply in tissue but deposit less energy along the ionisation track. β 

radiations can be stopped by aluminium foil and γ rays by lead plate (Figure 5). To 

quantify the exposure of an organism/tissue to ionizing radiation, the basic quantity is the 

energy absorbed per unit of mass (J/kg) defined as Gray (Gy) (Delacroix et al., 2006; ICRP, 

2008; Park and Kang, 2011; Zimmermann, 2006).   

• Exposure pathways 

Two ways of exposure can occur in the environment: external exposure (the source is 

located outside the body) or internal contamination (by inhalation, ingestion and contact 

with the skin). Considering high LET emitter (for instance α particles), the internal 

contamination is the pathway with more harmful effects.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/radioactive-decay
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• Advances in Radiobiology allowing the understanding of ionizing radiation 

mechanisms  

In 1953, Watson and Crick published an article where they proposed the double helix 

structure of DNA and established the molecular understanding of heredity. This finding 

had also deep implications in the radioprotection field, as DNA is a major target of ionizing 

radiation. 

Figure 5 – The penetration power of ionizing radiation (top figure) and modes of nuclear 
decay (bottom figure). Αlpha particles can be stopped by a thick sheet of paper, β particles 
can be stopped by a one-quarter inch thick sheet of aluminium while γ rays require 
several inches of dense material (like lead) to shield them. α decay is a type of radioactive 
decay in which an atomic nucleus emits an alpha particle (helium nucleus) and thereby 
transforms into a different atomic nucleus, with a mass number reduced by four and 
atomic number reduced by two. β decay is a type of radioactive decay in which a beta 
particle is emitted from an atomic nucleus, transforming the original nuclide to an isobar 
of that nuclide. γ decay is a type of radioactivity in which some unstable atomic nuclei 
dissipate excess energy by a spontaneous electromagnetic process. From Evans et al., 
2016; “14.2,”2022.  



  State of the art 
 

28 
 

Ionizing radiation can produce direct and indirect effects. Direct effects are 

characterized by the ionization of molecule inducing loss of electrons while indirect 

effects are caused by the production of free radicals and Reactive Oxygen Species (ROS) 

in cells via water radiolysis. Under homeostasis, the antioxidant/oxidant status is 

balanced. However, in the case of high production of free radicals, it is no longer at 

equilibrium and oxidative stress can harm various targets (lipids, polysaccharides, 

proteins and DNA).  

• Lipids can be targeted by the hydroxyl radical which is known as lipid 

peroxidation. This phenomenon can disturb membrane permeability and thus cell 

homeostasis increasing the initial damages caused by radicals (Ayala et al., 2014). 

Antioxidant systems can act to protect against lipid peroxidation with antioxidant 

enzymes such as catalase, superoxide dismutase or gluthatione peroxidase or non-

enzymatic antioxidants (vitamins, selenium, zinc…) (Su et al., 2019).  

• Proteins are sensitive to free-radicals aggression which will modify the 

composition of amino-acids (substitution, depletion, …) and thus, their secondary 

and tertiary structures. Oxidized proteins (including carbonylation of side chains) 

are inactivated causing loss of their biological functions and more vulnerable to 

proteasome activity.  

• Several DNA damages can occur and disturb the integrity of cells: oxidation of 

nucleotidic bases, abasic sites, simple or double strand breaks, adducts from lipid 

peroxidation or cross linkage with protein and DNA. Different DNA repair systems 

can be triggered to respond to these damages (repair pathways through base 

excision or nucleotide excision, homologous recombination and non-homologous 

end joining).  

• Finally, a less studied process is the oxidation of polysaccharides and for example, 

glyosoxydation was shown to weaken vascular walls. All these mechanisms can 

lead to various cell damage responses, such as cycle arrest, mutations, 

mitochondrial dysfunctions and apoptosis. In the case of low LET radiations (i.e. γ 

rays of Cs-137), the indirect effect through radiolysis is the major process 

(Averbeck et al., 2020; Desouky et al., 2015; Favier, 2003; Kuzmic, 2018; Reisz et 

al., 2014).  
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1.2. The central nervous system of 

vertebrates and model of choice: Danio rerio 
 

Since specific signaling pathways of neurogenesis or targeted cells will be brought up 

through several of my studies, I will describe the major elements of constitutive and 

regenerative neurogenesis in the following parts. First, we will focus on general aspects 

of my model of choice, the Danio rerio or usually called zebrafish. Then, the constitutive 

and regenerative neurogenesis will be detailed. Constitutive neurogenesis is defined as 

the generation of new neurons in normal physiological conditions. In contrast, 

regenerative/reactive neurogenesis is the process by which neuronal production can 

be re-established or enhanced in the nervous system to restore specific functions after 

injury (Alunni and Bally-Cuif, 2016).  

 

1.2.1. Characteristics of Danio rerio 
 

Zebrafish was first described in 1822 by Francis Hamilton. He belongs to the Ciprinidae 

family and originates from Asia, lives in freshwater in India, Bangladesh or Nepal (Table 

1; Figure 6).  He resides in stagnant water, low stream rivers and rice fields.  

Table 1 – Phylogenetic classification of zebrafish. From Blom et al., 2022.  

Kingdom Animalia 
Phylum Chordata 

Class Actinopterygii 
Order Cypriniformes 
Family Cyprinidae 
Genus Danio 

Species Danio rerio 
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His longevity in natural environment is about one year while in laboratory conditions 

it can reach three years. This vertebrate has many advantages, one being its facility to 

accommodate to laboratory conditions. Indeed, he can tolerate pHs comprised between 

5.9 to 8.1 and temperatures between 18 to 38°C. The optimal temperature is situated 

between 24 and 29°C. Zebrafish is gregarious, meaning he lives among shoals with several 

individuals (usually around ten), omnivorous with a diet mainly composed of zooplankton 

and insects and his length at adulthood is about 4 cm. The huge interest about zebrafish 

comes from the molecular toolbox developed for this model, including transgenesis, loss 

and gain of function, and the fact that it is easily amenable to high-throughput screening 

with 70% of the genes with orthologous sequence in the human genome (Howe et al., 

2013). This model is used both in ecotoxicology and in toxicology. However, it is essential 

to keep in mind that consecutively to an additional duplication of its genome compared to 

other vertebrate, many zebrafish genes are duplicated compared to mammalian genes 

which can complicate functional analysis due to gene function redundancy. Zebrafish has 

been widely used in the field of neuroscience for its ease of use, the conservation of gene 

Figure 6 – Sampling locations of wild zebrafish specimen. Black circles correspond to 
Indian sites, grey circles correspond to Nepali sites, grey squares correspond to 
Bangladeshi sites, squares indicate the recorded occurrence of zebrafish sourced from 
the Global Biodiversity Information facility (GBIF) database. From Blom et al., 2022. 
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function with mammals and the possibility to carry out behavioral experiments (Blom et 

al., 2022; Kalueff et al., 2014; Spence et al., 2008).  

 

1.2.2. Constitutive neurogenesis 

1.2.2.1. The onset of the central nervous system in 

vertebrates 
Neurulation is the initial step to form the central nervous system in all vertebrates, 

where the neural tube is created from the neuroectoderm. This pseudostratified 

epithelium composed of a single layer of neuroepithelial cells derives from the 

transformation of one part of the dorsal ectoderm that receives inductive signals from the 

organizer (Boron, 2017; Dafny, n.d.; Purves et al., 2001). The first step in mammals is the 

invagination of the neural plate forming the neural keel, after closing, the neural rod is 

formed to finally become the neural tube (Figure 7A). In actinopterygians, the 

telencephalon develops by eversion meaning that the neural tube, in its dorsal region, 

grows and curves laterally and thus, there is only one medial ventricle comparing to the 

two lateral ventricles in mammals (Figure 7B) (Diotel et al., 2020). The neuroectoderm 

looks “pseudostratified” because of the process of interkinetic nuclear migration (INM) 

defined by the nuclear migration towards and away from the ventricular zone during the 

cell cycle (Götz and Huttner, 2005). The process of neurulation of the anterior neural tube 

has been described in various species. While few differences can be observed in each 

animal, the basic steps are conserved. In teleost, the major difference originates from the 

trunk neural tube that initially forms a solid rod that later develops a lumen.  
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The anteroposterior axis of the neural tube is patterned via morphogenic gradient, 

mainly retinoic acid, which will give rise to the anterior brain and more posteriorly, the 

spinal cord.  

The prosomeric model developed in 1993 by Puelles and Rubenstein, propose the 

segmentation of the neural tube along its anteroposterior axis based on specific molecular 

cues (Ferran et al., 2022). It describes the generation of distinct brain regions of the neural 

tube from anterior to posterior: the prosencephalon (forebrain), the mesencephalon 

(midbrain), the rhombencephalon (hindbrain) and the spinal cord. As embryonic 

development proceeds, their vesicles further subdivide : the prosencephalon will give rise 

to the telencephalon (future cerebral cortex and basal ganglia) and diencephalon (future 

thalamus, subthalamus, hypothalamus and neurohypophysis); the mesencephalon into 

the tectum and tegmentum; and finally, the rhombencephalon will give rise to the 

metencephalon (pons and cerebellum) and the myelencephalon (medulla). Regarding the 

subdivision of the forebrain, a new model as been proposed in which the secondary 

prosencephalon is divided into three parts, the telencephalon, hypothalamus and optic 

recess region (ORR) (Editors of Encyclopaedia Britannica, n.d., Yamamoto et al., 2017) 

(Figure 8). In my studies, I focused mostly on the telencephalon, which is thought to be 

the place where higher cognitive functions such as behavior take place. It is important to 

note that, several molecular mechanisms for specification of regionalization of 

telencephalon are conserved in vertebrates. For instance, dorsal and ventral regions of 

Figure 7 – (A) The neural tube formation, (B) Development of the telencephalon by 
inversion (mammals) or eversion (teleost). From Geldmacher-Voss et al., 2003 and 
Yamamoto et al., 2007 
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the telencephalon rely on the fine regulation of pax6 and nkx genes by shh in both 

zebrafish and mice (Chi et al., 2017).  

 

 

 

1.2.2.2. Neural/neuronal precursor cells in the mammalian 

brain 
Ernst Haeckel was the first to use the term stem cells in 1868 and referred to them with 

two meanings: as “the unicellular evolutionary origin of all multicellular organisms” and 

the “fertilized egg giving rise to all other cell types of the body”. Nowadays, stem cells 

identify cells that can self-renew and differentiate into different cell types in tissues or 

organs (Zhao and Moore, 2018). Neural stem cells can self-renew and proliferate to 

expand their pool without limit and can produce a vast number of different cell types.  In 

contrast, neural progenitor cells have limited self-renewal abilities and differentiate to a 

more limited repertoire of cell type (neuronal and non-neuronal like astrocytes and 

oligodendrocytes).  Finally, neuronal progenitor cells are committed to the production of 

neurons.  

In mammals, three types of cells can be described as neural stem cells/neural 

progenitor cells along cortical development or adulthood: the neuroepithelial cells, the 

Figure 8 – Different models for the subdivision of the forebrain. (A) The columnar 
model in which the hypothalamus is considered to be the ventral half of the 
diencephalon, (B) the prosomeric model proposed by Puelles and Rubenstein, (C) a 
new model proposed by Affaticati et al.. From Yamamoto et al., 2017 
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radial glial cells and the type B astrocyte cells. In mammals, these cells differ in terms of 

localization, time during development, expression of markers, type of divisions and they 

derived from one another. As previously specified, the initial cells that proliferate by 

symmetric division are the neuroepithelial cells (NECs).  Thus, they can expand neural 

stem cell pools but can eventually give rise to neurons. These cells are in contact with 

ventricular (apical pole) and pial (basal pole) surfaces with their cell bodies located in the 

ventricular zone, area next to the ventricles, where neurogenesis occurs during 

embryonic and fetal development (Kriegstein and Alvarez-Buylla, 2009). At their apical 

pole they connect to each other by adherens and tight junctions (zonula-occludens-1) 

(Figure 9). Their nucleus follows the interkinetic nuclear migration during the cell cycle: 

in M phase the nucleus is located at the most apical region and then migrate during G1 

phase to undertake the S phase at the basal pole and finally rapidly remove to apical pole 

during G2 phase. The function of this process was recently understood. Indeed, INM can 

regulate the exposure to various signals to promote neurogenesis or proliferation such as 

Notch signaling that can maintain cells in a proliferative state when activated (Del Bene 

et al., 2008; Götz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009; Lindsey et al., 

2018).  

At the time when neurogenesis begins (around E9-10 in mouse), neuroepithelial cells 

progressively become radial glial cells (RGCs) to replace the latter and thus present 

morphological changes. These new cells will contribute to neurogenesis until birth. Their 

cell bodies are still located in the ventricular zone, they remain in contact with ventricular 

and pial surfaces and also undergo interkinetic nuclear migration at the exception that 

the movement of the nucleus is restrained to in between the apical surface and the basal 

limit of the ventricular zone (Götz and Huttner, 2005). Following the progressive 

thickening of the cortex through corticogenesis, the radial processes of these cells 

elongate and get microtubules and intermediate filaments such as nestin (also present in 

neuroepithelial cells), vimentin or in certain species only, the glial fibrillary acidic protein 

(GFAP).  

Progressively, they acquire astroglial markers like astrocyte-specific glutamate 

transporter (GLAST), brain lipid-binding protein (BLBP), tenascin C (TN-C), S-100 subunit 

β calcium-binding protein and the glutamine synthase enzyme (GS) (Kriegstein and 

Alvarez-Buylla, 2009). In contrast to neuroepithelial cells, radial glial cells only anchored 

to each other through adherens junctions, are in contact with blood vessels and divide 
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asymmetrically to produce one radial glial cell and one neuron directly or via an 

intermediate progenitor cell (Figure 9).  

After birth, radial glial cells can produce neurons, ependymal cells and type B 

astrocyte cells that will, for some of them, ensure a progenitor role in adult neurogenesis 

in the subventricular zone of the lateral ventricles, one of the main neurogenic niches in 

the mice adult brain. The latter cells can thus indirectly through intermediate progenitors 

give rise to oligodendrocytes but also to neuroblasts that will become neurons after 

migration. Another neurogenic niche, extensively studied these past years, is the 

subgranular zone of the dentate gyrus of the hippocampus composed of radial glial cells 

also called type 1 cells. These two zones are called neurogenic niches because stem cells 

reside in these niches and depend on them by the microenvironment they provide: 

regulation of NSC survival and balance between quiescence and production of progeny 

(Ceci et al., 2019).  

1.2.2.3. Constitutive neurogenesis in adult zebrafish 
At the beginning of the last century, Ramon y Cajal studied in detail the human brain 

anatomy and reported that neurogenesis was restricted to the developmental period (De 

Castro, 2019). However, in 1962, Altman discovered newly born cells in the adult rodent 

brain and few years later, this assumption was confirmed and demonstrated by the 

Figure 9 - Neural stem cells in development and in the adult. MA: mantle, MZ: marginal 
zone, NE: neuroepithelium, nIPC : neurogenic progenitor cell, oIPC : oligodendrocytic 
progenitor cell, RG : radial glia, SVZ: subventricular zone, VZ: ventricular zone. Solid 
arrows are supported by experimental evidence, dashed arrows are hypothetical. From 
Kriegstein and Alvarez Buylla, 2009. 
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presence of new-born neurons in the adult brain of mice and canaries (Goldman and 

Windrem, 2006; Kaplan and Hinds, 1977). Afterwards, with the development of new 

technologies (BrdU or viral vectors labelling), the field of adult neurogenesis took off. The 

presence of constitutive neurogenic niches has thus been demonstrated in adult rodents 

(rabbit and mouse) (Alvarez-Buylla and Lim, 2004) or in humans (Williams, 2014) but 

mammals’ brain have limited adult neurogenesis capacity compared to birds, reptiles 

(Ceci et al., 2019) or teleosts (Ekström et al., 2001; Grandel et al., 2006; Grandel and 

Brand, 2013; Zupanc, 2001). In zebrafish brain, neurogenic niches (around sixteen) are 

mainly disposed along the ventricular layers of the telencephalon, diencephalon and 

rhombencephalon (Figure 10).  

Figure 10 - Sagittal section of zebrafish brain (A) and neurogenic niches in the brain of 
mammals (B) and zebrafish (C). Red dots represent the proliferative area in mammals 
and slow cycling progenitors (type II cells) in zebrafish. Green dots represent fast cycling 
cells. From Shenoy et al., 2022; Diotel et al., 2020. 

C B 
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Here we will focus on two neurogenic niches located in the telencephalon: the dorsal 

telencephalon (pallium) and the ventral telencephalon (subpallium). The telencephalon 

is of particular interest since many homologies were suggested with the mammalian brain 

in terms of expression of transcription factors or enzyme synthesizing neurotransmitters. 

As an example, specific markers for GABAergic neurons or serotonergic innervation of the 

telencephalon are similarly expressed in rodents’ telencephalic regions (Diotel et al., 

2020; Kumamoto and Hanashima, 2014). If some regional similarity exists during 

development, one can observe a surprising variability of shape, size and connectivity in 

the adult brain. Thus, if some homology can be described between zebrafish and mouse 

brain organisation, it is not possible to define one to one functional equivalence. These 

homologies thus need to be confirmed since many controversies were depicted and thus 

interpretation must be carefully described.  

 

 

• Neural precursor cells in the telencephalon 

Similarly to brain mammal’s development, zebrafish neural progenitors also reside in the 

ventricular zone and have the same radial morphology. Their cell bodies are in the 

ventricular zone and radial processes cross throughout the parenchyma. In the 

telencephalon of adult zebrafish, three types of neuronal precursors can be identified 

(Figure 11): Radial glial cells which include Type I cells, Type II cells and Type III cells. 

Type I cells correspond to quiescent neural stem cells and thus express radial glial 

markers (S100β, Gfap, Blbp, Aro-B, and Vimentin) and the progenitor markers Sox2 and 

Nestin. Under constitutive neurogenesis (physiological conditions), most cells stay in a 

quiescent state. When Notch signaling is inhibited, Type I cells convert into activated 

neural stem cells (Type II cells). They contain the same set of markers as Type I in addition 

with proliferating cell nuclear antigen (Pcna), a marker of proliferation. RGCs (Type I or 

Type II) are not homogeneous since they do not all co-express the same markers. For 

example, it was demonstrated that some RGCs co-express Aromatase B and Blbp however 

others only express aromatase B or Blbp (Diotel et al., 2016). Moreover, additional 

markers were observed in radial glial cells (mainly in quiescent cells) such as the inhibitor 

of DNA binding 1 (id1) or the chemokine receptor cxcr4 well known for their role in 

regenerative neurogenesis (Ceci et al., 2019; Diotel et al., 2020).   
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Type I and II cells can go through direct conversion into neurons and symmetrical 

division (two radial glial cells) respectively to expand the neural stem cell pool but the 

majority of them divide asymmetrically thus maintaining the pool and generating new 

neuroblasts (Type III) (Barbosa and Ninkovic, 2016; Zambusi and Ninkovic, 2020). Type 

III cells represent one-third of Pcna+ cells (Ceci et al., 2019) and also express the 

polysialylated-neural cell adhesion molecule Psa-ncam, characteristic of early neuronal 

differentiation. They are subdivided into two subsets: Type IIIa and Type IIIB, the latest 

being negative for radial glial markers but positive for Sox2, Pcna and Psa-ncam.  These 

cells perform symmetric divisions.  

 

• The subpallial telencephalon  

The subpallial telencephalon comprises a higher proliferation state in comparison to 

the pallial domain. Two brain areas subdivide the ventral telencephalon: the ventral 

nucleus (Vv) which was suggested as the homolog of the subventricular zone of the lateral 

ventricle of mammals and the dorsal nucleus (Vd) which presents more similarities with 

the dorsal telencephalon in terms of proliferation zones and expression of markers typical 

of radial glial cells (Wullimann et al., 1996) (Figure 11C). 

In the Vv, progenitors present neuroepithelial-like characteristics such as interkinetic 

nuclear migration but not or barely radial glial markers ; however they express Nestin 

Figure 11 – Different cell types at the ventricular zone of the telencephalon. (A) Anterior 
and (B) medial coronal sections of the telencephalon. (C) Markers of expression of 
quiescent radial glial cells (Type I), activated radial glial cells (Type II) and neuroblasts 
(Type III). From März et al., 2010.  
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(Ganz et al., 2010; März et al., 2010). Adolf and his team demonstrated the presence of fast 

cycling progenitors grouped in a wide pack (Adolf et al., 2006); they are considered as 

neuroblasts that migrate toward the olfactory bulb through a rostral migratory stream-

like in homology of the  rostral migratory stream (RMS) found in rodents at the exception 

that in fish the cells migrate along blood vessels instead of glial tubes (Diotel et al., 2020; 

Kishimoto et al., 2011). The newly generated neurons are differentiated into Gabaergic 

and Th+ (Tyrosin hydroxylase +) interneurons and are located periventricularly (Ceci et 

al., 2019; Zambusi and Ninkovic, 2020). Other neurogenic niches contain these 

neuroepithelial-like cells such as the optic tectum and the cerebellum.  

• The pallial telencephalon  

More brain regions constitute the dorsal telencephalon with a central zone (Dc), a 

dorsomedial zone (Dm), a lateral zone (Dl) which is equivalent to the SGZ of the DG and a 

posterior zone (Dp) (Diotel, 2020). Except for the posterior zone, the pallium is mainly 

composed of slow cycling progenitors (Adolf et al., 2006; März et al., 2010) (Figure 11) 

that present radial glial features (Gfap, S100b, vimentin, Glutamine synthetase (GS), 

aromatase B (Aro-B)) (Ganz and Brand, 2016) and are grouped by small clusters along 

the ventricular surface. Contrastingly to the subpallial domain, new neurons don’t migrate 

far away but stay closely to the ventricle. Recently, neuroepithelial progenitors were 

discovered in the lateral edge of the pallium that contributes to the generation of RG and 

neurons in the Dl. These cells are apico-basally polarized, are proliferating and don’t 

express astroglial markers which distinguish them from RG (Labusch et al., 2020; Than-

Trong et al., 2018).   

• Regulation of constitutive neurogenesis  

Many signaling pathways that control cell quiescence, proliferation and differentiation 

are involved in both adult mouse and fish neurogenesis. In zebrafish, Fgf signaling is 

involved in proliferation of progenitors. Indeed, it was shown that blockade of this 

pathway decreased the number of proliferating cells in the Vv where fgf3 and fgf8 are 

expressed (Ganz and Brand, 2016). As previously mentioned, Notch signaling, in contrast 

to mammals, maintains quiescence state of Type I cells. This was proposed by blocking 

Notch signaling in the dorsal telencephalon by Chapouton and his team. They observed 

an increase in proliferation partially mediated by notch3 and contrastingly, when Notch 

signaling is ectopically activated, the progenitors quit the cell cycle (Chapouton et al., 
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2010). However, maintaining a quiescent state is not restricted to Notch signaling (Ganz 

and Brand, 2016) since not all cells proliferate when Notch is activated. More precisely, 

notch3 was described to play a dual role by promoting both quiescence and the 

proliferation of RGCs via two downstream mediators, members of the Hairy enhancer of 

split transcription factor family, her4 for quiescence or hey1 for proliferation. notch1b on 

the other way is necessary for self-renewal (Alunni et al., 2013). In the absence of 

HES/Her proteins, proneural genes can induce the neurogenic fate such as through 

achaete-scute like (Ascl). In adult mouse neurogenesis, it was shown that these 

proneural genes can be constantly expressed or oscillating under the control of Hes/her 

genes expression which oscillates itself. This mechanism integrating the oscillations of 

Hes/her with Ascl1 expression could explain the dual role of Notch signaling (Sueda et al., 

2019). Indeed, in quiescent NSCs, cells are maintained at this stage because Hes1 is kept 

constantly at a high level and thus the expression of Ascl1 is repressed. In activated NSCs, 

since Hes (ortholog of her) autoregulatory repression is not inhibited it leads to the 

oscillation of Ascl1 and Hes1. Finally, when Notch and thus Hes signaling is repressed, 

Ascl1 is constantly expressed at high levels bringing to the differentiation into neuroblasts 

(Figure 12). We suppose that the same mechanisms could occur in zebrafish since all of 

these genes are expressed in the ventricular zone of the telencephalon (Diotel et al., 2020; 

Ganz and Brand, 2016). Inhibitor of differentiation (Id) are target genes of the Bone 

morphogenetic proteins (BMPs) which are members of the transforming growth factor β 

(TGF-β) family and known to regulate developmental and adult homeostatic processes 

(Bier and De Robertis, 2015; Wang et al., 2014). It was demonstrated that Id1 controls 

stem cell proliferation by keeping NSCs in quiescence through the interaction with Hes1 

during mouse neurogenesis leading to the repressed expression of Ascl1 (Bai et al., 2007). 

In adult zebrafish, Id1 preferentially interacts with Her4, 6 and 9 proteins during 

constitutive and regenerative neurogenesis (Figure 12).  

Transcriptomics in zebrafish can bring knowledge as for characterizing specific cell 

types through their exact expression genes profile and thus to improve discrimination 

between cell types as well as understanding the mechanisms under the specification of 

cell fate. For example, it was demonstrated that pathways involved in transcription, 

translation, DNA replication and DNA repair and cell cycle progression are downregulated 

while cell-cell communication, cell adhesion (Codega et al., 2014; Ju Shin et al., 2015), cell 

signaling and lipid metabolism (Llorens-Bobadilla et al., 2015; Than-Trong et al., 2018) 

are upregulated in NSC quiescence.   
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A 

B 

Figure 12 - (A) Expression of key genes for the regulation of cell states quiescent NSCs, 
activated NSCs or neuroblasts in mouse. When Bmp and Notch signaling are active, the 
negative autoregulation of Hes1 is high, inducing Hes1 and Ascl1 expression which 
oscillates and leads to activation and proliferation of NSCs. When Notch signaling is not 
active, the repression of Hes1 on Ascl1 is inactive causing the development of NSCs into 
neuroblasts. From Diotel et al., 2020 (B) Signaling pathways to maintain quiescence in 
NSCs. In green and orange are represented the demonstrated pathways in zebrafish. Data 
confirmed in mouse but still needs demonstration in zebrafish are depicted in black. 
From Labusch et al., 2020.  
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1.2.3. Regenerative neurogenesis 

1.2.3.1. The overall process 
 

Regeneration is defined as the restoration of organ homeostasis after traumatic injury 

and can occur at multiple biological levels from cellular, tissue to organ or the whole-body 

organism. This implies a strict regulation to coordinate the replacement of various cell 

types from pre-existent cells. The ability of regeneration is not found in all animals as 

nematodes or leeches cannot regenerate any structure and, within the same organism, 

regeneration capacity is not equivalent in all body part as for instance annelid worms can 

regenerate their tail but not their head. In an ecological context, regeneration can be 

assimilated as a protective process against predators, for example the alligator lizards 

(Elgaria coerulea principis) autotomize (self-amputation) his tail to escape from predators 

(Bely and Nyberg, 2010). Such capacity (lost in mammals but present in amphibian), and 

teleost fish, was associated with the constant growth of these organisms during their life, 

including adulthood. Zebrafish has become an excellent model to study the processes of 

regeneration. Indeed, various organs can self-regenerate as fins, heart, lateral line, 

pancreas or central nervous system. The well-functioning of the central nervous system 

(CNS) is crucial to maintain vital mechanisms as the control of movement, cognitive 

functions and other behaviors as well as the regulation of the endocrine system.  Zebrafish 

can regenerate neurons within the retina, the spinal cord, and the brain (telencephalon, 

optic tectum, cerebellum) from pre-existent radial glial cells (Gemberling et al., 2013; Kizil 

et al., 2012b). 

Regenerative neurogenesis requires:  

- presence of progenitors (constitutive or latent) to differentiate in cell types that 

were loss because of the injury. 

- A sufficient proliferation of these progenitors to maintain a pool of progenitors. 

- Capacity of these progenitors to migrate towards lesion site. 

- Regulation of the cell specification and differentiation processes to restore the 

function of the loss structure. 

Several methods can be used to induce regenerative neurogenesis: chemical 

compounds, transgenic approaches for cell ablation or physical lesion which is the most 

common used technique (Kizil et al., 2012b). Stabwound injury is a mechanical method 

that can be performed by the insertion of a needle through the skull into the telencephalon 
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or through nostrils. In the first case, the dorsal part of the ventricular zone and the 

parenchyma are damaged causing loss of radial glial stem cells and neurons. In the second 

case, the damage is restricted to the parenchyma. Interestingly, newly generated neurons 

are localized deeply into the parenchyma which is not observed with constitutive 

neurogenesis. In contrast to mammals where a glial scar persist, the new neurons 

produced during the regeneration integrate functionally the existing neuronal network 

(Zambusi and Ninkovic, 2020). Regenerative neurogenesis is characterized by a cascade 

of events that start with death of damaged cells, a process that is solved in 1 to 3 days post 

lesion (dpl) (Ghaddar et al., 2021). Then, activation of the immune system induces acute 

inflammatory responses and the removal of dying neurons (Kyritsis et al., 2012). 

Afterwards, the proliferation of radial glial cells with a peak at day 7 (Ghaddar et al., 2021; 

Kishimoto et al., 2012) allows the production of neuroblasts that will migrate along the 

radial glial processes towards lesion site and differentiate into mature neurons.   

Interestingly, live imaging of adult neural stem cell showed that after injury, 

asymmetric division of radial glial cells and symmetric division generating two neuronal 

precursors are frequently observed, thus depleting neural stem cell pool over time. This 

is specific to regenerative neurogenesis since it is not observed in the intact brain 

(Barbosa et al., 2015). These processes are complemented by direct conversion of stem 

cells into neurons, a process under the control of the aryl hydrocarbon receptor (ahr) that 

synchronizes direct conversion with inflammatory state of the brain (Di Giaimo et al., 

2018; Zambusi and Ninkovic, 2020). Indeed, low AhR signaling shortly after wounding (2 

days post lesion) was seen to support stem cell proliferation while high levels achieved at 

7 days post lesion promotes direct conversion. 

1.2.3.2. Regulation of regenerative neurogenesis 
The activation of specific molecular pathways involved in inflammation and 

constitutive neurogenesis is mandatory for zebrafish telencephalon regenerative 

neurogenesis. These signals allow the formation of new neurons, their migration, 

differentiation and integration within the damaged telencephalic hemisphere (Figure 

13).  
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• Inflammatory signals 

The first response to traumatic injury is cell death quickly followed by the activation of 

inflammatory processes that last from 6hpl to 7dpl approximatively (Ghaddar et al., 2021; 

Zambusi and Ninkovic, 2020). Demirci and his team showed that Wnt/β-catenin signaling 

is involved in the up-regulation of apoptosis genes (apaf1, baxa, traf4b, casp3a) during 

early brain regeneration (Demirci et al., 2020). After lesion, microglia is activated to act 

at the injury site and the mobilization of microglial cells toward the injury site is 

controlled by long-range Ca2+ waves activating ATP signaling-dependent chemotaxis, 

through the purinergic P2Y12 receptor (Haynes et al., 2006; Sieger et al., 2012). 

Leukotriene C4 (Ltc4) signaling, as part of the inflammatory response, was shown to be 

sufficient to initiate regenerative response  (Cosacak et al., 2015; Kyritsis et al., 2012) and 

activate radial glial cells. The activated immune cells remove dying neurons, can release 

pro-inflammatory cytokines (IL-1β and IL-6), the tumor necrosis factor (TNF-α) as well 

as anti-inflammatory factors, such as Tgf-β and the cytokines Il-4 and Il-10. Specifically in 

zebrafish telencephalon regenerative neurogenesis, only the role of Il-1 β, Il-8  and Tnf-α 

was currently demonstrated (Ghaddar et al., 2021; Kyritsis et al., 2012). For example, 

using liposomal clodronate and colony stimulating factor-1 receptor (Csf1r) inhibition to 

Figure 13: Cellular events occurring after stabwound injury in the telencephalon of 
zebrafish. (A) death of neurons, microglial recruitment and activation of the immune 
system. (B) Proliferation of RGCs with hypertrophy of processes and recruitment and 
response of oligodendrocytes/OPCs. Hpl: hours post-lesion, dpl: days post-lesion. From 
Ghaddar et al., 2021 

A 

B 
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ablate microglia during telencephalon injury caused inhibition of regenerative 

neurogenesis. Thus, Kanagaraj and colleagues concluded that activated microglia is 

involved in the induction of Tnf-α expression which stimulates Stat3 and β-Catenin 

signaling to promote proper amplifying intermediate progenitor cell amplification and 

neurogenesis (Kanagaraj et al., 2020).  

• Proliferation/maintenance of the pool of neural stem cells and generation of 

new neurons 

Compared to the mammalian brain where inflammatory response is prolonged, in 

zebrafish CNS, this initial phase is quickly resolved and followed by proliferation of RGCs. 

The zinc-finger transcription factor gata3 was found to be expressed in non-proliferating 

RGCs within the first day after lesion (12hpl), becomes predominant in the proliferating 

RGCs at 3 dpl, and persists in the daughter new-born neurons at 7 dpl. This confers roles 

of gata3 in promoting RGCs proliferation, in neurogenesis and migration of neuroblasts 

that were demonstrated by gata3 knockdown. Interestingly, gata3 is not expressed in 

constitutive neurogenesis (Cosacak et al., 2015; Kyritsis et al., 2012) and its expression is 

induced by the LTC4-CysLT1 pathway  meaning that activation of the inflammation 

process is mandatory for its induction (Kyritsis et al., 2012). In addition, using 

heterozygous heat-shock-inducible dominant negative Fgfr1-EGFP transgenic fish, Fgf 

signaling was demonstrated as a requirement for induction of gata3 expression, however 

the exact pathways of regulation in the telencephalon were not investigated yet (Kizil et 

al., 2012c). In spinal cord regeneration in zebrafish, fgf3, fgf8a and target genes as spry4, 

pea3 and erm were showed to be highly expressed by neural progenitors (Goldshmit et 

al., 2012). Expression of transcriptional regulator id1 is also upregulated in neural stem 

cells after stabwound lesion and is independent of inflammatory signals (Viales et al., 

2015) but depend on Bmp signaling pathway (Zhang et al., 2020). It was suggested that 

its function is to avoid the depletion of the neural stem cell pool by maintaining them in a 

quiescence state and that this response is delayed in comparison to gata3 (Diotel et al., 

2020; Lindsey et al., 2018). Consequently, Id1 is mainly expressed in type I cells and by a 

little proportion of type II cells progenitors (Zambusi and Ninkovic, 2020). In the 

unlesioned brain, Notch is known to be involved in promoting NSCs quiescence. In the 

same way, the blockade of Notch 3 receptor upregulation after traumatic injury 

demonstrated an increase in type II progenitors and a decrease in quiescence type I cells, 

showing that Notch 3 fulfills the same role as in constitutive neurogenesis which is 
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maintaining the cell quiescence state. Conversely, Notch 1 receptor has an opposite 

function as in constitutive neurogenesis. After lesion, it acts in promoting RGCs activation 

and proliferation (Kishimoto et al., 2012; Zambusi and Ninkovic, 2020).  However, the 

exact involvement of BMP pathway and a possible interaction with Notch signaling to 

promote quiescence using similar mechanisms as in constitutive neurogenesis was not 

elucidated yet and thus cannot be excluded.  

The chemokine receptor cxcr5 was identified as expressed in RGCs and neurons and 

suggested with a permissive role for regenerative neurogenesis with an involvement in 

enhancing RGCs proliferation as well as sufficient and required for production of newborn 

neurons (Kizil et al., 2012a).  In mammals, Cxcr5 is expressed in mature B cells and in a 

subset of T cells in the immune system. The chemokine CXCL13 was demonstrated to 

mediate neuroinflammation through this receptor particularly in amyotrophic lateral 

sclerosis to preserve motoneurons (Trolese et al., 2020).  It is also found in granule and 

Purkinje cell layer of the cerebellum in adult mice however its role in adult neurogenesis 

and even more regenerative neurogenesis in vertebrates still needs investigation.  

• Migration and survival 

Prokineticin 2 (Prok2) and Sprouty-related EVH1 domain containing 2 (Spred2) are 

involved in migration and survival of neuronal progenitors at the lesion site. Moreover, 

Prok2 was suggested to first act as a chemoattractant to drive migration and later as a 

neurotrophic factor (Ayari et al., 2010). Newborn neurons employ radial glial processes 

to migrate to their target site (Kishimoto et al., 2012; Lim et al., 2016). The molecular 

mechanisms underlying cell survival were not investigated yet however it was proposed 

that the glial scar due to long-term accumulation of glial cells in mammalian brain is first 

beneficial to limit the injury of the tissue but later detrimental inducing a unfavorable 

environment for neuron survival (Adams and Gallo, 2018; Baumgart et al., 2012).  

• Oligodendrocytes and axonal regeneration 

Oligodendrocytes are essential glial cells since they myelinate axons in the central 

nervous system which provides electrical potential insulation for axonal conduction. The 

recruitment of oligodendrocytes and oligodendrocyte progenitor cells (OPCs) during 

regeneration was investigated and showed recruitment of oligodendrocytes from 1 dpl to 

14 dpl (März et al., 2011). In this study, some proliferating oligodendrocytes positive for 

Pcna and oligo2:EGFP were detected at the lesion site but no significant increase in the 
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proliferation rate of Oligo2:EGFP was detected in comparison to the uninjured 

hemisphere, in contrast to mammals. Contrastingly, one study demonstrated that Olig2+ 

RG cells participate in the regeneration of oligodendrocytes in the injured brain along 

with recruitment of OPCs present in the parenchyma of the injured telencephalon (Kim et 

al., 2020). Moreover, this study aimed at evaluating the role of Notch signaling in the 

recruitment of OPC after lesion through its inhibition by treating with LY-411575 which 

impairs Notch activation. This blocking induced the proliferation of OPCs and RG Oligo2+ 

in both hemispheres of the telencephalon (uninjured and injured) thus demonstrating the 

involvement of Notch signaling pathway in OPC proliferation. In addition, Rosario 

Sanchez-Gonzales and colleagues showed that cerebrospinal fluid-derived molecules, 

unknown at this time, driving the reactive gliosis are able to activate the toll-like receptor 

2 (Tlr2) and the chemokine receptor (Cxcr3) innate immunity pathways which promote 

the increase of OPCs proliferation independently from microglia and invading monocytes 

even if their role is not excluded since these receptors are expressed in various cell types 

(microglia, oligodendroglia, neurons…)(Sanchez-Gonzalez et al., 2022).  

The process of axon regeneration was mainly described after spinal cord or optic nerve 

injury in zebrafish (Becker and Becker, 2014). After spinal cord injury, it has been 

described that the chondroitin sulfate proteoglycans (CSPGs) drive the regeneration by 

preventing aberrant connections of nerve axons (Fawcett and Asher, 1999; Becker and 

Becker, 2002; Vajn et al., 2013). Bridges formed by radial glial cells to re-connect the 

severed spinal cord were suggested to support axon growth (Goldshmit et al., 2012). In 

addition, the generation of a permissive environment for axonal regrowth was proposed 

including the upregulated expression of genes like atf3, fgf2, mmp-9, stat3, socs3 and sox11 

(Hui et al., 2014). Furthermore, molecules known for axonal pathfinding during 

developing nervous system with repellent or attraction properties, involved in cell 

adhesion or in organization of axons were found to be upregulated from 3 days post injury 

(dpi) to 10 dpi (CAMs, semaphorins , netrins, robo, slit, ephrin and rtk) (Devine and Key, 

2008; Roos et al., 1999; Winberg et al., 1998; Xu et al., 1996). Finally, calcium transients 

were proposed to be associated with axonal regeneration and play a role in resealing the 

ruptured membrane for growth cone formation (important step during initiation of axon 

regeneration). atf3 was also proposed to be an important mediator in optic nerve 

regeneration as it was upregulated in the ganglion cell layer of the retina, the nerve fiber 

layer and the optic nerve of the injured eye (Saul et al., 2010).  
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 Altogether, these results show that regenerative neurogenesis in CNS zebrafish relies 

on the re-activation of developmental signals and on added processes (e.g. expression of 

gata3) specific to injury. Moreover, it was demonstrated the existence of interactions 

between the unlesioned and lesioned hemispheres with many shared dysregulated genes 

as for Wnt signaling genes at 20 hpl (Demirci et al., 2020) 

1.2.4. Ionizing radiation and the central nervous 

system 
Morphological effects were described in wild species following Chernobyl and 

Fukushima accidents. Indeed, analyzing birds of the contaminated areas in Chernobyl, a 

negative correlation between relative brain size and level of background radiation was 

brought to light in yearling birds (Møller et al., 2011). In another study, Hayama and his 

team measured the relative growth of 31 foetuses of Macaca fuscata conceived prior to 

Fukushima Daiichi accident and 31 foetuses conceived after the disaster and 

demonstrated that the head size (measure of the occipital frontal diameter and biparietal 

diameter) was significantly lower in foetuses born after the accident (Hayama et al., 

2017). Such developmental effects on brain size (microcephaly) were also described in 

human exposed in utero after the atomic explosion in Hiroshima and Nagasaki atomic 

bomb (Folley et al., 1952). The frequency and severity of microcephaly was shown to be 

dose-dependent in epidemiological data and animal experiments however the dose-

threshold between humans and mice vary (above 0.3 Gy in the mouse (Verreet et al., 

2016) and above 0.1 Gy for the human (Otake and Schull, 1998; Jaylet et al., 2022). Finally, 

acute exposure of zebrafish 6 hours post fecundation (hpf) embryos to 0.5 Gy induced 

apoptosis in the forebrain (Bladen et al., 2005) at 24 hpf and exposure to 4 Gy at 4 hpf 

induced smaller brain at 72 hpf (McAleer et al., 2005).  

At a cellular scale, studies aimed to understand the impact on neurogenesis after 

radiation. A reduction of neurogenesis caused by depletion of progenitors (neural stem 

cells or neuroblasts) was described in the dentate gyrus and the SVZ of rodents after acute 

exposure of nine-day-old or adults at 3 Gy, 6 Gy or 10 Gy (Achanta et al., 2012; 2006; 

Hellström et al., 2009).  

The mechanisms contributing to stem cell dysfunction and thus reduction of 

neurogenesis at acute high doses of IR are apoptosis, inhibition of cell-cycle progression 

by oxidative stress or DNA double strand breaks (Acharya et al., 2010) and neuro-

inflammation (Belka et al., 2001; Kempf et al., 2014). Microcephaly is caused by increased 
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apoptosis of RGCs and premature stem cell differentiation leading to altered cognitive 

performance (Jaylet et al., 2022; Otake and Schull, 1998; Wagle and Song, 2020). 

Additionally, several studies with exposure to IR on embryonic, young or adult rodents 

related the stimulation of neuroinflammation associated with neuronal loss and cognitive 

defects (Constanzo et al., 2020; Osman et al., 2020; Quintens et al., 2015; Verreet et al., 

2016).  

Effects resulting from ionizing radiation exposure of adults vary but microcephaly has 

never been detected. However a 4-year longitudinal study analyzing cognitive 

performance after Chernobyl accident on exposed individuals compared to healthy 

Ukrainians residing several hundred kilometres away from Chernobyl showed that 

performances were significantly lowered with decline in accuracy and efficiency and 

psychomotor slowing showing brain impairment (Gamache et al., 2005). Additionally, a 

linear association between the incidence of Parkinson’s-disease and chronic exposure to 

gamma radiation was made on a cohort study of workers of a Russian nuclear production 

facility (Azizova et al., 2020). Studies in adult mouse confirmed the harmfull effects of IR 

on mature brain. Indeed, Cs137 radiation was shown to reduce mouse locomotor activity 

when exposed to 50 cGy or 200 cGy without affecting social exploration (York et al., 2012). 

Contrastingly, when 4-7 weeks old mice exposed prenatally were exposed to radiation 

from 0.10 Gy to 1 Gy, changes in sociability were detected (increase in nose contact) at 

both doses as well as a decrease in anxiety-related behavior (increased percentage of 

open arm entries and in ratio open/closed arm entries in the elevated plus-maze) at 1 Gy 

(Verreet et al., 2016). 

According to UNSCEAR (2010 Report) the exposure levels corresponding to the 

domain of the dose and low dose rates are below 0.1 Gy or 6 mGy.h-1 (UNSCEAR, 2010). 

In 2004, Hall and his team raised the possibility that even low dose rates of IR could be 

associated with decreased cognitive function in men who had received radiation for 

cutaneous haemangioma before age 18 months during 1930-59 (Hall et al., 2004). 

However, research in this area is still scarce and understanding the underlying 

mechanisms could help in predicting effects on cognition and behavior. Two 

transcriptional studies were performed on adult rodents to assess the molecular changes 

after exposure to 0.1 Gy. Overall, a major downregulation of genes involved in activities 

of neurotransmitters and their receptors (NMDA receptors), synaptic plasticity (genes 

involved in axon guidance, integrin signaling or synaptic long-term depression) or stress 

response (oxidative stress, Myc and Tp53) were detected (Lowe et al., 2009; Yin et al., 
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2003). In zebrafish, ionizing radiation exposure mainly focused on reproduction with 

transgenerational effects or developmental processes (Hurem et al., 2017; Kamstra et al., 

2018). Moreover, one study aimed at analyzing the modulation of genes after chronic 

exposure to IR on embryonic development with special attention on neurological effects. 

After radiating embryos at dose rates of 5 mGy.h-1 and 50 mGy.h-1, the main dysregulated 

pathways were related to cell cycle, synaptic transmission and neurogenesis where 

important developmental pathways were affected (Notch, retinoic acid, BMP and Wnt 

signaling pathways). They also observed a significant decrease of larval motility 

performing the light-dark locomotor test after exposing at 0.5 mGy.h-1, 5 mGy.h-1 and 50 

mGy.h-1 (Murat El Houdigui et al., 2019) .  

Altogether, these studies unveil that ionizing radiation can modify gene signaling 

pathways involved in crucial functions such as neurogenesis or synaptic plasticity as well 

as muscle development in embryos specifically that can induce behavioral consequences, 

especially on learning and memory but also mobility, sociability and anxiety-related 

behavior. However, most of the studies aimed at deciphering the effects related to high 

dose of ionizing radiation or at the most radiosensitive stage of neurogenesis which is 

embryogenesis. In an ecological and even toxicological context, it is of great interest to 

understand the effects on chronic exposure to low dose of ionizing radiation on adult 

brain and assess how these modifications can alter behavior (for instance capacity to 

escape predators or to forage for food) and reproduction status. Herein, the continuous 

exposure of wild animals after a nuclear disaster, the increasing use of 

radiopharmaceuticals (i.e. medical diagnostics, radiotherapy) and the risks involving 

nuclear workers raise concern regarding health risks for both human and the 

environment.  

 

1.3. Social and Stress behaviors 

1.3.1. The social response 
• Generalities of the social response 

Social behavior can be defined as the interaction between individuals of the same 

species. This relation is essential for the survival and reproduction of social species. 

Diverse specific behaviors are related to sociability such as aggression, mating, 

conspecific preference or social communication. For example, honeybees exhibit brood 
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care or intricate dance language (Dolezal and Toth, 2014) and monk parakeets display 

monogamous pairs and constitute dominance hierarchies. Zebrafish are gregarious 

animals, they naturally form aggregated group while swimming which is a behavior called 

shoaling that appears as early as 15 days post fecundation and evolves with shoaling 

preferences during the juvenile phase (Engeszer et al., 2007; Hinz and de Polavieja, 2017). 

Shoaling is beneficial for an appropriate response for mating choice,  detection and 

defence against predator resumed by the increase of shoal cohesion while foraging 

efficiency is characterized by decreased shoal cohesion (Oliveira, 2013). Various 

behavioral tests can be used for testing social behavior such as the individual social 

preference test (Figure 14). Classically, an adult fish is tested in a three-compartmented 

tank where a group of several fish (usually 2 males and 2 females) is swimming on one 

side of the tank. Time and number of entries of the tested fish near the shoal of conspecific 

is then determined to evaluate sociability. Diverse social stimuli can be used to assess 

preferences, for example between two different genetic strains (Geng and Peterson, 

2019). Another type of test is to assess sociability within a shoal. The shoaling test is used 

in this case to assess the inter-individual and nearest neighbour distances between 

individuals within the shoal (Figure 14). 

  

 

 

 

 

Figure 14 – Social response tested through behavioral experiments. In the social 

preference test (A), one testing fish is separated from a group of conspecifics (2 males, 2 

females) so the intrinsic capacity of the fish to go interact with its conspecifics can be 

evaluated. We determine the number of crosses towards the social zone and the time that 

the testing fish stay in the social zone to consider a social fish or a non-social fish (most of 

the time in the non-social zone). In the shoaling test (B), a shoal of fish is disposed at the 

same time in a circular tank (in our case, 4 females and 4 males) and we evaluate the 

interindividual distances and nearest neighbour distances between the fish. The more the 

shoal is tight means that fish are stressed.  
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• Neuroanatomy of the social response 

Based on neuroendocrine and behavioral studies, Newman, O’Connel and Hofman 

described a complex network of brain regions related to social behavior and highly 

conserved among vertebrates (Newman, 1999; O’Connell and Hofmann, 2011). This social 

decision-making network or SDMN gathers the social behavior network (SBN) and the 

basal forebrain/mesolimbic reward system. Each brain region is depicted as a node able 

to respond to diverse social stimuli and the interactions between nodes allow the 

regulation of behavioral outputs.  In teleost, the SBN is composed of the ventral and 

anterior tuberal nuclei, the central gray and the preoptic area. Sex steroid receptors (e.g. 

estrogen receptor alpha, androgen receptors) is one signaling pathway these core nodes 

use to regulate social behavior (Forlano et al., 2010, 2005) . The reward system contains 

the dorsal (Dm/Dl) and ventral telencephalon (Vd/Vc) and the posterior tuberculum, an 

area that was proposed by Wulliman to be homologous to the ventral tegmental 

area/substantia nigra which contains the dopaminergic system, central to this network 

(O’Connell and Hofmann, 2011). The involvement of the dopaminergic system in social 

reward was demonstrated in zebrafish with a direct correlation between the increase 

expression of dopamine in the brain and the exposure to conspecific images (Saif et al., 

2013). Additionally, brain regions are shared between both systems, the 

supracommissural part of the ventral pallium (Vs) and the postcommissural nucleus of 

the ventral telencephalon (Vp) respectively corresponding in rodents to the medial 

amygdala (reward system in rodents) and to the nucleus of the stria terminalis and the 

ventral and lateral parts of the ventral telencephalon (Vv/Vl), the homologous of the 

lateral septum. Both nodes can be categorized as a crossroad for mediating information 

from a social stimulus converted to an adaptive behavior (ie. aggressivity toward intruder 

or sexual) (O’Connell and Hofmann, 2011). Suggested homologies with rodents, locations 

and connections between the different brain regions composing the SDMN are illustrated 

in Table 2 and Figure 15. As mentioned before, these homologies need to be confirmed 

with further investigations. The connection between those systems (SBN and mesolimbic 

reward system) allows the evaluation of social stimuli, social learning and reinforce bonds 

and behaviors.  
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A recent functional study in zebrafish demonstrated that according to their social 

status (winners, losers, mirror-fighters), males present specific expression patterns and 

levels of immediate early gene across different nodes of the SDMN. For example, brain-

derived neurotrophic factor (bdnf) plays a role in synaptic plasticity, neuronal 

differentiation 1 (neurod1) and wingless-type MMTV integration site family, member 3 

(wnt3) act as indicators of neurogenesis and neuronal PAS domain protein 4a (npas4) 

enhances inhibitory synapses in response to excitatory transmission (Teles et al., 2016). 

The increase in neurogenesis genes (i.e. neurod1, wnt3) in Dm observed in Winners seems 

Table 2 – Putative homologies between brain regions in the social decision-making 
network of rodents and teleosts. From Ogawa and Parhar, 2022.  

Figure 15 – Connections between habenula of mammals (A) and fish (B) and the 
social decision-making network. Abbreviations can be found in Table 2. From Ogawa 
and Parhar, 2022. 
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specific to such individuals. Herein, depending on the social context, social animals need 

to adjust their behavior among conspecifics which relies on neuroplasticity of the SDMN 

(Teles et al., 2016). Understanding the involvement of each brain region in a specific social 

behavior task is consequently complex due to the many interactions between all the nodes 

shaping the SDMN. As an illustration, we will presently emphasis on the preoptic area 

(acting at the SBN level) and the role of hormones such as vasopressin and particularly 

oxytocin which is also involved in the stress response. Stress and sociability can be 

intricated together as autobiographical memories of intensively stressful experiences 

(e.g. post-traumatic stress disorder) can affect social and emotional behavior and cause 

social dysfunction, anxiety or depression in humans (Krammer et al., 2016; McMillan et 

al., 2014). For example, Meyer and colleagues demonstrated that memories encoded 

under stress conditions result in social deficits in male mice, but that dysfunction could 

be restored by inhibition of oxytocin receptor-positive interneurons localized in the hilus 

(Meyer et al., 2020).  

• The special case of the preoptic area and the role of oxytocin in social 

response 

In the rainbow trout, the preoptic area (POA) receives fibers from and projects to the 

telencephalon (e.g. Dd, Dl, Dm, Dc, Dp) and hypothalamus (Folgueira et al., 2004) and is 

subdivided in three regions established on cell size: the parvocellular region (homolog of 

the paraventricular nucleus of the mammalian POA), the magnocellular region and the 

gigantocellular region (homologue of the supraoptic nucleus of the mammalian POA). As 

in mammals, zebrafish oxytocinergic and vasopressinergic neurons are found in 

magnocellular and parvocellular neurons. Magnocellular cells are larger than the 

parvocellular ones, express higher levels of oxytocin, and project to other regions of the 

CNS and to the posterior pituitary for the release of oxytocin peptide into the bloodstream. 

Contrastingly, OXT parvocellular neurons can project to the hindbrain and spinal cord  

(Wee et al., 2019). The release of oxytocin/arginin vasopressin is ensured by axon 

terminals but also by dendrites to act locally (Ludwig, 1998; Onaka et al., 2012). Using in 

vitro and in vivo mice mutants, the transcription factors aryl hydrocarbon receptor 

nuclear translocator 2 (ARNT2) and single-minded 1 (SIM1) were demonstrated to be 

involved in the differentiation of oxt neurons (Michaud et al., 2000, 1998). In Danio rerio, 

oxytocin can bind to two receptors, originated from the gene duplication event, the 

oxytocin receptor-like oxtrl and the oxytocin receptor oxtr. For its part, arginin 
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vasopressin has three receptor subtypes: vasopressin receptor AVPR1A, AVPR1B and 

AVPR2, with involvement for example in stress adaptation, aggressive behavior, social 

memory and other social behaviors (e.g. pair bonding) in mammalian species and in 

teleost there appear to be two V1a receptors (Avpr1aa and Avpr1ab) and three V2 

receptors (Avpr2aa, Avpr2ab, Avpr2l) (Braida et al., 2012; Caldwell, 2017; Iwasaki et al., 

2013; Larson et al., 2006). The structure of both receptors (oxytocin and arginine 

vasopressin) is very similar thereby the actions of the neuropeptides may overlap which 

can complexify the study of its respective involvement in stress and social behaviors 

(Neumann and Landgraf, 2012). Beside oxytocin, arginin vasopressin was demonstrated 

to play a role in aggression and in reducing social interaction but not shoaling behavior 

(Lindeyer et al., 2015). For a long time, oxytocin was only considered for its role in 

lactation and facilitator of childbirth in mammals. However, in the 1970s, Oxt was shown 

to play a role on social behavior by Pederson and Prange from the induced maternal 

behavior after intracerebroventricular injections of oxytocin in virgin female rats 

(Pedersen and Prange Jr, 1979). In adult zebrafish, the use of pharmacological approaches 

with administration of exogenous Oxt, demonstrated the increase of social preference and 

decrease of fear response in a dose-dependent manner (Braida et al., 2012). Additionally, 

the administration of the Oxt agonist carbetocin showed a rescue of social deficits when 

adult zebrafish were treated by a glutamate antagonist (Zimmermann et al., 2016). The 

ablation of Oxt neurons of the posterior tuberculum affected social preference in 6-day-

old larvae. In zebrafish, the exact role of oxytocin receptors in sociability is still 

controversial, particularly on social preference. Indeed, when knocking down the 

receptor oxtr, only an effect on social recognition by measuring the ability to discriminate 

between novel and familiar fish was noticed without affecting social preference indicating 

here that OXTR is not directly involved in the motivation that drive to approach 

conspecifics (Ribeiro et al., 2020). However, the receptor Oxtrl was proposed to play a 

redundant role and therefore could rescue the social preference response after oxtr knock 

out. Landin and his team evaluated the effect of the nonpeptidergic oxytocin receptor 

antagonist L-368,899 which target both OXT receptors and concluded in a decreased 

social preference in larval and adult’s zebrafish (Landin et al., 2020). Additionally, after 

knocking down oxtr or oxtrl paralleled with isolation of 2-to-8 weeks old fish, the 

maintenance of social preference and shoaling behavior was modified (Gemmer et al., 

2022). Altogether it seems that both receptors don’t play the same role with a prominent 

role of oxtr in social recognition and oxtrl in social preference in adult zebrafish, and that 
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both the age and the social context can influence receptors signaling to regulate social 

preference by oxytocin. It is also worth to mention that the neurotransmitters serotonin 

and dopamine can interact with oxytocin in the regulation of social behavior  (Figure 16) 

(Onaka et al., 2012; Teles et al., 2013) and fish treated with a dopamine D1 receptor 

antagonist decreased social preference behavior (Scerbina et al., 2012). Even if the 

coordinated activity of oxytocin and serotonin was mainly studied focusing on the 

anxiolytic role of oxytocin through oxtr-serotonergic neurons in mice (Yoshida et al., 

2009), Dölen and colleagues demonstrated that coordination between serotonin and 

oxytocin is involved in the rewarding properties of social interaction in mice (Dölen et al., 

2013). However, these interactions were not demonstrated in zebrafish. Finally, the role 

of oxytocin is not restricted to social behavior in both mice and zebrafish. Indeed, the 

neuropeptide was demonstrated to regulate food intake and energy balance with capacity 

to induce anorexigenic effects, produce depression-like forced swimming behavior, 

reduce avoidance behavior during shock training or anxiety in the open field test in 

rodents  (Chaviaras et al., 2010; Stoehr et al., 1992; Takayanagi et al., 2005; Yoshida et al., 

2009).  
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1.3.2. The stress response 
 

• Generalities of stress behaviors 

Stressors, either being intrinsic (e.g. pregnancy, lactation, molting) or extrinsic stimuli 

(e.g. pathogens, resource limitation temperature), are considered as a threat that can 

affect animal organisms by disturbing their homeostasis. The physiological response act 

as a compensatory system in order to overcome the threat. The stress response is thus an 

acclimation process that aim at copping with the altered environment. In some cases, the 

acclimated response is not sufficient or might lead to costs that can result in inhibition of 

growth, reproductive failure or reduced resistance to pathogens (Wendelaar Bonga, 

1997). In humans, the difference between stress and anxiety mainly relies on that stress 

Figure 16 – Possible oxytocin pathways regarding stress, energy metabolism and social 
behavior in mammals. Food intake and stressful stimuli activate hypothalamic oxytocin 
neurons via noradrenaline. prolactin-releasing peptide neurons in the nucleus tractus 
solitarius. For social stimuli, the activation of oxytocin neurons involves the medial 
amygdala. Anxiolytic, anorexic or pro-social actions are activated through serotonergic 
neurons in the median raphe nucleus, proopiomelanocortin neurons in the nucleus 
tractus solitarius and the medial amygdala respectively. Oxytocin-dopamine neurons 
may be involved in the rewarding aspects of social preference. These interactions have 
not been demonstrated in the zebrafish yet. CCK: Cholecystokinin, NTS: Nucleus tractus 
solitarius, POMC: Proopiomelanocrotin, PrRP: prolactin-releasing peptide neurons, X: 
Vagus nerve. From Onaka et al., 2012. 
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is activated by external factors and is a normal bodily response cued by the brain and 

nervous system while anxiety is a psychological condition that can develop when stress 

response occurs too often or is too long. Here, since we cannot have access to a 

“psychological” response of zebrafish we will consider the terms as similar. Multiple 

mechanisms can be affected by stress such as the deregulation of neurotransmitters and 

hormones or the modulation of behaviors (de Abreu et al., 2021). In zebrafish, 

investigation of fear and anxiety can be evaluated through several behavioral tests. For 

example, larval zebrafish can trigger an escape behavior by detecting through their lateral 

line the water movement of a predator. To specifically test anxiety, various assays have 

been established such as is the novel tank test, considered as one of the most direct 

measures of anxiety in adult zebrafish (Figure 17A). This assay evaluates the time spend 

in the bottom of the tank, erratic movements and freezing which are indicators of the 

stress response (Clark et al., 2011). Another test is the preference for dark over light 

environments (Jesuthasan, 2012) (Figure 17B). 

• Neuroanatomy of the stress response– involvement of the HPI axis 

In zebrafish, the stress response is mainly mediated via the hypothalamic pituitary-

interrenal axis (HPI axis), the homologous of the mammalian hypothalamic-pituitary 

adrenal axis. The HPI axis is composed of the hypothalamus, especially the nucleus 

preopticus or neurosecretory preoptic area (homologous of the paraventricular nucleus 

PVN) where stress stimulus will activate the release of corticotropin releasing factor (Crf 

or Crh) inducing in the anterior pituitary the secretion of proopiomelanocortin (Pomc) 

which is the precursor of Adrenocorticotropic hormone (Acth). Finally, Acth will stimulate 

the release of cortisol by the interrenal tissue. Two receptors Crfr1 and Crfr2 were 

       an      
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   a  n      A  

  A B 

Figure 17 - Stress responses tested through behavioral experiments. In the novel tank 

test (A) the testing fish is introduced in a narrow tank where we evaluate the time spent 

in the top/bottom zone and number of entries in each zone. The more the fish spend time 

in the bottom zone generally means that the fish is in a stress state. The Dark/light test 

(B) measures the dark avoidance behaviour of fish when they are in a stress state.  
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characterized in fish (e.g. in carp) but Crfr1 is the one that mediates the stress response 

(Huising et al., 2004). In zebrafish, two receptors can be described: Crhr1 and Crhr2. Acth 

acts on melanocortin 2 receptor (Mc2r) to stimulate cortisol synthesis that can bind to 

mineralocorticoid receptors and to glucocorticoid receptors.  In mammals, ligand biding 

acts to restore homeostasis by producing negative feedback to HPA axis (Eachus et al., 

2021). This negative feedback is mediated through type II glucocorticoid receptors 

(Charmandari et al., 2005) and is essential to minimize the catabolic, lipogenic, anti-

reproductive and immunosuppressive actions of glucocorticoids (Charmandari et al., 

2005). 

• Other modulators of the stress response 

Additionally to cortisol, other mechanisms are involved in the regulation of vertebrates 

including zebrafish stress response with similar neurochemical and neuroendocrine 

mechanisms to those in mammals (Schreck and Tort, 2016; Wendelaar Bonga, 1997). For 

example, catecholamines (epinephrin and norepinephrine from the hypothalamic-

sympathetic-chromaffin cell axis) are released almost immediately after stress exposure, 

earlier than Crf  (Demin et al., 2021). Moreover, an interaction between the serotonergic 

system and the hypothalamic stress axis was proposed in mammals (Lanfumey et al., 

2008). Indeed, the introduction of 5HT receptor ligands can stimulate ACTH and cortisol 

plasma secretion in mammals and humans (Klaassen et al., 2002; Wetzler et al., 1996).  

Reciprocally, in rat, it was demonstrated that CRH can activate a subpopulation of 

serotonergic neurons in the raphe nuclei which in turn mediates anxiety-like behavior 

(Meloni et al., 2008). In zebrafish, fluoxetine treatment which is a selective serotonin 

reuptake inhibitor increases glucocorticoid receptor expression (Erdeljan et al., 2001) 

and reduces whole-body cortisol levels. Also, this treatment can normalize the affected 

stress response behavior (freezing and reduced exploration) in mutant grs357 zebrafish 

(Griffiths et al., 2012).  

In addition, melatonin was shown to be involved in acute and chronic stress responses 

in many species, including in fish. Indeed, net chasing and high stocking density inhibited 

melatonin synthesis (Genario et al., 2019; Kopp et al., 1999) in the pineal gland of rainbow 

trout and the administration of melatonin in zebrafish was able to reduce anxiety-like 

behaviors (Genario et al., 2019) demonstrating a conserved role with mammals.   

Oxytocin neurons can be activated by norepinephrine/prolactin-releasing peptide 

(PrRP) neurons in the nucleus tractus solitarius in response to a stress stimulus in 
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mammals (Onaka et al., 2012). This neuropeptide was mainly described as a facilitator of 

an anxiolytic response. For example, in ovariectomized estradiol-treated female rats 

exposed to white noise stress (114 dB for 10 min) showed that when they are 

supplemented with central infusions of oxytocin, the response to the stress stimulus was 

dose dependently decreased with less rearing behavior, a higher proportion and more 

time spent in  open arm entries on the elevated plus-maze (Windle et al., 1997). Even if 

controversies still exist, several hypotheses were proposed regarding its anxiolytic 

actions.  

❖ Involvement of serotonin 

First, the fact that oxytocin injection induced serotonin release via serotonergic 

neurons expressing oxytocin receptors and secondly, that serotonin 2A/2C receptor 

antagonist can impair anxiolytic actions of OXT, suggested that OXT can decrease anxiety 

by the release of serotonin (Onaka et al., 2012).  

❖ Involvement of medial amygdala 

Also, the amygdala was proposed to be targeted by oxytocin in the regulation of the 

fear response. Indeed, after inhibition of central amygdala, which caused conditioned fear 

stimuli, oxytocin could decrease freezing behavior via activation of GABAergic neurons. 

Another illustration is the administration of an oxytocin receptor antagonist into the 

central amygdala that increased anxiety-related behavior in late pregnant rats (Onaka et 

al., 2012).  

❖ Involvement of CRF 

An added explanation is the direct and indirect effect of oxytocin on CRF. It was 

demonstrated that oxytocin can regulate Crf gene transcription by modulating the nuclear 

translocation of the co-activator CRTF3 and this might delay stress-induced CRF 

expression in the PVN of male rats, mice and human neuronal cells (Jurek et al., 2015). 

GABAergic neurons positive to OXTR were shown to inhibit CRF neuronal activity, 

demonstrating here the indirect effect of OXT (Winter and Jurek, 2019). Also, the local 

administration of an antagonist of oxytocin receptor in male rats was demonstrated to 

facilitate ACTH responses after a stressful stimulus (Onaka et al., 2012). Herein, more 

studies are needed in order to discriminate the exact action of oxytocin on the regulation 

of the HPA axis.  
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Regarding studies on zebrafish, after environmental stressors such as acidic and high 

ammonia, an alteration (increase or decrease) of oxytocin receptors in the brain was 

observed and complemented by a decreased of the anxiety level in high ammonia treated 

fish. Moreover, the number of oxytocin neurons was increased after double-deionized 

treatment. Hereafter, oxytocin signaling was proposed as a stress indicator upon 

environmental stressors (Chuang et al., 2021). Additionally, axons of oxytocin were found 

to project into the interpeduncular nucleus (IPN) and raphe of adult brain supplemented 

by a downregulation of aggressiveness. In fact, IPN is connected to the habenula well 

known for its function in aggression or fear response and habenula was shown to take 

part in the regulation of anxiety and social behavior (Chuang et al., 2021).  

1.3.3. A possible crossroad between social and 

stress responses: the habenula 
In zebrafish, two subregions constitute the habenula: the left-directed dorsal 

asymmetric habenula (different volumes of nuclei) and the ventral symmetric habenula. 

The dorsal habenula is subdivided into lateral and medial subnuclei. The afferent 

connections of the habenula with nodes of the SDMN were partially described in zebrafish, 

such as connectivity to the Vv, Vd, the POA or the nPT. The lateral subnuclei of the dorsal 

habenula (dHbl) and the medial subnuclei of the dorsal habenula (dHnM) project to the 

dorsal and ventral part of the IPN respectively. The dIPN then connect to the dorsal part 

of the superior raphe to terminate at the central gray while the vIPN projects to the 

median raphe. The vHb terminates to the ventro-anterior area of the median raphe 

(Okamoto et al., 2012) (Figure 18).  

Disruption of the neural signal transmission from the lateral subnucleus of the dorsal 

habenula to the dorsal IPN induced a freezing response when fish were exposed to 

successive conditioned adverse stimuli in comparison to control animals that developed 

avoidance behavior. This data led to the proposal that the dorsal-habenula-IPN pathway 

plays a role in reducing anxiety response (Okamoto et al., 2012). In addition, another 

study that ablated medial habenula (via tetanus toxin) showed that fish may present a 

higher stress baseline based on the novel tank test (Mathuru and Jesuthasan, 2013).  

Regarding the ventral habenula, it was recently demonstrated to play a role in social 

decision making related to fear and anxiety in zebrafish (Okamoto et al., 2021). For 

example, in the chronically presence of aversive cues, activation of serotonergic neurons 

of the median raphe nuclei through the activation of ventral habenula neurons in 
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zebrafish suggested that this vHb-serotonin pathway is involved in the social risk 

evaluation (expectation of a social threat) (Amo et al., 2014; Ogawa and Parhar, 2022).  

Recently, the habenula was found to play a role in social and reproductive behaviors. 

In rats, it is both involved in the positive response of social response (rewarding effect) 

like the onset of maternal behavior and as already described, in the negative aspect 

(stressful effect) such as anxiety and aggression. Additionally in fish, the dorsal habenula 

was established to regulate social fighting: in social conflict situations, the dHbl-dIPN 

pathway is activated when fish are considered as “winners” however the dHbl-vIPN is 

activated in “loser” fish (Cherng et al., 2020). Since, the habenula is involved in regulating 

monoaminergic systems (dopamine and serotonin) it is therefore interconnected 

between various network, the SDMN and the stress response system. It was demonstrated 

that in mammals as in fish, neuropeptidergic neurons projects to the habenula which 

expresses neuropeptides receptors, strongly suggesting the involvement of habenula in 

regulating social and anxiety behaviors (Ogawa and Parhar, 2022).  

 

Figure 18 – Afferent and efferent neural pathways of the habenula. From Okamoto et al., 
2012.  
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2.  Research axes and methodology 

2.1. Research axes 
The main objective of this project was to decipher what are the effects of the radiation-

induced effects on the brain of adult zebrafish. Thus, two research axes ensued from that 

perspective. The first one aimed at characterizing the molecular, cellular and behavioral 

effects of chronic low to moderate dose rates of ionizing radiation by a multiscale 

approach. The second axis focused on comparing the molecular events occurring after two 

different types of stressors, the one caused by ionizing radiation and another one, the 

physical injury of the brain by wounding. This comparison aimed at understanding the 

effects on the process of neurogenesis since it is well known that stabwound injury 

induces reactive neurogenesis dependent on neuroinflammation.  

 

2.1.1. Axis I: From molecular effects to stress 

behavior and reduced sociability 
To address this topic, several questions were brought to light: 

 

Question 1: What are the main molecular modifications after chronic low to moderate 

dose rates of ionizing radiation? 

We want to compare various dose rates and hypothesize that the highest dose rate 

would induce more effects. We are also interested in knowing if we could detect a 

threshold dose rate under which no molecular effect can be detected. Finally, we 

hypothesized that the main molecular pathways affected by chronic exposures will be 

different from the ones observed after high doses and acute exposures to radiations.  

 

Question 2: Is there any modification at the organism scale and could it be predicted by 

the transcriptomic analysis?  

Herein, axis I was completed by a behavioral analysis to first decipher the 

consequences of chronic low to moderate IR at a higher scale. The objective here was to 

detect any modification of behavior that could affect sociability, stress and locomotion 

with potential consequences on reproduction, efficacy of foraging and survival. Trying to 
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link the molecular modification with an impact on behavior could also allow to propose 

specific responses to chronic low to moderate dose rates of IR and anticipate an 

appropriate response in the framework of the improvement of risk assessment of IR in 

ecotoxicology. 

 

2.1.2. Axis II: Common and differential features of IR 

response compared to regenerative neurogenesis 

induced by neuroinflammation 
Many studies, specifically in rodents, showed that acute and high doses of ionizing 

radiation could cause the reduction of neurogenesis. As induction of neurogenesis is 

observed after stabwound injury of the brain in zebrafish, we investigated if the 

mechanisms caused by chronic low to moderate dose rates of ionizing radiation were 

similar to those occurring during neuroregeneration. Thus, here are the following 

questions brought up under this axis: 

 

Question 1: What can we learn from transcriptomic analyses after wounding adult 

zebrafish telencephalon?  

Few transcriptional analyses have already been performed after stabwound injury in 

adult zebrafish telencephalon. These studies mainly focused on specifics effects at distinct 

times after injury.  We investigated here the mechanism of brain regeneration in a holistic 

way, including a study from early effects (1 hour and 3 hours post stabwound injury) until 

the resolution of the wound (10 days after lesion).  

 

Question 2: What are the specificities of radiation induced effects in the brain?  

Comparing transcriptomic analyses between two sorts of stressors might help us to 

clarify the specific pathways affected after chronic low to moderate dose rates of IR. This 

could help us propose new molecular markers of the effects of chronic exposures to IR. 

Additionally, we wanted to test whether initiation of a regenerative neurogenesis after 

exposure to IR (observed in axis I) was dependent on neuroinflammation. 
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2.2. Global experimental design 
Effects of ionizing radiation were evaluated on adult wildtype AB zebrafish, from 6-to-

9 months old. Fish were exposed in the platform MICADO’Lab (Moyen d’Irradiation 

Chronique pour l’Acquisition de relations Dose effet en Laboratoire) located in Cadarache 

(IRSN) (Figure 19). 

 

 

This platform is dedicated to chronic external gamma radiation exposure and is 

composed of four sources of cesium 137 with total activity of 370 GBq. The range of dose 

rates can vary from 0.005 mGy.h-1 to 100 mGy.h-1 depending on the distance to the source. 

Before experimental radiation, we modelled the dose rate in the aquarium tank in order 

to calculate the distance of organism related to the source as follow:  

• We must consider the attenuation of ionizing radiation that cross water. This was 

performed by modelling the exposure of tanks with the Monte-Carlo N-Particle 

transport code (MCNP) (performed by Nicolas Dubourg) 

Figure 19 – Irradiation Hall – MICADO’Lab with 4 sources (orange boxes) and fish racks.  
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• 2 Radio Photo Luminescents (RPL) were placed on each tank to confirm the target 

dose rate: one in front and one at the back of the tank to measure dose rates and 

compare them to the modelized dose rates (performed by Nicolas Dubourg). 

We selected three dose rates for continuous exposure for 36 days: 0.05 mGy.h-1, 0.5 

mGy.h-1 and 5 mGy.h-1. Those exposure levels correspond to the domain of low dose rates 

(<6 mGy.h-1 (UNSCEAR, 2010),  the lower dose rate is close to the reference value for 

ecosystem radioprotection  (0.010 mGy.h-1) (Andersson et al., 2009) and the middle dose 

rate correspond to fish exposed in Chernobyl after the accident (estimated at 0.4 mGy.h-

1) (Lerebours et al., 2018).  

In (eco)toxicology, molecular, biochemistry, cellular or physiological modifications 

are measured in the organism and if predictive of effects on mortality, growth and 

reproduction, are called biomarkers. However, the detection of a biomarker cannot reveal 

the exact mode of action of contaminants. Herein, toxicogenomic has considerably 

developed recently and allows the detection and comprehension of biological responses 

earlier than individual endpoints. In addition, toxicogenomics propose an holistic 

understanding of the effects by analyzing all molecules (in our case transcripts) altered 

by stressors, providing thus an unbiased analysis of the effects compared to biomarkers 

(which are used as proxy of known effects). In this project, we applied an approach that 

coupled toxicogenomics studies with effects at higher biological scales, such as behavioral 

analysis, to decipher the underlying mechanisms and possibly propose links between 

these different scales. Thereafter, we proposed a global analysis through transcriptomics 

to first have an overview of the main modulations on gene expression after radiation. We 

also compare those results to the transcriptomics of another type of wounding which is 

the stabwound injury in order to better apprehend the underlying mechanisms involved. 

We conducted various stabwound injuries to apprehend the molecular events at 1 hour 

post lesion (hpl), 3 hpl, 10 hpl, 24 hpl, 96 hpl and 240 hpl. Additionally, we used in situ 

RNA hybridization on relevant candidates to beneficiate from valuable information on 

spatial identity on brain sections. Finally, we performed behavioral analyses on irradiated 

fish and established 3 tests: the novel tank test, the social preference test and the shoaling 

test. 
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3.  Results & Discussion 

3.1. Axis I: From molecular effects to stress 

behavior and reduced sociability 

3.1.1. Objectives of scientific paper 
The nuclear accidents of Chernobyl (1986) or Fukushima Daiichi (2011) released high 

levels of ionizing radiation (IR) in the environment and high levels of IR are known to 

induce neurogenesis defects with harmful consequences on brain morphogenesis and 

cognitive functions. However, the effects after chronic low to moderate dose rates of IR 

are well less characterized which brought us to the framework of this paper. We aimed at 

understanding the main molecular pathways affected through a global analysis by 

performing transcriptomics. We completed this analysis by in situ RNA hybridization to 

confirm the previous results observed. Finally, to decipher the consequences on the 

organism scale, we performed behavioral tests.  

 

3.1.2. Revealing the increased stress response 

behavior through transcriptomic analysis of adult 

zebrafish brain after chronic low to moderate dose 

rates of ionizing radiation 
 

This article was submitted the 25th of June 2022, accepted the 1st of August 2022 and 

published the 4th of August 2022 in the journal “MDPI-Cancers” under the special issue 

“Cancer and non-cancer effects following Ionizing Irradiation”. Cancers | Free Full-Text | 

Revealing the Increased Stress Response Behavior through Transcriptomic Analysis of 

Adult Zebrafish Brain after Chronic Low to Moderate Dose Rates of Ionizing Radiation 

(mdpi.com) 
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Simple Summary: The increasing use of radiopharmaceuticals for medical diagnostics and radio- 

therapy raises concerns regarding health risks for both humans and the environment. Additionally, 

in the context of major nuclear accidents like in Chernobyl and Fukushima, very little is known about 

the effects of chronic exposure to low and moderate dose rates of ionizing radiation (IR). Many studies 

demonstrated the sensibility of the developmental brain, but little data exists for IR at low dose rates 

and their impact on adults. In this study, we characterized the molecular mechanisms that orchestrate 

stress behavior caused by chronic exposure to low to moderate dose rates of IR using the adult 

zebrafish model. We observed the establishment of a congruent stress response at both the molecular 

and individual levels. 

 
Abstract: High levels of ionizing radiation (IR) are known to induce neurogenesis defects with 

harmful consequences on brain morphogenesis and cognitive functions, but the effects of chronic 

low to moderate dose rates of IR remain largely unknown. In this study, we aim at defining the main 

molecular pathways impacted by IR and how these effects can translate to higher organizational 

levels such as behavior. Adult zebrafish were exposed to gamma radiation for 36 days at 0.05 mGy/h, 

0.5 mGy/h and 5 mGy/h. RNA sequencing was performed on the telencephalon and completed by 

RNA in situ hybridization that confirmed the upregulation of oxytocin and cone rod homeobox in the 

parvocellular preoptic nucleus. A dose rate-dependent increase in differentially expressed genes 

(DEG) was observed with 27 DEG at 0.05 mGy/h, 200 DEG at 0.5 mGy/h and 530 DEG at 5 mGy/h. 

Genes involved in neurotransmission, neurohormones and hypothalamic-pituitary-interrenal axis 

functions were specifically affected, strongly suggesting their involvement in the stress response 

behavior observed after exposure to dose rates superior or equal to 0.5 mGy/h. At the individual scale, 

hypolocomotion, increased freezing and social stress were detected. Together, these data highlight 

the intricate interaction between neurohormones (and particularly oxytocin), neurotransmission and 

neurogenesis in response to chronic exposure to IR and the establishment of anxiety-like behavior. 

 
Keywords: gamma irradiation; teleost; anxiety-like behavior; sociability; neurotransmitter system; 

neurohormone 
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1. Introduction 

Ionizing radiation (IR) causes oxidative stress and genotoxic damages that can interfere 

with cellular activity and, directly or indirectly, with biological functions. Among their 

deleterious effects, cancer was originally found to be one of the main risks associated with 

exposure to IR [1–3]. In addition, epidemiological data on Japanese atomic bomb survivors 

(Hiroshima and Nagasaki in 1945) also demonstrated an elevated risk of developmental 

neurological disorders, especially microcephaly, in the prenatally exposed population [4]. 

Similar observations were taken in wild species exposed to IR due to nuclear power plant 

(NPP) accidents. After Chernobyl (1986) or Fukushima Daiichi (2011), yearling birds and 

macaca fuscata fetuses from contaminated areas displayed decreased brain size [5,6]. 

However, the majority of the studies described in the literature covers high and acute dose 

rates of IR (>6 mGy/h, [7]), and the biological effects of low dose rate radiation remains a 

subject of broad societal and scientific questioning and concern [8]. The impact of chronic 

exposure to low to moderate dose rates of IR on adult brain functions remains largely 

unknown and their impact on behavior and reproduction or survival is currently little 

studied [9]. 

Brain development is particularly sensitive to IR and other stressors (infections, is- 

chemia, toxicants) [10,11]. Prenatal exposure in rodents to high doses of IR (more than 1 Gy) 

or X-rays reduces the number of neurons [12,13], decreases the complexity of dendritic 

arborization [14] as well as the number of neuronal progenitors after adults’ exposure [15] 

and can finally result into behavioral and memory defects [16,17]. In addition, recent work 

in humans demonstrates that IR can also alter brain homeostasis and function. Indeed, 

prenatal exposure to IR was suggested to impact cognitive functions with reduced school 

test results, lower verbal IQ or lower logical reasoning in adolescents [18–20]. However, the 

impact of IR is not restricted to the development period and was also proposed in adults 

with a decline in the accuracy and efficiency of cognitive performance [21,22]. Moreover, 

the effects of IR on adult neural stem cells or proliferating neural precursor cells were also 

demonstrated in the subventricular zone and the hippocampus of rodents [23–28]. In the 

context of chronic exposure to low dose rates of IR, fewer data exist on the effects on the 

central nervous system. For instance, an elevated risk of Parkinson’s disease was observed 

in a cohort of nuclear Russian workers which was strongly suggested to be linked with 

chronic exposure to external γ-rays and neutrons [29]. Moreover, studies in mice demon- 
strated that exposure to a much lower dose (0.1 Gy) could lead to the downregulation of 

neurotransmitters and genes with functions in synapses and neuron projections [30,31]. 

These results support the notion that the cellular response to chronic low dose and high 

dose and dose rates are different and further describe the emerging evidence of the neuro- 

logical effects of exposure to radiation at dose rates much lower than previously thought in 

humans [29,32–34]. 

Stress response and anxiety-like behaviors are commonly quantified to assess the 

effects of toxicants on brain function [35,36]. In response to environmental stress, the 

adrenocorticotropic hormone (ACTH) is released by the pituitary gland and acts on the 

adrenal gland to stimulate the synthesis and secretion of glucocorticoids, which will in turn 

orchestrate the stress response via cortisol release [37]. This neuroendocrine system, 

denominated as the hypothalamic–pituitary–adrenal (HPA) axis, is conserved in mammals 

and fish (given that the interrenal organ in teleost is the homologue of the adrenal gland) 

and controls the stress response. The peripheral stress response induced by ACTH is 

controlled centrally by the release of the corticotropin release factor (CRF). In addition, other 

hypothalamic neurohormones such as oxytocin or arginine vasopressin also play a role in 

the regulation of the stress response. Indeed, the ablation of oxytocin expression in knockout 

mice induced anxiety-like behavior and increased the corticosterone level in the blood after 

the psychogenic stressor [38]. Additionally, stress elicited by forced swimming induced 

oxytocin release in the hypothalamus and peripheral circulation in rodents [39], which thus 

demonstrated an intricate interaction between oxytocin and the stress system. Moreover, 

in rodents, oxytocin can interact with the dopaminergic system or the serotonergic
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system to influence a social response and to regulate anxiolytic effects, especially via the 

5-HT1A and 5-HT2A/C receptors [40–47]. In zebrafish, somas of oxytocin neurons are 

found in the parvocellular preoptic nucleus corresponding to the paraventricular nucleus 

of the hypothalamus in rodents and in the periventricular nucleus of the posterior 

tuberculum [48–50]. As in mammals, oxytocin was also demonstrated to play a role in 

sociability in the zebrafish, notably in the development and maintenance of social behavior 

through oxytocin receptors (oxtr and oxtrl) [49,51]. Consequently, modifications in behavior 

could impact foraging and predator avoidance and interfere with reproduction. 

With its simple cortical organization and an abundant constitutive neurogenesis, the 

zebrafish model, Danio rerio, is of great interest to study molecular mechanisms and 

behavior [52,53]. Moreover, this model accommodates easily to laboratory conditions and 

demonstrates a high degree of sociability thus making zebrafish a robust model for 

neuroscience research. 

In this study, we aimed at characterizing the effects of IR impact on stress and behavior 

using adult zebrafish as a model system. The fish were exposed to dose rates of 0.05 mGy/h, 

0.5 mGy/h and 5 mGy/h for 36 days. Those exposure levels correspond to the domain of the 

low dose rates (<6 mGy/h, [7]), are near the reference value for ecosystem radioprotection 

(0.010 mGy/h) [54] and are in the range of the dose rates estimated after the Chernobyl 

accident (0.4 mGy/h) [55]. A multiscale approach was used to evaluate the effects on adult 

behavior, with emphasis on sociability, stress and locomotion. The molecular effects of 

chronic exposure to IR on the brain were assessed through a transcriptomic approach, 

completed by the study of spatial changes in gene expression of oxytocin and cone rod 

homeobox by RNA in situ hybridization. 

 

2. Materials and Methods 

1.1. Zebrafish Maintenance and Irradiation 
Adult zebrafish were maintained at the Institut de Radioprotection et de Sûreté 

Nucléaire facilities in accordance with French and European regulations on the protec- 

tion of animals used for scientific purposes (EC Directive 2010/63/EU and French Decret 

2013–118). All experiments were approved by the ethical comity (C2EA, IRSN, Fontenay- 

aux-Roses, France) and the French Ministry of Research under the reference APAFIS#11488. 

Six- to nine-month-old wildtype zebrafish of the AB strain were provided by Amagen (Gif-

sur-Yvette, France) and Sorbonne Paris University (Institut de Biologie Paris Seine, Paris, 

France).   Constant conditions  were  preserved  for  fish  maintenance:  27 ±°C, 350–450 

µS/cm, pH 7.5 and 12/12 h dark-light cycles, in the ZebTEC system (Techniplast, Décines-

Charpieu, France). The fish were fed three times a day with Gemma Micro 600. 

Any mortality was noted, the homogeneity of the fish’s weight and length were verified 

after behavior experiments, and no difference was observed in any condition or between 

males and females (data not shown). The fish were chronically exposed for 36 days to 

gamma irradiation by a 137Cs source in the MICADO experimental irradiation facility 

(IRSN, Cadarache, Saint-Paul-lez-Durance, France), except for a duration of one hour five 

times a week without irradiation to visually verify the fish’s health. Three dose rates were 

employed: 0.05 mGy/h, 0.5 mGy/h and 5 mGy/h. To confirm the dose rates of exposure, 

we used operational dosimetry with radio-photoluminescent dosimeters (RPL, GD-301 

type, Chiyoda Technol Corporation Japan, Tokyo, Japan), and the effective dose rates were 

estimated by MCNPX v2.70 (Supplementary Materials, Table S1). 

1.2. Behavioral Analysis 

1.2.1. Novel Tank and Social Preference Tests 

The Novel Tank Test (NTT) was used for the assessment of the stress behavior and 

locomotor profiles of adult zebrafish. Single fish (n = 20 females and males per condition) 

were placed for 6 min in a tank (27.9 x 7.1 x 15.2 cm) filled with water (13.5 cm deep).  
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Videos were recorded from the side using a Basler acA1300–60 gm camera fitted with an 

infrared filter detection (Infrarot 850, Heliopan, Noldus Information Technology, Wagenin- 

gen, Holland) and a bespoke infrared spotlight platform to avoid shadows and artefacts. To 

study the locomotion, we measured the total distance travelled. For behavioral parameters  

related to stress, we designed an arena in Ethovision XT14 that separated the tank into top 

and bottom zones of equal dimensions and measured the following parameters: time spent 

and number of entries in top zone, latency to first entry to the top zone and immobility time. 

Mobility was defined as the degree of the displacement of the zebrafish’s body independent 

of spatial movement of the center body point [56]. 

The social preference test was performed as previously described in order to assess 

how the fish interacts towards a social stimulus [57,58]. One minute after the end of the 

NTT, this trial was performed for a total of 5 min using the same tank as for the NTT to 

avoid stress, except that a new compartment of 15 x 7.1 x 15.2 cm with four stimulus fish 

(two females, two males) was located on one side of the central arena. We divided the 

central arena that includes the test fish into two equal parts (non-social and social zones). 

An additional zone measuring half the body length of the fish (Z1) was included in the social 

zone close to stimulus fish (Figure 2. The size of that zone was chosen so the fish swimming 

in Z1 presented a social and non-aggressive behavior. Locomotion and stress were 

measured by the following parameters: total distance travelled and immobility time. 

Sociability parameters were assessed by measuring: the time spent and number of entries 

in the social zone and time spent in Z1 (Figure 2). For both assays, the zebrafish were 

transported to the behavioral testing room the evening before testing and acclimated for 

15 h. Ethovision 14XT (Noldus) was used for tracking and analysis. 

1.2.2. Shoaling Test 

Group social behavior was analyzed by using the shoaling test [59] in an opaque plastic 

tank of 61 cm diameter filled with 5 cm of water depth. The zebrafish were transported to 

the behavioral testing room the evening before testing and acclimated for 15 h. Groups of 

eight familiar fish (four females, four males) were placed at the same time in the middle of 

the tank, left to acclimate for 5 min and filmed from above for 10 min with the same setup 

as the test used for NTT. This experimental setting was modified from Pham and colleagues 

and Gutiérrez and colleagues [48,60]. The analysis was formed on four different shoals 
per condition. Ethovision 16XT (Noldus) was used for tracking and measuring locomotion 

(total distance travelled), stress (immobility time) and inter-individual distances. A custom 

code for EthoVision XT 16 written in JavaScript, kindly provided by Fabrizio Grieco and 

Egon Schrasser, was employed for the nearest neighbor distances. 

1.3. Acetylcholinesterase Activity 
To avoid any neuronal modification that could be caused by anesthetic, the fish  were 

euthanized by hypothermic shock on ice (2-4◦C) in agreement with the ethical comity and 

any opposition from the French Ministry of Research under the reference APAFIS#11488. 

Their heads were sectioned in the frontal plane and the brain and muscles were dissected 

under binoculars. The organs (n = 15–17 females and males per condition) were 

homogenized in a homogenization buffer (Phosphate buffer, Glycerol 20% v/v, PMSF 

0.2 mM) using a bead crusher (Precellys Evolution, Bertin Technologies, Montigny-le- 

Bretonneux, France) maintained at 4 ◦C during homogenization, at 5000 rpm and for two 

cycles of 20 sec. We used the Bradford method for protein assay to determine the total 

protein concentration in each sample. The measure of acetylcholinesterase (AChE) activity 

was performed in 96-well plates as follows. We added 200 µL of Phosphate buffer, 4 µg of 

protein sample in duplicates or AChE standard and 20 µL of dithiobisnitrobenzoate (0.2 mM 

final concentration) (DTNB D218200, Sigma, Setagaya City, Japan) before incubation for 

10 min at 25 ◦C. Then, 10 µL of Acetylthiocholine iodide (2 mM final concentration) (ATCi 
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A5751, Sigma) were added.  The hydrolysis of acetylthiocholine was monitored by the 

formation of the thiolate dianion of DTNB, and the absorbance was read at 412 nm for     3 

min at 30 s intervals, as previously described [61].  The AChE activity was expressed as 

U/mg defined by the number of enzyme units (amount of enzyme that catalyzes the 

reaction of 1 nmol of substrate per minute) per ml divided by the concentration of protein 

in mg/mL. 

1.4. Library Preparation and RNA Sequencing 

The fish were euthanized by hypothermic shock on ice (2–4 ◦C), their heads sectioned 

in the frontal plane, and the brain was dissected under binoculars. Each sample consisted 

of three to four dissected telencephalons formed in four to six replicates, keeping an 

equilibrated number of males and females per condition. The brains were homogenized in 

200 µL of Trizol (Life Technologies, Carlsbad, CA, USA) using beads homogenizer (Precellys 

Evolution, Bertin Technologies) with two cycles of 30 s each. Total RNA extraction was 

performed following manufacturer instructions with an additional chloroform extraction 

before isopropanol precipitation.  RNA integrity (RIN), quality and concentration were 

assessed using RNA Nano Chips (Bioanalyzer 2100, Agilent, Santa Clara, CA, USA). All 

samples had a RIN > 8. Sequencing libraries were generated from 1 µg of the total RNA 

following the TruSeq mRNA stranded protocol (Illumina, San Diego, CA, USA). After 

a quality check and concentration determination on DNA1000 Chips (Bioanalyzer 2100, 

Agilent, Les Ulis, France),  the libraries were run on a HiSeq4000 platform to produce  50 

bases long paired-end reads (GenomeEast, IGBMC, Illkirch, France). 

1.5. Analysis of Transcriptomics Data 

Between 72 and 136 million of good-quality reads (Q > 30) were produced for each 

sample and analyzed as described before [62]. Briefly, the reads quality was assessed with 

an in-house pipeline to determine quality over read length, duplication rates, insert size, 

adaptors contamination, nucleotide composition and mapping rates against the reference 

genome (RNA-STAR with GRCz11 and known exon–exon junctions from Ensembl release 

98). Normalization and differential expression analysis were performed with DESeq2 

v1.30.1. Biological reproducibility was assessed by the hierarchical clustering of the variance 

stabilized expression data (rlog) obtained from DESeq2 with Pearson’s correlation and 

complete linkage method. Genes with |fold change|≥1.5 and p-value corrected for multiple 

testing, fdr < 0.05 (false discovery rate [63]) were considered as differentially expressed in 

all analysis. Afterwards, functional enrichments was performed using Gene ontology (GO) 

with R package clusterProfiler using zebrafish genes and human orthologues retrieved by 

Ensembl biomart (as published before, [64–66]) as gene annotation is more abundant in 

this species. The significance was considered when fdr from Fisher’s exact test was <0.05. 

For the volcano-plot of differentially expressed genes (DEG) of neurohormones and 

neurotransmitters, the following GO terms were used to select genes with the R package 

biomaRt [64] (Supplementary Materials, Table S2). The resulting list of genes was then 

manually curated to verify gene function. 

 

1.6. RNA In Situ Hybridization on Adult Brain Sections 
Antisense RNA probes labelled with digoxigenin (DIG) for oxt and crx were generated 

from adult zebrafish brains as follows. Total RNA extraction was performed using TRI- 

zol/chloroform extraction (Life Technologies), with a supplementary chloroform extraction 

step before performing the isopropyl alcohol precipitation of the nucleic acids. We per- 

formed the reverse transcription using SuperScript III (Life Technologies), dNTP, polydT 

primers and 1 µg of total RNA following manufacturer instructions. PCR amplification was 

performed using Taq platinum kit (Life Technologies) with 1 µL of RT and the primers pairs: 

oxt forward AATGTCTGGAGGTCTGCTGT, oxt reverse TGCACTAATGTACAGTCAAGCT,
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 crx forward GCTGCTCGGTCTCTTATTGC, crx reverse AGTCAAGGCAGTCTACCGAA. 

PCR products were validated by electrophoresis on 1.2% w/v agarose gel and cloned into 

a PCRII dual promoter bacterial vector following the kit instructions (TOPO TA Cloning, 

Invitrogen, Waltham, MA, USA). The transformation of chemically competent TOP10JE.coli 

(Invitrogen) was performed with 2 µL of ligation production. The bacteria were plated on a 

Petri dish with LB agar with 100 µg/mL Ampicillin and incubated overnight at 37 ◦C.Five 

colonies for each construct were picked and grown individually in liquid LB medium with 

100 µg/mL of Ampicillin overnight at 37 ◦C with agitation. MiniPreps (Qiagen DNA 

MiniPreps, Hilden, Germany) were performed for the extraction of plasmid DNA following 

the alkaline lysis protocol and sent for Sanger sequencing to check cDNA identity and the 

orientation of cloning in the PCRII vector. The digestion of the DNA was performed by cut- 

ting the DNA plasmid at the 5J end of the cDNA with restriction enzyme: NotI HF, followed 

by phenol/chloroform extraction of the linearized vector, and in vitro transcription of the 

Dig RNA probes with Sp6 RNA polymerase and the Dig-UTP labelling mix (Roche, Basel, 

Switzerland). The technique of in situ hybridization labelling was adapted from ZFin [67]. 

Two–three brains were used per condition.  Briefly, freshly dissected brains were fixed 

overnight at 4 ◦C in 4% w/v PAF and transferred in 100% v/v methanol at -20 ◦C until use. 

The brains were rehydrated in a decreasing gradient series of methanol diluted in PBS v/v 

at 70%, 50% and 25% for 5 min each and then washed four times 5 min in PBS with 0.01% 

v/v Tween 20 (PTW buffer) and incubated with proteinase K at 10 µg/mL in PTW buffer for 

30 min and fixed in 4% w/v PAF for 20 min. Five consecutive washes of 5 min in PTW were 

completed before incubation with hybridization buffer (50% v/v deionized formamide, 5X 

SSC, 500 µg/mL yeast tRNA, 50 µg/mL heparine, 0.1% v/v Tween20, 9 mM citric acid 

in water) that lasted until all the brains reached the bottom of the tube (approximately 

20 min). The brains were then incubated 4 h at 65 ◦C in clean RNA hybridization buffer and 

put in contact overnight with 50 ng (oxytocin) or 100 ng (crx) of gene specific DIG-labelled 

RNA probes diluted in RNA hybridization buffer. The brains were washed at 65 ◦C as 

follows: twice during 30 min in wash buffer 1 (50% v/v formamide, 1X SSC, 0.05% v/v 

Tween20), once in wash buffer 2 (2X SSC, 0.1% v/v Tween20) for 15 min, twice in wash 

buffer 3 (0.2X SSC, 0.1% v/v Tween20) for 30 min and finally once in wash buffer 4 (0.1X 

SSC, 0.1% Tween20) for 5 min. The brains were then washed 3 times 5 min in PTW at room 

temperature, incubated 1 h at room temperature in blocking buffer (1X PBS, 0.1% v/v 

Tween20, 0.2% v/v BSA, 1% v/v DMSO), embedded into 2% agarose and sectioned 

at 70 µm with a vibratome (VT1200S Leica Biosystems, Wetzlar, Germany) in a coronal 

plane.  The brain sections were incubated 1h in blocking buffer, then overnight at 4 ◦C 

with anti-Digoxigenin-AP Fab fragment antibody (Roche Diagnostics GmbH, Mannheim, 

Germany) diluted at 1:4000 in blocking buffer and washed 5 times 15 min with PTW buffer 

before staining with NBT/BCIP (Roche Diagnostics GmbH, Germany).  The slides were 

mounted with Vectashield HardSet (Vector Laboratories, Newark, CA, USA, ref: H-1400). 

Each in situ hybridization staining was repeated at least two times. The expression patterns 

were observed under a Leica binocular (DM750) equipped with a Leica ICC50 camera at  

x10, x20 and x40 zoom. For the quantification of the intensity signal of oxytocin, we 

performed a fluorescent RNA in situ hybridization. The protocol is similar as the one 

previously described except that before adding the hybridization buffer, the samples were 

incubated for one hour with 3% hydrogen peroxide (H2O2, Sigma) in PTW and then washed 

three times 10 min in PTW; anti-digoxigenin-AP was substituted by Anti-digoxigenin-POD 

(poly) Fab fragments (Roche Diagnostics Gmbh, Germany) diluted at 1:1000 in blocking 

buffer and before staining with TSA Plus Cyanine 3 (Perkin Elmer, Boston, MA, USA),
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 samples were rinsed twice 10 min in 0.002% H2O2 in PTW. Zeiss Confocal LSM780 was 

used with laser 561 at x40 zoom.  We first checked for autofluorescence and background 

noise without detecting either of them. 

 

1.7. Statistical Analysis 

For the behavioral analysis, and especially novel tank and social preference tests, a 

first statistical analysis by a two-way ANOVA test indicated significant sex differences (data 

not shown). This is in agreement with other studies that already showed distinct 

behavioral profiles between males and females [68,69]. We thus formed analyses for each 

sex separately. Linear effects models with Gaussian family were used for normally 

distributed data (total distance travelled in NTT, latency to first entry to the top zone, time 

in Z1, time of immobility) or with sqrt transformation to reach normality when needed 

(time in top zone, total distance travelled for the social preference test). For over-dispersed 

counted data, the generalized linear mixed effects model for the negative binomial family 

was used (number of entries in top or social zone).  As the experiments were performed in 

two different batches, we added a random effect corresponding to the session date. p-values 

< 0.05 were considered significant. 

Regarding the Shoaling test, statistical analysis was formed by applying a generalized 

linear mixed model with Gamma distribution for continuous and positive data. Since 

individuals show more behavioral similarities among one shoal, the shoals were used as a 

random effect in the model. p-values < 0.05 were considered significant. 

The data corresponding to acetylcholinesterase activity analysis being normally dis- 

tributed (except for female muscles that needed log transformation), the analysis was 

performed on each sex separately by one-way ANOVA followed by a Dunnet post-hoc test. 

p values < 0.05 were considered significant. 

For the quantification of fluorescent RNA in situ hybridization of oxytocin, equal 

regions of interest (ROIs) were selected on several vibratome slices of three brains per 

condition and the integrated density for each ROI was determined by dividing the intensity 

of ROI to a representative area without signal (the removal of background noise). Statistical 

analysis was undertaken by applying a generalized linear mixed model with Gamma 

distribution for continuous and positive data. Since several slides originated from the same 

brain, brains were used as a random effect in the model. p-values < 0.05 were considered 

significant. 

 

3. Results 

1.8. Chronic Irradiation Altered mRNA Expression in Adult Zebrafish Telencephalon 

The modulation of transcriptional expression in adult telencephalons was assessed by 

RNAseq after continuous exposure to gamma radiation for 36 days at 0.05 mGy/h (D005), 

0.5 mGy/h (D05) and 5 mGy/h (D5). A dose rate-dependent increase in differentially 

expressed genes (DEG) was observed with 27 DEG at 0.05 mGy/h, 200 DEG at 0.5 mGy/h 

and 530 DEG at 5 mGy/h (|fold change| ≥1.5 and fdr < 0.05).  A relatively high number of 

DEG was common between 0.5 mGy/h and 5 mGy/h (n = 156 genes, 26%) while very few 

DEG were shared with the 0.05 mGy/h condition (Figure 1a).
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Figure 1. Transcriptomics effects of radiation exposure on zebrafish telencephalon. (a) Venn dia- 

gram of differentially expressed genes at the three dose rates (|fold change| ≥ 1.5 and adjusted p-

value < 0.05. (b) GO enrichment of biological processes using human orthologues showing the top 

enriched pathways at D005 (0.05 mGy/h), D05 (0.5 mGy/h) and D5 (5 mGy/h). The numbers in 

brackets correspond to the number of genes present in the enriched GO terms. The dot size  

corresponds to the fraction of genes in a given GO term compared to all DEG (GeneRatio). 

The enrichment of Gene Ontology (GO) Molecular Function and Biological Process, 

either with Danio rerio genes or via human orthologous genes, demonstrated that the 

pathways altered after chronic exposure to IR at D05 and D5 included visual perception 

(GO:0007601; D05: fdr < 10−22 D5: fdr < 10−17), the regulation of G protein-coupled 

receptor signaling pathways (GO:0008277; D05: fdr < 10−8; D5: fdr < 10−8) and sero- 
tonin metabolic process (GO:0042428; D05: fdr = 0.002; D5: fdr = 0.03) (Figure1b and 
Supplementary Table S3). We also detected other biological processes that were signifi- 

cantly enriched such as retinoid binding (GO:0005501; D05: fdr = 10−5; D5: fdr = 10−4), 
the regulation of axon extension involved in axon guidance (GO:0048841, D05: fdr = 0.01; 
D5: fdr = 0.03) and optokinetic behavior (GO:0007634; D05: fdr = 0.01; D5: fdr = 0.03) 
(Supplementary Table S3). In contrast, pathways enriched after irradiation at 0.05 mGy/h 

highlighted the dysregulation of genes involved in protein refolding (GO:0042026; fdr < 10−4). 

1.1. Chronic Irradiation Induced Hypolocomotion 

Since transcriptomics data revealed changes in gene expression in the brain after 

irradiation, we assessed if these modifications could result in potential changes in behavior. 

Since DEGs were mostly observed when exposing at 0.5 mGy/h and 5 mGy/h, we focused 

on these two dose rates as modifications after 0.05 mGy/h radiation perturbed the expres- 

sion of few genes (n = 27). First, locomotion was measured as an integrated parameter to 

evaluate the effects of radiation on adult brain function and behavior. The total distance 

travelled was measured by three different behavioral tests on adult zebrafish, the shoaling 

test (ShT), the Novel Tank test (NTT) and the social preference test (SP) (Figure 2). 
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Figure 2. Experimental setup of the three behavioral tests. (a) The shoaling test, (b) the novel tank 

test, (c) the social preference test [57–59]. 

The total distance travelled was decreased at both dose rates in the ShT (D05: t = −13, 

p = 10−16; D5: t = −4.7, p = 10−6, Figure 3a). Similar trends were also detected in the females 

exposed in NTT at 0.5 mGy/h (t = −2.7, p = 0.01) and 5 mGy/h (t = −1.4, p = 0.17) and in 

the SP (D05: t = −1.5, p = 0.13; D5: t = −2.7, p = 0.01), but not in males (Figure 3b–e). Since 
acetylcholine is involved in muscle contraction and in brain function by participating in 

anxiety-like behavior or social response [70,71], the activity of acetylcholinesterase (AChE) 

was measured in both the muscle and brain after irradiation. Decreased reduction in 

enzymatic activity can be observed in the brain and muscle of exposed females at both dose 

rates but this decrease is not statistically significant (in brain: F = 2.5, p = 0.11; in muscles: 

F = 2.77, p = 0.09, Figure 3f,g). We did not observe any effect in the brain or muscles in 

males (brain: F = 0.15, p = 0.86; muscles: F = 0.78, p = 0.47, Figure 3h,i).
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Figure 3. Effect of radiation exposure on locomotor activity and dosage of Acetylcholinesterase 

activity. Total distance travelled in centimeter (cm) was evaluated by (a) Shoaling test (n = 32),  (b,c) 

Novel tank test and (d,e) Social preference test in females zebrafish (n = 9–10) and males      (n = 10–

11). Data are represented by mean (black point), median (horizontal line) and ±75th and 25th 

percentiles, and significance assessed by Gamma generalized linear mixed models (a) or Gaussian 

linear effects models (b–e). Measure of AChE activity in (f) brain and (g) muscle of females, and in 

males (h,i). Data are represented by mean (black point), median (horizontal line) and ±75th and 25th 

percentiles of 7 individuals per condition. AChE activity is shown as enzymatic activity Unit per mg 

of protein (U/mg protein). Statistical analysis was performed by using one-way ANOVA followed by 

Dunnet post-hoc test. * p < 0.05. 

1.9. Chronic Irradiation Increases Stress Behavior in Female Zebrafish 

We then evaluated the stress potentially induced by IR by measuring the number of 

entries, the latency to first entry and the time spent in top zone in the NTT. The number of 

entries in the top zone reached statistical significance only for females exposed at 0.5 mGy/h 

(Figure 4, t = −3.1, p = 0.002).
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Figure 4. Assessment of stress behavior. (a) Number of entries, latency to first entry and time spent in 

the top zone in the novel tank test (NTT) for females and (b) males (n = 9–11). (c) Time of immobility 

of females in the NTT (n = 9–10), (d) the Social Preference test (SP) (n = 9–10 females or males) and 

(e) the Shoaling test (ShT) (n = 32 both females and males). Data are represented by mean (black 

point), median (horizontal line), ±75th and 25th percentiles and analyzed with negative binomial 

mixed effect models (a,b, left panels) or Gaussian linear effects models (a,b, middle and right panel, 

c,d) or Gamma generalized linear mixed models (e). * p < 0.05. 

The other parameters measured in the NTT (latency to first entry and cumulative dura- 

tion in the top zone) were not altered (Figure 4a,b), middle and right panel). Immobility is 

often used to evaluate anxiety-like behavior in zebrafish [72]. We thus assessed the relative 

time of immobility (freezing) in the three behavioral tests as another way to evaluate stress 

after chronic exposure to radiation. An increase in immobility was observed in females but 

not in males at both dose rates in the SP (D05: t = 2.3, p = 0.03; D5: t = 2.4, p = 0.03, 

Figure4d). A similar increase was also observed in the NTT, especially at 0.5 mGy/h (D05: 

t = 2.7, p = 0.01; D5: t = 1.4, p = 0.17, Figure 4c), as well as in the ShT but this alteration was 

not statistically significant (D05: t = −1.4, p = 0.17; D5: t = −0.54 p = 0.59, Figure4e).
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1.10. Chronic Irradiation Reduces Sociability in Female Zebrafish 

The zebrafish being a social animal with complex behavior, the proximity of fish with 
conspecifics was measured to assess sociability in the SP test.  We observed that   the time 
spent close to the conspecifics (Z1) was decreased for females in both irradiated conditions 

but only significant in 0.5 mGy/h of the irradiated fish (D05: t = −2.7, p = 0.01 and D5: t 

= −1.9, p = 0.06, Figure 5a). We also measured the time spent and number of 

entries with a one-body-length zone close to the conspecifics and observed a significant 

decrease in entries in 5 mGy/h of the irradiated fish (data not shown). 
 

Figure 5. Assessment of individual and group social behavior. (a) Time in Z1 evaluated for females 

during the Social Preference test (n = 9–10). (b) Nearest neighbor distances and (c) Inter-individual 

distances analyzed during the Shoaling test (ShT) (n = 32). Data are represented by mean (black 

point), median (horizontal line), ±75th and 25th percentiles and analyzed with Gaussian linear effect 

model (a), Gamma generalized linear mixed models (b,c). * p < 0.05. 

A significant decrease in the number of entry in the social zone was also detected 

using a broader zone at 5 mGy/h (t = -2.4, p = 0.02, data not shown). We did not observe 

any modifications in the males. We then used the ShT to assess group cohesion within a 

shoal. No alterations in the social group was observed using either nearest neighbor or 

inter-individual distances (Figure 5b,c). 

1.11. Induction of Gene Expression Involved in Stress Response or Neurogenesis 

Since the zebrafish displayed stress behavior and the transcriptomic profile of the brain 

radiation response suggested the dysregulation of genes involved in neurotransmission 

(including serotonin), we explored the changes of neurohormones and neurotransmitters 

expressions in the RNAseq dataset (Supplementary Materials, Table S2. The significant 

modulation of eight genes coding for proteins with a function in neurohormone synthe- 

sis, uptake, metabolism and receptor production, or in neurotransmission was found at 

0.5 mGy/h and thirty-two genes at 5 mGy/h (Figure 6a,b and Supplementary Table S4). 

These included the genes coding for the enzymes tryptophan hydroxylase 1a 

(tph1a) and tryptophan hydroxylase 2 (tph2) that control brain serotonin synthesis, as well 

as the neurohormones oxytocin (oxt) and arginine vasopressin (avp) (Figure 6c). We also 

detected a variation in the expression of cyp11c1 involved in cortisol and 11-

ketotestosterone (11-KT) production, asip2b known to regulate cortisol secretion and the 

stress-induced transcription factor nr4a1 [73–76].  To further explore how radiation can 

impact gene expression in the brain, and validate the RNAseq data, we performed RNA in 

situ hybridization on adult brain sections for oxt, a gene expressed in the preoptic area and 

involved in both  the regulation of stress and social behavior [77]. At 5 mGy/h, we observed 

an ectopic expression of oxt in the ventricular zone (VZ) of the anterior part of the 
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parvocellular preoptic nucleus (PPa)(Figure 7a,a’) where neural progenitors are located [ 

78]. Indeed, in the control condition, cells lining the VZ do not express oxt,  while after 

irradiation,  oxt expression is detected. To quantitatively confirm this observation, we 

measured oxt expression in control and irradiation (5 mGy/h) by fluorescent RNA in situ 

hybridization and detected a significant increase in signal intensity (Supplementary 

Materials, Figure S1). 

 

 

 

Figure 6.  Transcriptomic analysis of genes with function in neurotransmission or neurohormones. 

(a) Volcano plot of differentially expressed genes with function in neurotransmission or brain neu- 

rohormones at D05 (0.5 mGy/h) and (b) at D5 (5 mGy/h). The biological process associated to each 

gene is indicated by the color and shape code.  (c) Change in expression of dysregulated genes. 

* Indicate adjusted p-value (<0.05). 
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Figure 7.   RNA in situ hybridization on adult brain sections showing expression of oxt and 

crxexpressing cells. (a,aJ) Coronal sections of brain showing expression of oxt in the anterior 

parvocellular preoptic nucleus (PPa) in control and 5mGy/(D5) irradiated fish. The black rectangle 

represents the area for the higher magnification images. (b,bJ) Expression of crx in the PPa in the 

control and after irradiation at 5 mGy/h(D5). The black arrow heads delineate the ventricular zone 

(VZ) in the medial ventricular zone of the PPa and the white asterisk represents the location of VZ 

progenitors where 

ectopic expression is detected. Scale bar = 100 µm. The scheme at the top represents the location of 
the coronal sections in the brain. 

 
Similarly, the gene cone-rod homeobox (crx), known to be involved in neuronal differen- 

tiation in the retina [76], was strongly upregulated in the PPa in both the VZ as well as in 

cells located laterally to the VZ (Figure 7b,b J). These results confirm the upregulation of oxt 
and crx observed at 5mGy/h by the transcriptomic analysis. 

 

4. Discussion 

In this study, we used adult zebrafish to better characterize the effects of chronic low 

to moderate dose rates of IR on brain function and behavior. We employed a multiscale 

approach that characterized the effects on behavior, including locomotion, the assessment 

of the stress response and sociability, completed by a transcriptomic analysis on the telen- 

cephalon to characterize the effects at the molecular scale. This analysis was completed by 

a detailed mapping of the gene expression of two candidate genes using RNA in situ 

hybridization on adult brain sections. This strategy allowed us to assess which molecular 

pathways were dysregulated following chronic exposure to low and moderate dose rates of 

IR and helped in deciphering the molecular basis of changes in adult behavior. 

Transcriptomic analysis highlighted the dysregulation of genes with function in synap- 

tic plasticity, including axon guidance signaling  (arl3l2, arl3l, sema3d or unc119.2) or the 

regulation of the G protein-coupled receptor signaling  pathway (cng1, pde6b, grk7, guca1c). 

It is well known that synaptic plasticity is involved in organisms’ adaptation and, when 

disturbed, may lead to pathological behaviors such as stress-related disorders [79,80]. A 

previous study in mice exposed acutely to 100 mGy detected similar perturbation, but   in 

contrast to our results, gene expression was mostly downregulated in the rodents [30]. 

Additionally, high doses of acute exposure includes the induction of neuro-inflammation 

with the overexpression of pro-inflammatory genes [81,82], cellular senescence [83], the 

decrease in adult neurogenesis possibly due to the apoptosis of proliferating cells [82,84], 

DNA damage like double strand breaks [10,85] and oxidative stress through the elevation 

of pro-oxidants or lipid peroxidation [86,87]. Interestingly, in our study, we could not detect 

significant change in these processes through the transcriptomic analysis. Possibly, the 

different exposure scenarios (chronic versus acute) or the use of young 8- to 10- week mice 

(while we used sexually mature organisms) explain this difference, but more likely, given 

the very high regenerative capacity of the adult zebrafish brain in comparison to juvenile 

rodent [88–90], the genes involved in the axon guidance and G protein-coupled receptor 

signaling were only upregulated in fish, which might reflect a specific response to the 

insults caused by IR. This hypothesis of induced regenerative process after irradiation is 

supported by the very strong upregulation of crx in the adult telencephalon. Indeed, this 

gene is a well-known transcription factor (TF) of the otx-like homeodomain family that 

regulates the neuronal differentiation of photoreceptors in the retina [91]. However, its role 

in the adult zebrafish telencephalon is currently unknown. Nevertheless, its expression in 

cells lining the ventricular zone (VZ) as well as in cells located more laterally in the  PPa 

corresponds to the expression domain of neuronal progenitors (lining the VZ) and 

differentiating neurons (laterally to the VZ). The fact that crx is strongly upregulated in the 

PPa after irradiation could thus indicate the production of new neurons in this region of 
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the adult brain and highlights its potential role in neurogenesis. If these 

transcriptomic modifications lead to changes at the protein level remains to be investigated. 

More analysis, including double labelling with progenitors and differentiation markers, is 

needed in order to confirm or infirm this regenerative hypothesis.We observed a 

hypolocomotion state noticeable by a reduced total distance travelled at dose rates equal 

to and higher than 0.5 mGy/h in the ShT, which was also detectable in the SP and the NTT. 

Interestingly, similar effects on locomotion were identified in 5-day-old larvae exposed to 

continuous radiation at the same dose rates [62]. Moreover, hypolocomotion was observed 

in mice 6 h after acute exposure to 500 mGy or 2000 mGy [92], and up to 18 months after 

irradiation of 10-week-old mice at 500 mGy [93]. Thus, our data complement the existing 

knowledge of IR by showing the effects on locomotion in adults in the field of low dose 

rates. Our analysis on AChE activity, the enzyme involved in the degradation and recycling 

of acetylcholine that acts both in the brain and neuromuscular junctions, demonstrated a 

marginal decrease in enzymatic activity in the female muscles and brain at 0.5 mGy/h and 

5 mGy/h. In males, a non-significant increase in AChE activity was observed in the muscles 

at 5 mGy/h, and we did not see any effect on locomotion or stress. Together, our data 

highlight chronic irradiation-induced hypolocomotion in females, and this effect was 

substantially independent of possible alterations at the neuromuscular junction. This 

result contrasts with previous data that showed decreased AChE activity in zebrafish larvae 

exposed at 0.01 mGy/h [94]. 

The results on stress behavior from the NTT revealed a decreased number of entries 

in the top zone after the exposure of females at 0.5 mGy/h, suggestive of increased stress, 

but no change could be observed at 5 mGy/h, and males were not affected. If a non- linear 

dose rate effect could be proposed for females, it remains possible that insufficient 

individual data impaired the analysis. The cumulative duration of immobility (also called 

freezing) is another parameter used to measure stress [95]. Our data demonstrated an 

increased cumulative time of freezing in females irradiated at 0.5 mGy/h in the NTT, but, 

as before for locomotion, no effect could be detected in males or at 5 mGy/h. However, by 

measuring this endpoint in the SP, we could detect a significant increase in freezing both 

at 0.5 mGy/h and 5 mGy/h in females. An increased cumulative duration of immobility 

was also apparent in the ShT, but these results were not statistically significant, presumably 

because males’ and females’ behavior cannot be distinguished in this group behavior test. 

The hypolocomotion is thus presumably a consequence of increased freezing time. These 

results show that chronic irradiation at 0.5 mGy/h, and presumably higher dose rates, 

induces stress-like behavior in female zebrafish but not in males. At the molecular level, 

stress behavior is linked to increased cortisol release. Under stress, an increase in CRH 

levels results in higher glucocorticoid hormone (GC) secretion (cortisol or corticosterone 

depending on species) which bind in the plasma to corticosteroid-binding globulin (CBG) 

and albumin [96]. As teleost have a developed hypothalamus-pituitary-interrenal axis and 

use cortisol as their primary stress hormone [73,97–101], the increasing freezing time 

observed in our data is very likely to be linked to an elevation of cortisol secretion. The fact 

that several genes involved in glucocorticoid production were upregulated in the brain of 

the irradiated zebrafish, including cyp11c1, nr4a1, asip2b, avp and oxt, is also in favor of such 

interpretation and furthermore can provide a mechanistic explanation for the increased 

stress behavior observed at dose rates equal to and higher than 0.5 mGy/h. These results 

are in agreement with previous data on the chronic exposure of meadow voles 

at 22.6 µGy/h [102], which demonstrated higher levels of free corticosterone in females 

than in males, along with elevated corticosteroid-binding globulin (CBG) (in females). The 

results in meadow voles are thus suggestive of a chronic stress response visible by the 

prolonged production of GC and its transport in the plasma. The evaluation of such a 

response in the context of chronic irradiation remains to be determined. 

The use of RNA in situ hybridization on adult brain demonstrated an upregulation of 

oxt in the anterior part of the parvocellular preoptic nucleus (PPa). It expresses several neu- 

rohormones such as oxytocin or arginine-vasopressin with conserved function compared 
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to mammals [103] such as the regulation of water homeostasis [104], the control of 

blood pressure [105] as well as a role in social behavior and the regulation of anxiety 

[49,50,106]. Interestingly, a recent analysis of the stress response in zebrafish correlated to 

the increased  number of oxytocinergic cells in the brain with environmental stress 

provoked by im- mersion in deionized water for 24 h [50]. Other experiments in rodents 

revealed that repeated defeat experiences increased the number of oxytocinergic neurons 

in the PVN  as well as after chronic homotypic stress [107,108]. From these studies, it was 

proposed that acclimation to chronic stress might involve the upregulation of oxytocin 

expression in the hypothalamus. Therefore, chronic low to moderate dose rates of gamma 

radiation can induce the upregulation of oxt observed in the VZ of the PPa which could thus 

reflect the acclimation of fish to chronic stress. 

The SP test revealed a decreased sociability of adult fish at both dose rates. No change 

in group behavior could be detected in the ShT, presumably because no distinction could 

be established between males and females in this test.   Mechanistically, it is tempting   to 

speculate that this change in social behavior is linked to changes in the expression of 

oxytocin we observed in the cells of PPa. Indeed, oxytocin has a dual role in anxiety-like 

behavior and in social behavior in both mammals [109–111] and zebrafish [49,51,112]. For 

instance, the knockout of one of the oxytocin receptors (oxtr -/- or oxtrl -/- ) enhanced the 

social preference level in zebrafish larvae at 3 and 4 weeks post fertilization [51]. Similarly, 

the early life ablation of oxytocin neurons led to a reduced social preference in adult 

zebrafish [113]. However, contrasting results in social behavior are obtained depending on 

the experimental design [49,51,114], which means it is more difficult to predict if an increase 

in oxytocin production will lead to increase or decrease in social preference. Beside oxytocin, 

we also noted the upregulation of avp expression in the brain after irradiation at 5 mGy/h 

(by RNAseq). This neuropeptide can stimulate ACTH secretion from the fish pituitary, and 

it was shown that after acute stress, such as confinement or enforced displacement, the avt 

transcript is induced in parvocellular AVT neurons in the rainbow trout [115,116]. 

Moreover, arginine vasopressin was also proposed to regulate social behavior since injecting 

avp in zebrafish induced social interaction [48]. Several studies suggested crosstalk between 

avp and oxt signaling  in the modulation of social behavior [49,117,118], suggesting that 

both systems might act in synergy in the increased anxiety observed after irradiation. In 

zebrafish, oxytocin has been proven to not take part in the regulation of the stress response 

when acting through its receptors [49,119]. However, we cannot rule out that a decrease in 

the degree of sociability could be an indirect consequence of the stress response observed. 

Functional studies could be useful to precisely understand if these two responses (stress 

and sociability) are independent in the context of chronic low and moderate dose rates of 

ionizing radiation. 

Finally, transcriptomic analysis also revealed the upregulation of tph1a and tph2 at 

0.5 mGy/h and 5 mGy/h, two genes coding for enzymes essential for serotonin synthesis. 

The serotonin levels in the brain were correlated to the maturation of shoaling behavior 

during zebrafish development [120]. Moreover, the interactions between the serotonin and 

oxytocin systems were suggested in humans and mice [46,47].  Serotonin plays also  a role 

in the stress response by the activation of the HPA  axis in mammals and studies    in 

zebrafish with 5HT agonist/antagonist receptors showing an impact on anxiety-like 

behaviors [121,122]. Our results also showed the dysregulation of the transporter slc18A2, 

also known as vesicular monoamine transporter 2 (or VMAT2), which transports either sero- 

tonin or dopamine. The knockout of the dopamine transporter (DAT) in zebrafish resulted 

in a chronic anxiety-like state [123]. Hence, the modification of serotonin and dopamine 

availability might participate in the behavioral patterns observed. The stress response 

observed after irradiation involved thus a complex interaction between various neurohor- 
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 mones and neurotransmission, which together drive the acclimation of fish subjected 

to chronic environmental stress. 

 

5. Conclusions 

In this study, we aimed at elucidating the relation between the molecular and be- 

havioral effects under chronic low to moderate dose rates of IR. Our results show the 

emergence of a stress response, highlighted by genes known to be involved in the HPI axis 

or coding for neurohormones (oxytocin, arginine-vasopressin) and neurotransmitters  

(serotonin, dopamine but not acetylcholine) that play a role in the regulation of anxiety-like 

behavior. This stress response is translated at the individual scale by hypolocomotion, 

increased freezing and social stress. We demonstrated that the effects on locomotion were 

not linked to the alteration of AChE activity in the brain or at the level of neuromuscular 

junctions. Finally, we confirmed by RNA in situ hybridization the increased expression of 

oxt and crx in the VZ of the PPa, suggestive of modulations of neurohormone production in 

the PPa to regulate stress behavior. Together, these findings highlight the intricate inter- 

action between neurohormones, neurotransmission and neurogenesis to balance disturbed 

brain homeostasis caused by chronic exposure to IR. 
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Supplementary information 

Table S1: effective dose rates were estimated by MCNPX v2.70 (a) for behavioral tests, 

(b) for RNA Sequencing 

Figure S1: Oxytocin expression in control and 5 mGy.h-1 irradiated fish after fluorescent 

RNA in situ hybridization  
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Table S2 

D05 condition Dose mGy/h Mean Standard deviation D5 condition Dose mGy/h Mean Standard deviation

tank 1 0,45 5,12

tank 2 0,48 5,03

tank 3 0,53 5,15

tank 4 0,40 4,90

tank 5 0,54 4,97

tank 6 0,55 5,17

0,49 0,06 5,06 0,109877698

D005 condition Dose mGy/h Mean Standard deviation D5 condition Dose mGy/h Mean Standard deviation

tank 1 0,02 5,18

tank 2 0,02 4,83

tank 3 0,02 4,73

tank 4 0,05 2,49

tank 5 0,05 1,82

tank 6 0,05 2,20

0,04 0,018473664 3,54 3,54
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Table S2 

 

Neurohormon

es/neurotransmit

ters 

Go terms 

Acetylcholine GO:0008292, GO:0022848, GO:0015464, GO:0042166, GO:0005892, 

GO:0071340, GO:0016907, GO:0007197, GO:0005277, GO:0007213, 

GO:0033130, GO:1904395, GO:0003990, GO:0006581, GO:0030548, 

GO:0030550 

Angiotensin GO:0031701, GO:0038166, GO:0003081, GO:0002003, GO:0004945, 

GO:0001596, GO:0086097 

Arginin-

vasopressin 

GO:0005000, GO:0001992 

Corticotropin GO:0004978, GO:0071376, GO:0043404, GO:0051424, GO:0051460, 

GO:1900011, GO:0051431, GO:0051429 

Cortisol GO:0051414, GO:0034650, GO:0034651 

Dopamine GO:0004968, GO:0097211, GO:0005183, GO:0031530 

Epinephrin GO:0001994, GO:0042421, GO:0032812, GO:0048242, GO:0071871, 

GO:0042415, GO:0005334, GO:0015874, GO:0051620 

GABA GO:0097154, GO:0004890, GO:0022851, GO:0051932, GO:1902711, 

GO:0032228, GO:0004965, GO:0050811 

Glucocorticoid GO:0051384, GO:0004883, GO:0042921, GO:0043402, GO:0006704, 

GO:0035259, GO:0031943, GO:0071385 

Glutamate GO:0004970, GO:0008066, GO:0035235, GO:0035249, GO:0004971, 

GO:0032281, GO:0098978, GO:0004972, GO:0017146, GO:0008328, 

GO:0015277, GO:0032983, GO:0007216, GO:0051966, GO:0035256, 

GO:0001641, GO:0007196, GO:0051967, GO:2000312, GO:0035255, 

GO:0051968, GO:0098990, GO:1905962 

Gonadotropin GO:0004968, GO:0097211, GO:0005183, GO:0031530 

Hypocretin GO:0031771, GO:0031772, GO:0042324 

Melatonin GO:0008502, GO:0030186, GO:0030187 

Norepinephrin

e 

GO:0001994, GO:0042421, GO:0042415, GO:0005334, GO:0015874, 

GO:0051620 

Oxytocin GO:0004990 

Serotonin GO:0004993, GO:0051378, GO:0007198, GO:0098664, GO:0005335, 

GO:0051610, GO:0006837, GO:0031821, GO:0042427, GO:0042428, 

GO:0007210 

Thyrotropin GO:0031531, GO:0004997, GO:0008437 
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3.1.3. Main results and discussion 
 

AXIS I: From molecular effects to stress behavior and reduced sociability 

 

Question 1: What are the main molecular modifications after chronic low to moderate 

dose rates of ionizing radiation? 

We first detected a dose rate-dependent increase of differentially expressed genes 

(DEG) and any common gene was found with all three irradiated conditions. Since very 

few genes were modulated after 0.05 mGy.h-1 with responses that can occur with several 

type of stressors (chaperon-mediated autophagy, response to heat), the search for any 

specific marker in that condition was not pursued. Among the 156 genes that were 

commonly modulated between 0.5 mGy.h-1 and 5 mGy.h-1 irradiated conditions, the 

altered pathways included visual perception, function in synaptic signaling and activities 

of neurotransmitters and their receptors which is in accordance with other studies that 

aimed at evaluating the molecular effects after low dose of ionizing radiation. These 

responses vary from the impact of higher dose of IR that showed impacted pathways 

associated with mitochondria, protein biosynthesis and metabolism (Lowe et al., 2009). 

Additionally, no inflammation process, apoptosis, DNA damage or oxidative stress (at the 

levels of transcript), and by immunofluorescent assay of fluorojadeC (data not shown), 

was detected in the experimental conditions tested here. One of the documented 

responses of acute high doses of ionizing radiation is the reduction in neurogenesis 

(Achanta et al., 2012, 2009; Raber et al., 2004). Here, we observed the upregulation of 

several genes with known function in neuronal specification and/or differentiation 

(faimb, insm1a, atf3, bsx) suggestive of a positive regulation of neurogenesis. Therefore, 

additionally to Article 1, we analyzed a list of 895 genes involved in the process of 

neurogenesis (associated to GO Term GO:0022008) (Figure 20). 
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After radiation at 0.5 mGy.h-1, 18 genes were dysregulated with 15 upregulated genes 

and 3 down regulated genes. In D5 condition, among the 23 DEGs, 20 were upregulated 

and 3 down regulated.  This induction of neurogenesis is supported notably by the strong 

upregulation of crx, a transcription factor involved in neuronal differentiation of 

photoreceptors in the retina. Its role in the telencephalon is currently unknown, however 

we hypothesized that it might be involved in the process of neurogenesis in this area as 

suggested through its upregulation in the VZ of the PPa after RNA in situ hybridization.  

 

Question 2: Is there any modification at the individual scale and could it be predicted by 

the transcriptomic analysis?  

Three behavioral tests were performed, the novel tank test (NTT), the sociability 

preference test (SP) and the shoaling test (ShT). We first noticed the reduction in 

locomotion through the decrease in the total distance travelled only in female zebrafish. 

We then showed that this hypolocomotion state was not related to modification of 

acetylcholinesterase activity in the brain or muscles.  We additionally detected the 

establishment of a stress response and a reduced individual social response only in 

females. We could then relate these behavioral patterns to the upregulation of genes with 

function in serotonin or dopamine synthesis and transport (tph1a, tph2, slc6a2, slc18a2, 

ddc), in cortisol production or secretion (cyp11c1, asip2b), the stress-induced 

transcription factors nr4a1 and nr3c2 as well as an increased expression of oxytocin and 

 

 

 

 
 
 
 
  
 
  
  
 
 
 
 
 
 

   
   

  

  

  

 

  

 

 
 

  

 
 

  

 

  

  
 

  
 

 

 
 

  
  

  

Figure 20 – Expression of genes with function in neurogenesis. *p-value <0.05 
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arginine vasopressin. Hereafter, the behavioral stress response is very likely to be due to 

an activation of the HPI axis with increased cortisol secretion and the hypolocomotion 

state is presumably a consequence of increased freezing time. Additionally, oxytocin and 

serotonin were demonstrated to interact with HPI axis so they might play a role in the 

observed stress response as well as arginine vasopressin. Since the pattern of expression 

of oxytocin via in situ hybridization showed the increase of cells in the preoptic nucleus, 

this is interpreted as the activation of this area which is included in the social behavioral 

network of the social decision-making network after chronic low to moderate dose rates 

of ionizing radiation. Oxytocin might act through its oxtrl receptors for the regulation of 

social preference and in synergy with vasopressin system since several studies related 

the crosstalk between these systems. However, the expression of oxtrl was not modified 

and the activation of this receptor was not tested. Thus, we cannot rule out that a decrease 

in the degree of sociability could be an indirect consequence of the observed stress 

response. Serotonin was showed to interact with oxytocin and dopamine is intricated in 

the reward system of the SMDN which gives arguments towards activation of this 

network. Also, we cannot rule out that other brain areas are implicated in these patterns’ 

behaviors. For example, the habenula regulates anxiety response and is also involved in 

the social decision-making network through connections with the preoptic area (among 

others). It would be of great interest to assess the role of the habenula in the response 

observed after exposure to chronic low to moderate low dose rates of radiations.  

Herein, our results highlight a complex interaction between various neurohormones 

and neurotransmitters in response to stress, which together have consequences on 

behavior. Contrastingly to transcriptomics, it was not possible to highlight a dose-

response relationship in behavioral analysis. However, some markers were identified and 

could be integrated in the evaluation to the response to chronic low to moderate dose 

rates of ionizing radiation as for example oxytocin, arginine vasopressin or serotonin. 

These markers could contribute to the development of radiosensitivity indicators and be 

employed as danger characterization useful for risk assessment of low dose rates of 

ionizing radiation in ecotoxicology and for humans.  
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Figure 21 – Schematic overview of the molecular and behavioral effects after chronic 
exposure to low to moderate dose rates of IR. Arrows indicate the interactions that might 
act in conjunction to induce the stress response (in green) and reduce sociability (in 
orange). Norepinephrine constitutes an added proposition since the transporter slc6a2 
was upregulated.  
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3.2. Axis II: Common and differential features 

of IR response compared to regenerative 

neurogenesis induced by neuroinflammation 

3.2.1. Objectives of scientific paper 
The initiation of reactive neurogenesis after stabwound injury is well known to be 

dependent on neuroinflammation. We aimed at comparing all processes involved in 

regenerative neurogenesis after physical injury to better understand how neurogenesis 

is affected after chronic low to moderate dose rates of IR by transcriptomic analysis 

associated with RNA in situ hybridization.  

3.2.2. Reactive neurogenesis is induced after chronic 

exposure to ionizing radiation at moderate dose rates 

in adult zebrafish 
 

Reactive neurogenesis is induced after chronic 

exposure to ionizing radiation at moderate dose rates 

in adult zebrafish 
Elsa Cantabella, Isabelle Cavalie, Virginie Camilleri, Nicolas Dubourg, Olivier Armant 

 

1. Abstract 

 
The effects of high doses of ionizing radiation (IR) on the developmental and adult 

brain has been extensively described over the years through the observation of 

microcephaly or cognitive impairments tightly linked to the reduction of neuronal 

progenitors. However, knowledge on the effects of chronic low to moderate dose rates of 

IR on adult brain is still scarce. In adult zebrafish, after continuous exposure to IR, an 

increased stress behavior and decrease in sociability were observed associated with 

modulations in the expression of the neurohormone oxytocin and the upregulation of 

genes involved in neurotransmission and neurogenesis in the telencephalon. Adult brain 

neurogenesis relies on the presence of neural stem cells (NSC) able to proliferate and to 

generate novel neuronal and glial cells. In addition, zebrafish NSC can be mobilized to 
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regenerate brain cells and function after injury through reactive neurogenesis, a process 

triggered by neuroinflammation. In this study we aimed at deciphering the molecular 

effects of IR on adult neurogenesis under chronic stress using adult zebrafish exposed 

continuously to gamma radiation for 36 days at 0.5 mGy.h-1 and 5 mGy.h-1. In addition, we 

assessed the potential involvement of neuroinflammation in this process, by 

characterizing commonalities and differences in NSC recruitment after stab wound injury. 

The time course of transcriptomic study of adult brain regeneration was performed at 1 

hour post-lesion 1hpl, 3hpl, 10hpl, 24hpl, 96hpl and 240hpl, allowing the precise 

molecular profiling of the processes ongoing during the different phases of regeneration. 

Transcriptomics analysis after stabwound injury demonstrated the modulation of ion 

transport and axonogenesis, the induction of genes involved in visual perception and of 

the gene atf3 involved in regeneration in the spinal cord as soon as 1hpl, revealing the 

potential implication of these pathways in the immediate early response after wound. 

Genes with function in visual perception were also induced after exposure to continuous 

stress. Finally, cortisol-related genes were upregulated in irradiated fish but not genes 

with function in inflammation. Altogether, these data highlight that regenerative 

neurogenesis is activated under chronic stress of ionizing radiation and point towards a 

novel unanticipated role of genes with function in visual perception in the initial 

responses to stress and injury. 

 

2. Introduction  
 

The zebrafish (Danio rerio) has become popular over the last past years as it offers 

ease of maintenance, fast life cycle and 70 % of zebrafish genes have orthologues in human 

(Howe et al., 2013) which make this animal model well suited to study brain function and 

complex brain disorders (Kalueff et al., 2014).  Indeed, the adult brain of zebrafish 

contains sixteen distinct neurogenic niches, including in the telencephalon, the more 

rostral part of the brain. The telencephalon is subdivided in pallial and subpallial domains 

which share homology with the dentate gyrus of the hippocampus and the subventricular 

zone of mammals ‘brain.  Radial glial cells located in the ventricular zone constitute the 

adult neural stem cell population which generate functional neurons that integrate into 

the brain circuitry through constitutive neurogenesis throughout life (Adolf et al., 2006; 

Diotel et al., 2020; Schmidt et al., 2013). The zebrafish displays a high regenerative
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 capacity of the adult central nervous system compared to mammals (Becker et al., 1997; 

Grandel et al., 2006; März et al., 2011; Raymond et al., 2006). Importantly, this process 

was proposed to be tightly linked to the induction of neuroinflammation, proposed to be 

an essential early trigger of adult regenerative neurogenesis (Alunni and Bally-Cuif, 2016; 

Kyritsis et al., 2012).  

Computational analyses such as toxicogenomic allow to study the molecular 

mechanisms induced by stressors making possible the identification of early biological 

responses. Kinetic studies are especially relevant to understand the molecular basis of 

biological responses as they describe the dynamic of the response over time. Such data 

can be used to model biological responses and disentangle the effects of perturbation on 

the transcriptome dynamics. Ionizing radiation is a prototypical genotoxic stressor for 

which a deep scientific knowledge is available. This ranges from energy deposition of 

charged particles or photons on living tissues, to epidemiological studies on atomic bomb 

survivors in Hiroshima and Nagasaki (Folley et al., 1952). Effects of IR on brain include 

microcephaly, decreased cognitive performance and seizures (Dunn et al., 1990; Otake 

and Schull, 1998; Plummer, 1952; Schull and Otake, 1999). In addition, exposures of adult 

brain to high and acute dose of IR reduce the number of neuronal progenitors (Hellström 

et al., 2009; Lazarini et al., 2009). Emerging evidence describe neurological effects of adult 

exposure to radiation at dose rates much lower than previously thought in humans 

including elevated risk of Parkinson’s disease (Azizova et al., 2020) and cerebrovascular 

defects (Gillies et al., 2017). The effects of IR on adult neural stem cells and proliferating 

neural precursor cells were demonstrated in the two adult neurogenic niches in rodents 

namely the subventricular zone and the hippocampus (Curtis et al., 2007; Farin et al., 

2009; Moe et al., 2005; Reynolds and Weiss, 1992; Sanai et al., 2011; Wang et al., 2011). 

In addition, a recent study in adult zebrafish demonstrated an increased stress behavior 

after continuous exposure to IR (36 days) associated with the modulation of expression 

of the neurohormone oxytocin and the upregulation of genes involved in 

neurotransmission and neurogenesis in the telencephalon (Cantabella et al., 2022). 

However, the precise effects of chronic low to moderate dose rates of IR on adult 

neurogenesis remain unknown. Furthermore, the molecular mechanisms involved in the 

initiation and maintenance of the injury-induced regenerative response in the adult 

zebrafish brain remain scarce, especially on the immediate early response occurring just 

after wound, and it remain unclear if adult neurogenesis can be induced independently of 
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neuroinflammation. Consequently, in this study we aimed at deciphering the molecular 

effects of IR on adult neurogenesis and the potential involvement of neuroinflammation 

under chronic stress by comparing the response to brain regeneration after injury. The 

transcriptomic profiling of brain regeneration dynamic was analyzed after brain injury at 

1 hour post lesion (hpl), 3 hpl, 10 hpl, 24 hpl, 96 hpl and 240 hpl and compared to 

moderate dose rates of exposure of ionizing radiation at 0.5 mGy.h-1 and 5 mGy.h-1 for 36 

days. Furthermore, we identified genes (atf3, aanat2, ddc) as immediate early genes 

involved in the response just after wound and under chronic stress. 

 

3. Materials and Methods 
 

3.1. Zebrafish maintenance and irradiation 

Adult zebrafish were maintained at the Institut de Radioprotection et de Sûreté 

Nucléaire facilities in accordance with French and European regulations on protection of 

animals used for scientific purposes (EC Directive 2010/63/EU and French Decret 2013–

118). All experiments were approved by the ethical comity (C2EA, IRSN, France) and the 

French Ministry of Research under the reference APAFIS#11488. Six to nine months old 

wildtype zebrafish of AB strain were provided by Amagen (Gif-sur-Yvette, France) and 

Sorbonne Paris University (Institut de Biologie Paris Seine). Constant conditions were 

preserved for fish maintenance: 27 ± 1 °C, 350–450 µS/cm, pH 7.5 and 12/12 h dark-light 

cycles, in ZebTEC system (Techniplast, France). Fish were fed three times a day with 

Gemma Micro 600. Fish were either chronically exposed during 36 days to gamma 

irradiation by a 137Cs source in the MICADO experimental irradiation facility (IRSN, 

Cadarache, France), except for a duration of one hour 5 times a week without irradiation 

to visually verify fish’s health. For irradiation, two dose rates were employed: 0.5 mGy.h-

1 and 5 mGy.h-1. To confirm dose rates of exposure, we used operational dosimetry with 

radio-photoluminescent dosimeters (RPL, GD-301 type, Chiyoda Technol Corporation 

Japan) and the effective dose rates were estimated by MCNPX v2.70 (Cantabella et al., 

2022).  
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3.2. Stabwound injury 

Stab wound injury was performed on anesthetized fish in the right side of the 

telencephalon, keeping the left hemisphere as an unlesioned control as described before 

(Schmidt et al., 2014). Briefly, fish were anesthetized by immersion in benzocaine at 168 

mg/ml for about 1 min until regular ventilation of the gills. Lesion in the right hemisphere 

of the telencephalon was performed under the binocular by inserting an insulin needle 

though the skull. The wounded fish were transferred in a separate tank with clean water 

and monitored until awake for normal swimming behavior. Wounded fish were 

euthanized by hypothermic shock on ice (2-4°C) and behead 1-hour post-lesion (hpl), 

3hpl, 10hpl, 24hpl, 96hpl and 240 hpl. Telencephalon were dissected under binoculars. 

 

3.3. Library preparation and RNA sequencing.  

Telencephalon were dissected under the binocular, just after euthanasia of irradiated 

or stab wounded fish. For irradiated samples, each sample consisted of 3 to 4 dissected 

telencephalons (left and right hemispheres) made in 4 to 6 replicates. For the stab-

wounded fish, the wounded right hemisphere was separated from the left hemisphere 

which used as an unwounded control. 3 hemispheres were pooled in duplicates. 

Telencephalon were homogenized in 200 µl of Trizol (LifeTechnologies) using beads 

homogenizer (Precellys Evolution, Bertin Technologies) with 2 cycles of 30 sec each. Total 

RNA extraction was performed following manufacturer instructions with an additional 

chloroform extraction before isopropanol precipitation. RNA integrity (RIN), quality and 

concentration were assessed using RNA Nano Chips (Bioanalyzer 2100, Agilent). All 

samples had a RIN > 8. Sequencing libraries were generated from 1 µg of total RNA 

following the TruSeq mRNA stranded protocol (Illumina, San Diego, CA, USA). After 

quality check and concentration determination on DNA1000 Chips (Bioanalyzer 2100, 

Agilent, Les Ulis, France), libraries were run on a HiSeq4000 platform to produce 50 bases 

long paired end reads (GenomeEast, IGBMC, Illkirch, France). 

 

3.4. Analysis of transcriptomics data 

Quality controls of reads was made as described before (Murat El Houdigui et al., 

2019). Briefly, reads quality was assessed with an in-house pipeline to determine quality 

over read length, duplication rates, insert size, adaptors contamination, nucleotide 

composition and mapping rates against the reference genome (RNA-STAR with GRCz11 
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and known exon–exon junctions from Ensembl release 98). Normalisation and differential 

expression analysis were performed with DESeq2 v1.30.1. Biological reproducibility was 

assessed by hierarchical clustering of the variance stabilized expression data (rlog) 

obtained from DESeq2 with Pearson’s correlation and complete linkage method. Genes 

with |fold change| ≥ 1.5 and p-value corrected for multiple testing, fdr < 0.05 (false 

discovery rate (Benjamini and Hochberg, 1995) were considered as differentially 

expressed in all analysis. Afterwards, functional enrichments was performed using Gene 

ontology (GO) with R package clusterProfiler using zebrafish genes retrieved by Ensembl 

biomart (as published before, Armant et al., 2017; Durinck et al., 2009; Murat El Houdigui 

et al., 2020). Significance was considered when fdr from Fisher’s exact test was <0.05. To 

perform kinetic analysis, we focused on the DEGs of the lesioned hemisphere only and 

used mfuzz for clustering. Functional enrichments were produced as previously 

described. For the volcano-plot of differentially expressed genes (DEG) of corticotropin, 

cortisol or glucocorticoid, the following GO terms were used to select genes with the R 

package biomaRt (Durinck et al., 2009): Corticotropin (GO:0004978, GO:0071376, 

GO:0043404, GO:0051424, GO:0051460, GO:1900011, GO:0051431, GO:0051429), 

cortisol (GO:0051414, GO:0034650, GO:0034651), glucocorticoid (GO:0051384, 

GO:0004883, GO:0042921, GO:0043402, GO:0006704, GO:0035259, GO:0031943, 

GO:0071385).  

 

3.5. RNA in situ hybridization on adult brain sections  

We performed in situ hybridization on fish irradiated at 5 mGy.h-1 and on 1 hour post 

injury on lesioned brains. Antisense RNA probes labelled with digoxigenin (DIG) for ddc, 

atf3 and aanat2 were cloned by RT PCR into PCRII vector as follows. Reverse transcription 

of 1 µg of total RNA from adult brain was performed using SuperScript III (Life 

Technologies), dNTP, polydT primers, following manufacturer instructions. PCR 

amplification was made using Taq platinum kit (Life Technologies) with 1 µL of RT and 

the primers pairs: atf3 according to Armant and colleagues (Armant et al., 2013), aanat2 

forward CTCACCCTTCCTCAAACCCT, aanat2 reverse TCGCGTTTCAACACACACAT, ddc 

forward TCTTATCCTGCAATGCTCGC and ddc reverse: CTCCTGGACATGACGTGACT. 

Antisens DIG probe were generated from linearised vector as described before 

(Cantabella et al., 2022). RNA in situ hybridization labelling on vibratome slice was 

described before (Cantabella et al., 2022). 2-3 brains were used per condition. Each in situ 
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hybridization staining was repeated at least 2 times. Expression patterns were observed 

under a Leica binocular (DM750) equipped with a Leica ICC50 camera at x4, and x20 

zoom.  

 

4. Results 
 

4.1. Differential expression analysis in injured telencephalon compared to uninjured 

telencephalon 

To decipher the transcriptional mechanisms triggered during brain regeneration we 

induced brain injury by stabwound on one side of the adult telencephalon. The 

transcriptomic response was assessed by differential gene expression analysis using the 

contralateral telencephalic ventricle as uninjured control at 1h post -lesion (hpl), 3hpl, 

10hpl, 96 hpl and 240 hpl. The number of differentially expressed genes (DEG) after time 

post lesion peaked at 96 hpl followed by a sharp decrease at 240 hpl. Most genes were 

upregulated except at 96hpl where the ratio was close to 50:50 (Figure 1A). To verify the 

quality of this dataset, we first checked for the deregulation of genes known to be 

modulated during regenerative neurogenesis. Pcna, known to promote cell proliferation 

was upregulated at 96 hpl (FC=0.85, fdr<10-08). Bdnf was reported to be increased as soon 

as 1 day after the lesions and to strengthens the proliferative activity of neuronal 

precursor cells, assists the neuronal migration toward the injured areas and 

demonstrates survival properties due to its antiapoptotic effects (Cacialli et al., 2018). Our 

results showed the upregulation of bdnf at 3 hpl and 10 hpl (FC= 1.59, fdr< 10-04 and FC= 

1.42, fdr= 0.0008 respectively).  Id1 that controls the cell stem pool by keeping neural 

stem cells quiescent (Viales et al., 2015) was found to be upregulated at 96 hpl (FC=0.57, 

fdr=0.003). In early phase regeneration (one day post-lesion), socs3 was described as 

highly upregulated in zebrafish cord regeneration for the control of inflammatory 

response acting as a suppressor of cytokine signaling (Hui et al., 2014). However, we 

observed the upregulation of socs3 as soon as 1 hpl and 3 hpl in our results as well as 96 

hpl (FC=1.32, fdr=0.05; FC=1.42, fdr=0.009 and FC=1.72, fdr=0.0002 respectively). Cxcr4b 

plays a role in the immune response for macrophage activation and its gene expression 

was increased in retinal regeneration at 2 days post lesion (Cameron et al., 2005). Here, 

we observed a significant upregulation at 24 hpl and 96 hpl (FC=1.52, fdr<10-08 and 

FC=0.76, fdr=0.004 respectively) (data not shown). 
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We then performed Overrepresentation analysis to highlight the biological process in 

play at the different time post lesion. Each time post lesion was mainly characterized by 

its own modulated biological pathway (Figure 1B). At 1 hpl, many upregulated genes 

were involved in sensory perception of light stimulus (GO:0050953, fdr<10-14) or in 

phototransduction (GO:0007602, fdr<10-04), in leukocyte migration such as il1b or myd88 

(GO:0050900, fdr=0.04) and in the regulation of cell population proliferation 

(GO:0042127, fdr<10-04). Among the downregulated genes, we observed enrichments in 

alpha-beta T cell activation involved in immune response (GO:0002287, fdr =0.04) at 1 

hpl. At 3 hpl, the regulation of protein phosphorylation (GO:0001932, fdr=0.04) was 

observed as well as the positive regulation of protein metabolic process (GO:0051247, 

fdr=0.03). At 10 hpl, we observed the enrichment of cellular response to growth factor 

stimulus with upregulated genes such as tgfb1b (GO:0071363, fdr=0.03). Activation of the 

immune system process (GO:0002682, 24 hpl: fdr<10-10, 96 hpl: fdr<10-05) with 

lymphocyte activation (GO:0046649, 24 hpl fdr<10-04, 96 hpl: fdr=0.02), cytokine 

mediated signaling pathway (GO:0019221, 24 hpl: fdr=0.0002, 96 hpl: fdr=0.0003), 

phagocytosis (GO:0006909, 24 hpl: fdr=0.03) and macrophage activation (GO:0042116, 

24 hpl: fdr=0.002) with for example upregulation of marco and spi1b  and inflammatory 

response (GO:0006954, 24 hpl: fdr=0.001, 96 hpl: fdr=0.008) were translated through 24 

hpl stage and/or 96 hpl. The latter is also described by the activation of DNA replication 

(GO:0006260, fdr<10-13), mitotic cell cycle process (GO:1903047, fdr<10-21) and positive 

regulation of apoptotic process (GO:0043065, fdr=0.008) (Supplementary Materials, 

Figure S1). In addition, regulation of neurogenesis (GO:0050767, fdr=0.005), regulation 

of axonogenesis (GO:0050770, fdr<10-04) and regulation of ion transport (GO:0043269, 

fdr<10-12) at 96 hpl were enriched with downregulated genes (Supplementary Materials, 

Figure S2). 
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Figure 1: Differential expression analysis in injured telencephalon compared to 

uninjured control. (a) Proportion of dysregulated genes after stabwound injury at 1 hpl, 

3 hpl, 10 hpl, 24 hpl, 96 hpl and 240 hpl. In orange are represented the negative regulated 

genes and in blue the positive regulated genes. On the top of the graph are specified the 

total number of DEG. (b) Over-representation analysis through Go terms on Biological 

Process.  

 

To further assess the type of cells mobilized by regeneration at very early stages after 

injury, we characterized the expression pattern of several candidate genes upregulated at 

1hpl. The activating transcription factor 3 (atf3), known to be involved in spinal cord 

regenerative neurogenesis and suggested to regulate inflammatory response (Wang et al., 

2017), was expressed in cells located in the VZ of the dorsal and lateral telencephalon 

under control condition. Ectopic atf3 expression was detected alongside the stabwound 

injury site (white arrow in the magnification picture). Moreover, comparing to the 

uninjured hemisphere, we could distinguish two ectopic areas of expression: one 

peripheral to the medial ventricular zone and another one near the dorsal proliferation 

zone (DPZ) (Figure 2A). We also checked for the expression of arylalkylamine N-

acetyltransferase 2 (aanat2), known to be involved in melatonin synthesis and thus 

usually present in various cells of the pineal gland including photoreceptors. Aanat2 

positive cells were present in the dorso-medial ventricular zone of the dorsal 

telencephalon and in the parenchyma corresponding to the physical lesion made by the 

stab wound, visible as a blood clot (Kroehne et al., 2011) (Figure 2B). We then checked 

the expression of dopa-decarboxylase (ddc) involved in the synthesis of dopamine and 

serotonin, we observed cells along the injury site in the parenchyma (Figure 2C). These 

results confirm the upregulation of atf3, aanat2 and ddc observed by RNAseq and suggest 

that injury led to the immediate early response at the transcriptome level as early as 1 

hpl. 
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Figure 2: RNA in situ hybridization on adult brain sections showing expression of 

atf3, aanat2 and ddc one hour post lesion. (a) Coronal sections of brain showing atf3. 

(b) Expression of aanat2. The black asterisk represents the blood clot. (c) Expression of 

ddc. The black rectangle represents the area for the higher magnification images. Scale 

bar = 100 µm. The scheme at the top represents the location of the coronal sections in the 

brain. 

4.2. Kinetics of relative gene expression in the injured telencephalon 

We performed a kinetic analysis using relative gene expression levels in the 

injured telencephalon in order to characterize the dynamic of the response after injury 

over time. We first used hierarchical non supervised clustering and detected eight 
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different groups with maximum of expression at different time post lesion (cluster 1 to 8 

on Figure 3A). To better describe the kinetic of expression across time, we next applied 

hierarchical clustering on the mean gene expression of clusters obtained after fuzzy-mean 

clustering (Figure 3B). Six clusters (from A to F) were identified with maximum of 

expression at the different time post lesion. The enrichment of Gene Ontology (GO) 

analysis on each cluster characterized the pathways modulated over time after injury.  

Figure 3: Kinetic analysis of relative gene expression in the injured telencephalon. 

(a) Hierarchical non supervised clustering resulting in 8 clusters. (b) Fuzzy mean 

clustering obtained from the mean gene expression of clusters and resulting in 6 clusters 

(from A to F). (c) GO enrichment of biological processes showing the top enriched 

pathways from Group A to Group F. (d) Relative expression of gene candidates from the 

base expression level before wound (0 hpl) and up to 240 hpl. 
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Group A was composed of genes with biphasic expression: high levels of relative gene 

expression at 1hpl and 3hpl, decreased expression between 10 hpl and 24 hpl, followed 

by a second increase of expression levels at 96 hpl and onward (Figure 3B). This group 

included genes involved in modulation of the response to light perception and the 

response to radiation (Figure 3C), such as retinaldehyde binding protein 1a (rlbp1a) 

involved in optokinetic behavior, phosphodiesterase 6Ga (pde6ga) predicted to be 

involved in activation of MAPK activity and expressed in epiphysis, retinal photoreceptor 

layer and retinal rod cell and the gene extra-ocular rhodopsin (exorh) which plays a role 

in absorption of visible light and circadian regulation of gene expression (Figure 

3D).  Group B corresponded to genes with strong expression at 1 hpl and 3 hpl, lower 

expression at 96 hpl followed by a peak of expression at 240hpl (Figure 3B). Cell-cell 

adhesion, axonogenesis and regulation of cell projection organization were the main 

modulated pathways characterizing this group (Figure 3C).  It included genes such as 

roundabout, axon guidance receptor, homolog 2 (robo2), cell adhesion molecule 3 

(cadm3) and complexin 3a (cplx3a) involved respectively in axonal guidance, cell 

adhesion and regulation of neurotransmitter secretion (Figure 3D). Group C was 

characterized by the decrease of expression at 96 hpl and strong expressions at 3 hpl and 

10 hpl (Figure 3B, D). Genes involved in the modulation of ion transport and synaptic 

signaling were enriched (Figure 3C), including the genes calcium channel, voltage-

dependent beta 3a (cacnb3a), Gamma-aminobutyric acid (GABA) A receptor alpha 1 

(gabra1) acting on GABAergic synaptic transmission and synaptotagmin VIIa (syt7a) 

which plays several functions as calcium-ion regulated exocytosis and regulation of 

secretion by cell (Figure 3D). Group D included high relative expression of genes from 

24 hpl to 96 hpl, such as Lymphocyte cytosolic protein 2a (lcp2a), interferon regulatory 

factor 8 (irf8) and interleukin 10 receptor, alpha (il10ra) which are respectively involved 

in intracellular signal transduction and transmembrane receptor protein tyrosine kinase 

signaling pathway, regulation of macrophage differentiation, regulation of neutrophil 

differentiation and in cytokine-mediated signaling pathway (Figure 3D). Go term analysis 

confirmed the role of genes included in that group that mainly act on the regulation of the 

immune system (cellular cytokine mediated pathway, leukocyte migration) (Figure 3C). 

Group E and Group F could be identified as the late response groups with high levels of 

gene expression starting at 24 hpl to 96 hpl for group E and 96 hpl to 240 hpl for Group F 

(Figure 3B). Genes included in group E regulated mitotic nuclear division, DNA 
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replication, chromosome segregation and mitotic cell cycle process and as in Group D, 

were involved in the regulation of the immune system. Example of expression kinetic for  

replication protein A3 (rpa3), cell division cycle 25B (cdc25b) and checkpoint kinase 2 

(chek2) are provided (Figure 3C). Group F was described by high relative gene 

expression at 240 hpl. The main modulated pathways acted on the regulation of the 

immune system as illustrated through the relative expression of cd74a involved in T cell 

activation involved in immune response (Figure 3B-C). Two other genes included CDC42 

effector protein (Rho GTPase binding) 1b (cdc42ep1b) acting on positive regulation of 

cellular component organization and regulation of cell shape and Notch receptor 1a 

(notch1a) that regulates cell fate specification (Figure 3D). Altogether, we described a 

succession of events representative of the biological processes occurring after stabwound 

injury from 1hpl to 240 hpl. The immediate early response is characterized by the 

upregulation of genes with function in visual perception, followed by the modulation of 

axonogenesis and cell adhesion. Afterwards, modifications on synaptic signaling and ion 

transport were observed followed by immune system response. This latter regulation was 

also modulated on all the following groups of clusters, but Group E was mainly described 

with modulation on cell cycle progression.  

 

4.3. Comparing chronic low to moderate dose rates of ionizing radiation to stabwound 

injury 

In order to compare the commonalities of effects on neurogenesis after injury and 

the response to IR, we compared the transcriptomics response during regeneration and 

after chronic exposure to 0.5 mGy.h-1 and 5 mGy.h-1 of gamma rays.  

Hierarchical clustering of the transcriptomics data obtained after stabwound and 

chronic irradiation showed similarity with both datasets (Figure 4A). By checking the 

number of genes regulated in common between the two datasets, few genes were shared 

between the irradiated conditions and 10hpl and 24 hpl (Figure 4A and data not shown). 
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Figure 4: Overall responses after chronic exposure to low to moderate dose rates of 

ionizing radiation compared to stabwound injury. (a) Dendogram from hierarchical 

clustering including both datasets. (b) Venn diagram of differentially expressed genes 

1hpl, 3hpl, 96hpl and after 5 mGy.h-1 irradiation (|fold change| ≥ 1.5 and adjusted p-value 

< 0.05.   

 

To further compare the transcriptomics response after irradiation and after injury we 

focused on D5 DEGs where many genes were dysregulated, and the response at 1 hpl, 3 

hpl and 96 hpl.  This way we found 161 DEGs, 172 DEGs and 178 DEGs in common with 1 

hpl, 3 hpl and 96 hpl respectively (Figure 4B). Go term enrichment analysis demonstrated 

that these 4 sets of dysregulated genes contained genes involved in visual perception with 

genes such as kera, exorh or parapinopsinb (GO:0007601, fdr <10-21), serotonin 

metabolism process with upregulation of ddc, tph2 and tph1a (GO:0042428, fdr=0.0006), 

retinoid biding (GO:0005501, 1 hpl: fdr<10-06, 3 hpl: fdr<10-06) (cyp27C1, rbp5, exorh, 

rbp3, rbp4l) and pineal gland development (GO:0021982, 1 hpl: fdr=0.0005, 3 hpl: 

fdr=0.0006) with upregulation of noto, bsx and nr2e3. (Figure 5A and Supplementary 

materials, Table S1). The analysis of the expression pattern of aanat2 (for melatonin 

synthesis) in the adult brain zebrafish confirms the presence of ectopic aanat2 cells in the 

parenchyma at 5 mGy.h-1 irradiation, (Figure 5B). 
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Figure 5: Transcriptomic effects in both chronic exposure to low to moderate dose 

rates of ionizing radiation and after stabwound injury. (a) GO enrichment of 

biological processes showing the top enriched pathways in common between 1 hpl, 3 hpl, 

96 hpl and after 5 mGy.h-1 irradiation. (b) RNA in situ hybridization on adult brain section 

showing expression of aanat2 in control and 5 mGy.h-1 irradiated fish. Scale bar = 100 µm. 

(c) GO enrichment of biological process unique to 5 mGy.h-1 irradiated fish. (d) Volcano 

plot of differentially expressed genes related to cortisol, corticotropin and glucocorticoids 

at 96 hpl.  
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We then checked the potential pathways dysregulated specifically at 5 mGy.h-1. 68 

DEGs were unique to 5 mGy.h-1 irradiated fish in comparison to the stages 1hpl, 3hpl and 

96hpl. Go term analysis on these genes showed again enrichment in visual perception 

(GO:0007601, fdr=0.004) and phototransduction (GO:0007602, fdr=0.009) with genes 

specific to that condition such as crx, parapinopsina, opn1lw1, opn1lw2, rcvrn2 (Figure 

5C). Moreover, several genes involved in stimulation of cortisol secretion (cyp11c1, 

nr4a1) were upregulated and specific to the irradiated condition while mrap2a was 

downregulated. As cortisol is known to regulate inflammation, we checked if the 

inflammatory response observed after stab wound was also detected in irradiated fish. At 

1 hpl, 3 hpl and 10 hpl the upregulation of nr4a3 was observed (data not shown). Other 

genes involved in ACTH or cortisol releases (crhr1, mrap2b, sstr2a) were downregulated 

at 96 hpl while hsd11b1la, anxa1a and anxa3b were upregulated (Figure 5D). None of 

these were modulated in D5 (data not shown), with the exception of nr3c2 upregulated at 

D5 and downregulated at 96hpl (Figure 5D and data not shown).  

 

5. Discussion 
 

In this study, we used adult zebrafish to better characterize the molecular effects 

on neurogenesis induced either by physical injury, known to be dependent on 

neuroinflammation, or as a result of the stress response induced by IR. We employed 

transcriptomic analyses on the telencephalon and assessed gene expression of candidate 

genes using RNA in situ hybridization on adult brain sections. This strategy allowed us to 

assess immediate early responses after both stabwound injury and chronic exposure to 

low and moderate dose rates of IR.  

We ensured the validity of the transcriptomics study of the injury response after 

wounding by measuring the expression levels of pcna, bdnf, cxcr4b, socs3, and id1, that are 

known to be highly upregulated in the lesioned hemisphere (Cacialli et al., 2018; Cameron 

et al., 2005; Hui et al., 2014; Viales et al., 2015). In addition, apoptosis was proposed to 

play a major role to resolve inflammation during tissue repair (Brown et al., 1997; Wu and 

Chen, 2014) and was described to be stimulated as early as 20 hpl by RNA sequencing and 

1 dpl by RT-qPCR in zebrafish telencephalon (Anand et al., 2021; Demirci et al., 2020). 

Here, we observed activation of apoptosis at a later time after injury, at 96hpl (tradd, 

casp8, casp3b, fas, bida), which could indicate differences in the data analysis (depth of 
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sequencing) or modalities in performing the wounding. Activation of the immune system 

has been well described during the process of regenerative neurogenesis (Caldwell et al., 

2019; Cavone et al., 2021; Kizil et al., 2012a). Indeed, this process is involved in the 

regulation of the acute inflammatory response for proper regeneration and is mandatory 

since microglia has been demonstrated to eliminate dead cells after brain injury in 

zebrafish (Harry and Kraft, 2012; Herzog et al., 2019). Regarding our results, the activated 

immune response was detected at 24 hpl and 96 hpl through various pathways such as 

cytokine-mediated pathway, lymphocyte activation or innate immune response, which is 

in accordance with previous studies showing that recruitment of microglia peaks at 24 

hpl up to 96 hpl (Kanagaraj et al., 2020). Furthermore, we detected the activation of DNA 

replication at 96 hpl that marks the beginning of the proliferation stage which is in 

accordance with other studies (Demirci et al., 2020; Shimizu et al., 2021). This step is held 

by ventricular radial glial that function as neuronal progenitors to give rise to neuroblasts 

that will finally terminate into the parenchyma and differentiate into neurons to replace 

lost neurons to the injury site (Kroehne et al., 2011). Herein, we could here validate our 

model of wounding the brain of zebrafish through transcriptomics analysis.  

We aimed at analyzing our data from stabwound injury through over-

representation analysis (ORA) and kinetics of relative gene expression analysis. The 

results were consistent and pointed out on several regulated processes such as visual 

perception, axonogenesis, ion transport and even regulation of immune system and cell 

proliferation. Indeed, our data revealed the involvement of the immune system as soon as 

1 hpl with enrichment of leukocyte migration through upregulation of genes as myd88, 

il1b, cxcl18b or mmp9 and cell proliferation was negatively regulated as early as 1 hpl 

(GO:0008285; tob1a, igfbp1a, mmp9, si:ch211-241b2.5, sh3bp4a, btg2, si: dkey-79d12.5). 

The enrichment analysis revealed the modulation of genes mainly involved in calcium 

transport which is in agreement with precedent studies that described similar process 

during brain (Demirci et al., 2020) and spinal cord regeneration (Fu et al., 2019; Hui et al., 

2014). Interestingly, we detected the upregulation of genes involved in ion transport with 

function in chloride, sodium-potassium and calcium channels at much earlier stage after 

injury (from 1 hpl onward). Bioelectric mechanisms are known to influence cell 

differentiation and proliferation, to direct mature neurons to re-enter the cell cycle, to be 

involved in apoptotic process or to be essential in neuroinflammation, notably for 

microglia activation (Cone Jr and Cone, 1976; Lauritzen et al., 1997, 2003; Levin, 2009; 
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Luo et al., 2021; Nuckels et al., 2009; Stillwell et al., 1973).  Interestingly, we also could 

detect in a previous study with chronic exposure to low to moderate dose rates of IR 

(Cantabella et al., 2022) the enrichment in regulation of metal ion transmembrane 

transporter activity and anion transmembrane transporter activity including calcium or 

sodium transporters.  However, the exact involvement and function of this transport in 

regenerative neurogenesis of zebrafish telencephalon as early as 1 hpl was not elucidated 

here and remain to be investigated. 

Successful axonal regeneration is a key to restore CNS function after injury and is 

linked to acute inflammation (Becker and Becker, 2007; Hui et al., 2014). The stimulated 

pathways involve various axonal guidance molecules with functions in attraction, 

repulsion or adhesion necessary for axonal regrowth that are mobilized during normal 

brain development (Tessier-Lavigne and Goodman, 1996) and during regeneration 

(Becker et al., 2004). We observed at 96 hpl the dysregulation of slit1a, sema6ba, sema6bb, 

sema6e, sema4ba, plxna1a that have repellant properties and the ephrin epha4b that is 

involved in organization of axons during CNS development (Cameron et al., 2005; 

Flanagan, 2006; Hui et al., 2014; Xu et al., 1996). Additionally, atf3 known to be 

upregulated in spinal cord and optic nerve regeneration including an action on axon 

regeneration, was overexpressed 1 hpl indicating an involvement in the immediate early 

response. We could also detect in previous work the regulation of axon extension involved 

in axon guidance when fish were irradiated at 0.5 mGy.h-1 and 5 mGy.h-1 continuously 

during 36 days suggesting the reactive neurogenesis after chronic stress caused by IR 

(Cantabella et al., 2022).  

For the first time to our knowledge, we performed the comparison between 

uninjured and injured telencephalon at very early stages post lesion (1 hpl and 3 hpl). 

These times post lesion turned out to include genes involved in visual perception, 

response to light stimulus, phototransduction or retinoid binding which are pathways 

that were also dysregulated after IR exposure. Retinoids play a major role in vision since 

retinal can bind to opsin proteins and serve as chromophore of photopigment. 

Additionally, retinoic acid regulates opsin expression in developing photoreceptors and 

ultimately activates the phototransduction cascade (Cvekl and Wang, 2009; Fernández 

and Gisbert, 2011; Lamb and Pugh Jr, 2004; Palczewski, 2006; Prabhudesai et al., 2005) 

which is necessary to mediate the conversion of light photons into electrochemical signals 

(Zhao and Fent, 2016). We could also observe the enrichment of genes involved in pineal 
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gland development and the upregulation of tph1a, tph2, aanat2 and asmt involved in 

melatonin synthesis in both stabwound and irradiated brains. RNA in situ hybridization 

data confirmed that aanat2, usually expressed in the pineal gland including in 

photoreceptors was also expressed in the telencephalon with localization in the 

parenchyma. Fernandes and colleagues shed light to the presence of photoreceptors in 

the preoptic area independent from eyes and pineal gland and with function in phototaxis. 

Consequently, our data suggest the existence of cells with photoreceptor role in the 

telencephalon through expression of aanat2 and enrichment of visual perception. 

Similarly, in 48 hpf old larvae continuously exposed to IR at 5 mGy.h-1 and 50 mGy.h-1, the 

enrichment in phototransduction with genes as rhodopsin, pde6g and s-antigen visual 

arrestin and in visual system development including the genes crx, rbp4l and rpgrip1 were 

previously depicted (Murat El Houdigui et al., 2019). Overall, our data suggest that brain 

injury and induction of stress can activate the expression in the telencephalon of genes 

with function in phototransduction, but their exact role in regenerative neurogenesis 

remains unknown.  

Cortisol secretion is regulated after both stabwound injury and exposure to 

moderate dose rates of IR with one shared gene and several genes specific to a given 

condition. Cortisol, as being part of glucocorticoids family, is well known for its anti-

inflammatory role as illustrated through the suppression of the immune response after 

traumatic brain injury in mice (Dong et al., 2016) and could thus explain the absence of 

inflammatory markers in fish exposed to chronic low to moderate dose rates of IR by 

compensating this response. Several studies in either human hippocampal progenitor cell 

line, rhesus monkeys or rats have also demonstrated the inhibitory role of cortisol on 

neurogenesis (Anacker et al., 2013a, 2013b; Coe et al., 2003; Wong and Herbert, 2006).  

However, in some cases such as when acute stress is applied by 3h of immobilization in 

rats, the elevated plasma cortisol levels was proposed as an inducer of cell proliferation 

in the dentate gyrus of the hippocampus (Saaltink and Vreugdenhil, 2014). In fish, 

expression in the brain of pcna, neurod1 and cortisol receptor genes were positively 

associated suggesting a positive effect of cortisol level on neurogenesis (Sadoul et al., 

2018). Our data on chronic exposure to low and moderate dose rates of IR do not report 

the induction of neuroinflammation however we cannot exclude that inflammation was 

induced during the initial phase of IR exposure and was subsequently repressed. More 

data are needed in order to assess the interplay between inflammation, stress and 
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neurogenesis, especially in the context of chronic exposure to IR where compensatory and 

acclimation mechanisms can modify the physiological response over time.  

 

6. Conclusion 
 

In this study, we aimed at deciphering the molecular effects of IR on adult neurogenesis 

and the potential involvement of neuroinflammation under chronic stress by comparing 

the response to brain regeneration after stabwound injury. Our results demonstrate the 

fine regulation of ion transporters, axonogenesis and the upregulation of genes involved 

in visual perception very early (1 hpl) after stabwound and chronic exposure to low to 

moderate dose rate of IR revealing their involvement for proper regeneration. We 

highlight the presence of cells expressing aanat2 in the parenchyma of the telencephalon 

which also suggest the presence of cells expressing genes with photoreceptor role in this 

brain area that can be targeted by IR. Since genes with function in inflammation were not 

dysregulated after IR, we propose that cortisol may play a role in controlling inflammation 

under chronic stress. Altogether, since our data revealed several common regulated 

pathways after stabwound injury and chronic stress, we strongly suggest the stimulation 

of reactive neurogenesis after chronic exposure to low to moderate dose rates of ionizing 

radiation with an unanticipated role of genes with function in visual perception in the 

immediate early response to stress and injury.  

7. References  
 

Adolf, B., Chapouton, P., Lam, C.S., Topp, S., Tannhäuser, B., Strähle, U., Götz, M., Bally-Cuif, 
L., 2006. Conserved and acquired features of adult neurogenesis in the zebrafish 
telencephalon. Dev. Biol. 295, 278–293. 

Alunni, A., Bally-Cuif, L., 2016. A comparative view of regenerative neurogenesis in 
vertebrates. Development 143, 741–753. 

Anacker, C., Cattaneo, A., Luoni, A., Musaelyan, K., Zunszain, P.A., Milanesi, E., Rybka, J., 
Berry, A., Cirulli, F., Thuret, S., 2013a. Glucocorticoid-related molecular signaling 
pathways regulating hippocampal neurogenesis. Neuropsychopharmacology 38, 
872–883. 

Anacker, C., Cattaneo, A., Musaelyan, K., Zunszain, P.A., Horowitz, M., Molteni, R., Luoni, A., 
Calabrese, F., Tansey, K., Gennarelli, M., 2013b. Role for the kinase SGK1 in stress, 
depression, and glucocorticoid effects on hippocampal neurogenesis. Proc. Natl. 
Acad. Sci. 110, 8708–8713.



Scientific Paper: Reactive neurogenesis is induced after chronic exposure to ionizing 
radiation at moderate dose rates in adult zebrafish 

 

117 
 

Anand, S.K., Sahu, M.R., Mondal, A.C., 2021. Induction of oxidative stress and apoptosis in 
the injured brain: potential relevance to brain regeneration in zebrafish. Mol. Biol. 
Rep. 48, 5099–5108. 

Armant, O., Gombeau, K., Murat El Houdigui, S., Floriani, M., Camilleri, V., Cavalie, I., Adam-
Guillermin, C., 2017. Zebrafish exposure to environmentally relevant 
concentration of depleted uranium impairs progeny development at the molecular 
and histological levels. PLoS One 12, e0177932. 

Armant, O., März, M., Schmidt, R., Ferg, M., Diotel, N., Ertzer, R., Bryne, J.C., Yang, L., Baader, 
I., Reischl, M., 2013. Genome-wide, whole mount in situ analysis of transcriptional 
regulators in zebrafish embryos. Dev. Biol. 380, 351–362. 

Azizova, T.V., Bannikova, M.V., Grigoryeva, E.S., Rybkina, V.L., Hamada, N., 2020. 
Occupational exposure to chronic ionizing radiation increases risk of Parkinson’s 
disease incidence in Russian Mayak workers. Int. J. Epidemiol. 49, 435–447. 
https://doi.org/10.1093/ije/dyz230 

Becker, C.G., Becker, T., 2007. Growth and pathfinding of regenerating axons in the optic 
projection of adult fish. J. Neurosci. Res. 85, 2793–2799. 

Becker, C.G., Schweitzer, J., Feldner, J., Schachner, M., Becker, T., 2004. Tenascin-R as a 
repellent guidance molecule for newly growing and regenerating optic axons in 
adult zebrafish. Mol. Cell. Neurosci. 26, 376–389. 

Becker, T., Wullimann, M.F., Becker, C.G., Bernhardt, R.R., Schachner, M., 1997. Axonal 
regrowth after spinal cord transection in adult zebrafish. J. Comp. Neurol. 377, 
577–595. 

Benjamini, Y., Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical and 
Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289–
300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x 

Brown, D.L., Kao, W.W., Greenhalgh, D.G., 1997. Apoptosis down-regulates inflammation 
under the advancing epithelial wound edge: delayed patterns in diabetes and 
improvement with topical growth factors. Surgery 121, 372–380. 

Cacialli, P., D’angelo, L., Kah, O., Coumailleau, P., Gueguen, M., Pellegrini, E., Lucini, C., 2018. 
Neuronal expression of brain derived neurotrophic factor in the injured 
telencephalon of adult zebrafish. J. Comp. Neurol. 526, 569–582. 

Caldwell, L.J., Davies, N.O., Cavone, L., Mysiak, K.S., Semenova, S.A., Panula, P., Armstrong, 
J.D., Becker, C.G., Becker, T., 2019. Regeneration of Dopaminergic Neurons in Adult 
Zebrafish Depends on Immune System Activation and Differs for Distinct 
Populations. J. Neurosci. 39, 4694. https://doi.org/10.1523/JNEUROSCI.2706-
18.2019 

Cameron, D.A., Gentile, K.L., Middleton, F.A., Yurco, P., 2005. Gene expression profiles of 
intact and regenerating zebrafish retina. Mol Vis 11, 91. 

Cantabella, E., Camilleri, V., Cavalie, I., Dubourg, N., Gagnaire, B., Charlier, T.D., Adam-
Guillermin, C., Cousin, X., Armant, O., 2022. Revealing the Increased Stress 
Response Behavior through Transcriptomic Analysis of Adult Zebrafish Brain after 
Chronic Low to Moderate Dose Rates of Ionizing Radiation. Cancers 14, 3793. 

Cavone, L., McCann, T., Drake, L.K., Aguzzi, E.A., Oprişoreanu, A.-M., Pedersen, E., Sandi, S., 
Selvarajah, J., Tsarouchas, T.M., Wehner, D., 2021. A unique macrophage 
subpopulation signals directly to progenitor cells to promote regenerative 
neurogenesis in the zebrafish spinal cord. Dev. Cell 56, 1617–1630. 

Coe, C.L., Kramer, M., Czéh, B., Gould, E., Reeves, A.J., Kirschbaum, C., Fuchs, E., 2003. 
Prenatal stress diminishes neurogenesis in the dentate gyrus of juvenile rhesus 
monkeys. Biol. Psychiatry 54, 1025–1034.



Scientific Paper: Reactive neurogenesis is induced after chronic exposure to ionizing 
radiation at moderate dose rates in adult zebrafish 

 

118 
 

Cone Jr, C.D., Cone, C.M., 1976. Induction of mitosis in mature neurons in central nervous 
system by sustained depolarization. Science 192, 155–158. 

Curtis, M.A., Kam, M., Nannmark, U., Anderson, M.F., Axell, M.Z., Wikkelso, C., Holtås, S., van 
Roon-Mom, W.M., Bjork-Eriksson, T., Nordborg, C., 2007. Human 
neuroblastsmigrate to the olfactory bulb via a lateral ventricular extension. science 
315, 1243–1249. 

Cvekl, A., Wang, W.-L., 2009. Retinoic acid signaling in mammalian eye development. Exp. 
Eye Res. 89, 280–291. 

Demirci, Y., Cucun, G., Poyraz, Y.K., Mohammed, S., Heger, G., Papatheodorou, I., Ozhan, G., 
2020. Comparative transcriptome analysis of the regenerating zebrafish 
telencephalon unravels a resource with key pathways during two early stages and 
activation of wnt/β-catenin signaling at the early wound healing stage. Front. Cell 
Dev. Biol. 8, 584604. 

Diotel, N., Lübke, L., Strähle, U., Rastegar, S., 2020. Common and distinct features of adult 
neurogenesis and regeneration in the telencephalon of zebrafish and mammals. 
Front. Neurosci. 957. 

Dong, T., Zhi, L., Bhayana, B., Wu, M.X., 2016. Cortisol-induced immune suppression by a 
blockade of lymphocyte egress in traumatic brain injury. J. Neuroinflammation 13, 
1–13. 

Dunn, K., Yoshimaru, H., Otake, M., ANNEGERS, J.F., Schull, W.J., 1990. Prenatal exposure 
to ionizing radiation and subsequent development of seizures. Am. J. Epidemiol. 
131, 114–123. 

Durinck, S., Spellman, P.T., Birney, E., Huber, W., 2009. Mapping identifiers for the 
integration of genomic datasets with the R/Bioconductor package biomaRt. Nat. 
Protoc. 4, 1184–1191. 

Farin, A., Liu, C.Y., Langmoen, I.A., Apuzzo, M.L., 2009. The biological restoration of central 
nervous system architecture and function: part 2—emergence of the realization of 
adult neurogenesis. Neurosurgery 64, 581–601. 

Fernández, I., Gisbert, E., 2011. The effect of vitamin A on flatfish development and 
skeletogenesis: a review. Aquaculture 315, 34–48. 

Flanagan, J.G., 2006. Neural map specification by gradients. Curr. Opin. Neurobiol. 16, 59–
66. 

Folley, J.H., Borges, W., Yamawaki, T., 1952. Incidence of leukemia in survivors of the 
atomic bomb in Hiroshima and Nagasaki, Japan. Am. J. Med. 13, 311–321. 

Fu, H., Han, G., Li, H., Liang, X., Hu, D., Zhang, L., Tang, P., 2019. Identification of key genes 
and pathways involved in the heterogeneity of intrinsic growth ability between 
neurons after spinal cord injury in adult zebrafish. Neurochem. Res. 44, 2057–
2067. 

Gillies, M., Richardson, D.B., Cardis, E., Daniels, R.D., O’Hagan, J.A., Haylock, R., Laurier, D., 
Leuraud, K., Moissonnier, M., Schubauer-Berigan, M.K., 2017. Mortality from 
circulatory diseases and other non-cancer outcomes among nuclear workers in 
France, the United Kingdom and the United States (INWORKS). Radiat. Res. 188, 
276–290. 

Grandel, H., Kaslin, J., Ganz, J., Wenzel, I., Brand, M., 2006. Neural stem cells and 
neurogenesis in the adult zebrafish brain: origin, proliferation dynamics, 
migration and cell fate. Dev. Biol. 295, 263–277. 

Harry, G.J., Kraft, A.D., 2012. Microglia in the developing brain: a potential target with 
lifetime effects. Neurotoxicology 33, 191–206.



Scientific Paper: Reactive neurogenesis is induced after chronic exposure to ionizing 
radiation at moderate dose rates in adult zebrafish 

 

119 
 

Hellström, N.A., Björk‐Eriksson, T., Blomgren, K., Kuhn, H.G., 2009. Differential recovery 
of neural stem cells in the subventricular zone and dentate gyrus after ionizing 
radiation. Stem Cells 27, 634–641. 

Herzog, C., Pons Garcia, L., Keatinge, M., Greenald, D., Moritz, C., Peri, F., Herrgen, L., 2019. 
Rapid clearance of cellular debris by microglia limits secondary neuronal cell death 
after brain injury in vivo. Development 146, dev174698. 

Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., Collins, J.E., 
Humphray, S., McLaren, K., Matthews, L., 2013. The zebrafish reference genome 
sequence and its relationship to the human genome. Nature 496, 498–503. 

Hui, S.P., Sengupta, D., Lee, S.G.P., Sen, T., Kundu, S., Mathavan, S., Ghosh, S., 2014. Genome 
wide expression profiling during spinal cord regeneration identifies 
comprehensive cellular responses in zebrafish. PloS One 9, e84212. 

Kalueff, A.V., Stewart, A.M., Gerlai, R., 2014. Zebrafish as an emerging model for studying 
complex brain disorders. Trends Pharmacol. Sci. 35, 63–75. 

Kanagaraj, P., Chen, J.Y., Skaggs, K., Qadeer, Y., Conner, M., Cutler, N., Richmond, J., 
Kommidi, V., Poles, A., Affrunti, D., 2020. Microglia stimulate zebrafish brain repair 
via a specific inflammatory cascade. BioRXiv. 

Kizil, C., Dudczig, S., Kyritsis, N., Machate, A., Blaesche, J., Kroehne, V., Brand, M., 2012. The 
chemokine receptor cxcr5 regulates the regenerative neurogenesis response in the 
adult zebrafish brain. Neural Develop. 7, 27. https://doi.org/10.1186/1749-8104-
7-27 

Kroehne, V., Freudenreich, D., Hans, S., Kaslin, J., Brand, M., 2011. Regeneration of the adult 
zebrafish brain from neurogenic radial glia-type progenitors. Development 138, 
4831–4841. 

Kyritsis, N., Kizil, C., Zocher, S., Kroehne, V., Kaslin, J., Freudenreich, D., Iltzsche, A., Brand, 
M., 2012. Acute inflammation initiates the regenerative response in the adult 
zebrafish brain. Science 338, 1353–1356. 

Lamb, T., Pugh Jr, E.N., 2004. Dark adaptation and the retinoid cycle of vision. Prog. Retin. 
Eye Res. 23, 307–380. 

Lauritzen, I., De Weille, J.R., Lazdunski, M., 1997. The potassium channel opener (−)‐
cromakalim prevents glutamate‐induced cell death in hippocampal neurons. J. 
Neurochem. 69, 1570–1579. 

Lauritzen, I., Zanzouri, M., Honoré, E., Duprat, F., Ehrengruber, M.U., Lazdunski, M., Patel, 
A.J., 2003. K+-dependent cerebellar granule neuron apoptosis: role of TASK leak 
K+ channels. J. Biol. Chem. 278, 32068–32076. 

Lazarini, F., Mouthon, M.-A., Gheusi, G., de Chaumont, F., Olivo-Marin, J.-C., Lamarque, S., 
Abrous, D.N., Boussin, F.D., Lledo, P.-M., 2009. Cellular and behavioral effects of 
cranial irradiation of the subventricular zone in adult mice. PloS One 4, e7017–
e7017. https://doi.org/10.1371/journal.pone.0007017 

Levin, M., 2009. Bioelectric mechanisms in regeneration: unique aspects and future 
perspectives. Presented at the Seminars in cell & developmental biology, Elsevier, 
pp. 543–556. 

Luo, L., Song, S., Ezenwukwa, C.C., Jalali, S., Sun, B., Sun, D., 2021. Ion channels and 
transporters in microglial function in physiology and brain diseases. Neurochem. 
Int. 142, 104925. 

März, M., Schmidt, R., Rastegar, S., Strähle, U., 2011. Regenerative response following stab 
injury in the adult zebrafish telencephalon. Dev. Dyn. 240, 2221–2231. 

Moe, M.C., Varghese, M., Danilov, A.I., Westerlund, U., Ramm-Pettersen, J., Brundin, L., 
Svensson, M., Berg-Johnsen, J., Langmoen, I.A., 2005. Multipotent progenitor cells 



Scientific Paper: Reactive neurogenesis is induced after chronic exposure to ionizing 
radiation at moderate dose rates in adult zebrafish 

 

120 
 

from the adult human brain: neurophysiological differentiation to mature neurons. Brain 
128, 2189–2199. 

Murat El Houdigui, S., Adam-Guillermin, C., Armant, O., 2020. Ionising Radiation Induces 
Promoter DNA Hypomethylation and Perturbs Transcriptional Activity of Genes 
Involved in Morphogenesis during Gastrulation in Zebrafish. Int. J. Mol. Sci. 21, 
4014. 

Murat El Houdigui, S., Adam-Guillermin, C., Loro, G., Arcanjo, C., Frelon, S., Floriani, M., 
Dubourg, N., Baudelet, E., Audebert, S., Camoin, L., 2019. A systems biology 
approach reveals neuronal and muscle developmental defects after chronic 
exposure to ionising radiation in zebrafish. Sci. Rep. 9, 1–15. 

Nuckels, R.J., Ng, A., Darland, T., Gross, J.M., 2009. The vacuolar-ATPase complex regulates 
retinoblast proliferation and survival, photoreceptor morphogenesis, and 
pigmentation in the zebrafish eye. Invest. Ophthalmol. Vis. Sci. 50, 893–905. 

Otake, M., Schull, W.J., 1998. Radiation-related brain damage and growth retardation 
among the prenatally exposed atomic bomb survivors. Int. J. Radiat. Biol. 74, 159–
171. 

Palczewski, K., 2006. G protein–coupled receptor rhodopsin. Annu Rev Biochem 75, 743–
767. 

Plummer, G., 1952. Anomalies occurring in children exposed in utero to the atomic bomb 
in Hiroshima. Pediatrics 10, 687–693. 

Prabhudesai, S.N., Cameron, D.A., Stenkamp, D.L., 2005. Targeted effects of retinoic acid 
signaling upon photoreceptor development in zebrafish. Dev. Biol. 287, 157–167. 

Raymond, P.A., Barthel, L.K., Bernardos, R.L., Perkowski, J.J., 2006. Molecular 
characterization of retinal stem cells and their niches in adult zebrafish. BMC Dev. 
Biol. 6, 1–17. 

Reynolds, B.A., Weiss, S., 1992. Generation of neurons and astrocytes from isolated cells 
of the adult mammalian central nervous system. science 255, 1707–1710. 

Saaltink, D.-J., Vreugdenhil, E., 2014. Stress, glucocorticoid receptors, and adult 
neurogenesis: a balance between excitation and inhibition? Cell. Mol. Life Sci. 71, 
2499–2515. 

Sadoul, B., Alfonso, S., Bessa, E., Bouchareb, A., Blondeau-Bidet, E., Clair, P., Chatain, B., 
Begout, M.-L., Geffroy, B., 2018. Enhanced brain expression of genes related to cell 
proliferation and neural differentiation is associated with cortisol receptor 
expression in fishes. Gen. Comp. Endocrinol. 267, 76–81. 

Sanai, N., Nguyen, T., Ihrie, R.A., Mirzadeh, Z., Tsai, H.-H., Wong, M., Gupta, N., Berger, M.S., 
Huang, E., Garcia-Verdugo, J.-M., 2011. Corridors of migrating neurons in the 
human brain and their decline during infancy. Nature 478, 382–386. 

Schmidt, R., Beil, T., Strähle, U., Rastegar, S., 2014. Stab wound injury of the zebrafish adult 
telencephalon: a method to investigate vertebrate brain neurogenesis and 
regeneration. JoVE J. Vis. Exp. e51753. 

Schmidt, R., Strähle, U., Scholpp, S., 2013. Neurogenesis in zebrafish – from embryo to 
adult. Neural Develop. 8, 3. https://doi.org/10.1186/1749-8104-8-3 

Schull, W.J., Otake, M., 1999. Cognitive function and prenatal exposure to ionizing 
radiation. Teratology 59, 222–226. 

Shimizu, Y., Kiyooka, M., Ohshima, T., 2021. Transcriptome analyses reveal IL6/Stat3 
signaling involvement in radial glia proliferation after stab wound injury in the 
adult Zebrafish optic tectum. Front. Cell Dev. Biol. 9, 668408. 

Stillwell, E., Cone, CM, Cone, CD, 1973. Stimulation of DNA synthesis in CNS neurones by 
sustained depolarisation. Nature. New Biol. 246, 110–111.



Scientific Paper: Reactive neurogenesis is induced after chronic exposure to ionizing 
radiation at moderate dose rates in adult zebrafish 

 

121 
 

Tessier-Lavigne, M., Goodman, C.S., 1996. The molecular biology of axon guidance. Science 
274, 1123–1133. 

Viales, R.R., Diotel, N., Ferg, M., Armant, O., Eich, J., Alunni, A., März, M., Bally-Cuif, L., 
Rastegar, S., Strähle, U., 2015. The helix-loop-helix protein id1 controls stem cell 
proliferation during regenerative neurogenesis in the adult zebrafish 
telencephalon. Stem Cells 33, 892–903.Wang, C., Liu, F., Liu, Y.-Y., Zhao, C.-H., You, 
Y., Wang, L., Zhang, J., Wei, B., Ma, T., Zhang, Q., 2011. Identification and 
characterization of neuroblasts in the subventricular zone and rostral migratory 
stream of the adult human brain. Cell Res. 21, 1534–1550. 

Wang, L.-F., Huang, S.-B., Zhao, H.-D., Liu, C.-J., Yao, L., Shen, Y.-Q., 2017. Activating 
transcription factor 3 promotes spinal cord regeneration of adult zebrafish. 
Biochem. Biophys. Res. Commun. 488, 522–527. 

Wong, E., Herbert, J., 2006. Raised circulating corticosterone inhibits neuronal 
differentiation of progenitor cells in the adult hippocampus. Neuroscience 137, 
83–92. 

Wu, Y.S., Chen, S.N., 2014. Apoptotic cell: linkage of inflammation and wound healing. 
Xu, Q., Alldus, G., Macdonald, R., Wilkinson, D.G., Holder, N., 1996. Function of the Eph-

related kinase rtk1 in patterning of the zebrafish forebrain. Nature 381, 319–322. 
Zhao, Y., Fent, K., 2016. Progestins alter photo-transduction cascade and circadian rhythm 

network in eyes of zebrafish (Danio rerio). Sci. Rep. 6, 1–10.



Scientific Paper: Reactive neurogenesis is induced after chronic exposure to ionizing 
radiation at moderate dose rates in adult zebrafish 

 

122 
 

8. Supplementary materials 
 

Figure S1 : Goterms enrichment of upregulated genes after stabwound injury 
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Figure S2 : Goterms enrichment of downregulated genes after stabwound injury 
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Table S1: Enriched pathways from common DEGs of 1 hpl, 3 hpl, 96 hpl and 5 mGy.h-

1 irradiated fish 
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3.2.3. Mains results & discussion 
 

AXIS II: Common and differential features of IR response compared to 

regenerative neurogenesis induced by neuroinflammation 

 

Question 1: What can we learn from transcriptomic analyses after wounding adult 

zebrafish telencephalon?  

We performed stabwound injury in the right telencephalon of adult zebrafish and 

analyzed the transcriptional response at several time points post lesion: 0 hpl, 1 hpl, 3 hpl, 

10 hpl, 24 hpl, 96 hpl, 240 hpl. We could confirm results from previous studies such as the 

initiation of apoptosis process, inflammatory response, activation of the immune system 

or cell proliferation and demonstrated that some of these processes were regulated as 

soon as 1hpl. Interestingly, we found modulation of ion transport and axonogenesis only 

described in retina or spinal cord regeneration until now. These two processes could be 

linked since spinal cord injury relies, among other processes, on the rapid elevation of 

intra-axonal Ca2+ (Tsata and Wehner, 2021).  

 

Question 2: What are the specificities of radiation induced effects in the brain?  

One of the main effects on chronic low to moderate dose rates of IR was the 

enrichment in visual perception, retinoid biding and phototransduction and we could 

detect the same results at 1 hpl, 3 hpl and 96 hpl. Additionally, we could observe the 

upregulation of genes (i.e. tph1a, tph2, aanat2 and asmt) involved in melatonin synthesis 

and the expression of aanat2 in the telencephalon. Together, these results strongly 

suggests that cells expressing photoreceptive molecules located in the telencephalon are 

targeted by both stabwound injury and chronic low to moderate dose rates of IR. In the 

preoptic area of larval zebrafish, this photosensitive region contains an ancient 

population of sensory neurons, suggested to be specified by otpa, and these neurons 

mediate behavioral responses to light (phototaxis) (Fernandes et al., 2012). 

Since we observed an upregulation of several genes involved in the process of 

neurogenesis in Axis I, we checked if the same genes were dysregulated after stabwound 

injury (Table 3). Most genes upregulated after 5 mGy.h-1 radiation were also upregulated 

at 1 hpl, 3 hpl and even 96 hpl except for some genes such as crx and dpysl3. Why these 
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genes are impacted, and what role they could play during regeneration remain to be 

determined. Effects on axons, ion transport and cortisol secretion were detected during 

telencephalon regeneration and these processes were also impacted after irradiation (e.g. 

axonal guidance:  sema3d, wnt4; ion transport: cnga1a, fthl27). These elements are in 

favour for the activation of neurogenesis after irradiation. Even if we did not observe any 

inflammatory process after irradiation, we cannot exclude that this phenomenon was 

previously activated and led to neurogenesis.  

Table 3 – Fold change and adjusted p-values (fdr) of genes with function in neurogenesis 
after irradiation and after induction of brain regeneration by stab wound. FC: Fold 
Change. FDR: False discovery rate.  

gene name   
0.5 

mGy.h-1 
5 mGy.h-1 1 hpl 3 hpl 10 hpl 24 hpl 96 hpl 240 hpl 

arl3l1 
FC 5,71 5,84 6,79 6,47 

x x 
5,57 4,68 

FDR 3,12E-14 5,22E-18 
2,76E-

18 
5,75E-

16 
2,15E-

12 
2,57E-

08 

arl3l2 
FC 1,47 2,22 1,92 2,03 

x x x x 
FDR 0,001 5,45E-11 

1,73E-
05 

1,68E-
06 

atp1b2b 
FC 2,90 2,86 2,69 2,29 

x x x x 
FDR 0,0001 1,02E-05 0,02 0,02 

crx 
FC 8,40 7,41 

x x x x x x 
FDR 9,50E-06 4,81E-05 

dpysl3 
FC 

x 
-0,28 

x x x x x x 
FDR 0,02 

en1b 
FC 2,06 

x x x x x x x 
FDR 0,04 

faimb 
FC 2,94 3,12 2,17 1,85 

x x 
1,49 

x 
FDR 6,85E-09 1,47E-12 0,0003 0,003 0,007 

foxd3 
FC 

x 
3,50 

x x x x 
5,87 

x 
FDR 0,04 0,02 

gucy2f 
FC 4,43 4,77 5,23 5,31 

x x 
3,32 3,31 

FDR 5,23E-08 1,88E-11 
4,05E-

17 
4,13E-

18 
3,46E-

08 
1,84E-

06 

insm1a 

FC 1,65 1,90 1,98 2,02 

x x 

1,73 1,24 

FDR 1,19E-06 3,66E-11 
8,63E-

07 
2,73E-

07 
4,01E-

06 
0,04 

klf8 
FC 

x 
-0,2836181 

x x x x 
-0,55 

x 
FDR 0,03 

3,29E-
05 

lhx4 
FC 4,86 5,34 6,94 7,36 

x x 
5,72 6,13 

FDR 4,39E-06 2,92E-09 
1,04E-

23 
1,98E-

24 
1,52E-

16 
1,89E-

13 
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nav1 
FC 

x 
2,62 

x x x x 
-1,16 

x 
FDR 0,03 

1,31E-
05 

nexn 
FC 

x 
1,44 2,17 

x x x x x 
FDR 0,03 

3,58E-
06 

nrn1lb 
FC 6,08 6,11 

x x x x x x 
FDR 0,03 0,01 

plxnb3 
FC 

x 
2,63 

x x 
1,03 

x 
-1,00 

x 
FDR 0,02 0,05 0,01 

ppp1r9a 
FC 

x 
3,37 

x x x x 
-1,23 

x 
FDR 0,001 

5,68E-
06 

prom1b 
FC 

x 
1,21 2,23 1,75 

x x 
1,13 

x 
FDR 0,03 0,0001 0,003 0,04 

rdh5 
FC 5,33 5,89 7,62 8,35 

x x 
5,77   

FDR 1,17E-09 7,04E-15 
7,76E-

09 
4,87E-

10 
3,51E-

06 
  

rhogd 
FC 3,07 

x x x x x 
1,88 

x 
FDR 0,002 0,05 

rpgrip1 
FC 4,48 5,15 6,25 6,57 

x x 
5,34 6,58 

FDR 4,39E-06 5,28E-10 
4,58E-

08 
1,00E-

07 
3,00E-

07 
0,01 

si:ch73-
119p20 

FC -2,02 -2,04 
x x x x x x 

FDR 0,02 0,002 

unc119.2 
FC 5,30 5,65 5,90 5,19 

x x 
4,41 3,56 

FDR 5,94E-13 5,08E-18 
7,17E-

08 
2,61E-

06 
4,57E-

05 
0,03 

znf365 

FC 

x 

1,65 

x x x x 

-1,21 

x 
FDR 0,05 

6,02E-
07 

 

Since we identified potential markers of exposure to IR, we assessed if we could detect 

the same responses after stabwoud injury. Herein, we focused on the expression levels of 

genes involved in neurotransmission and neurohormones at D05, D5, 1hpl and 3 hpl 

(Figure 22).
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From that analysis, we could detect some shared molecular markers between brain 

regeneration and response to chronic exposure to IR including upregulation of sl6a2 

involved in epinephrin and norepinephrine transport, asip2b involved in cortisol 

secretion, tph1a, tph2 that act on serotonin synthesis, ddc that play a role in serotonin and 

dopamine synthesis, and syt5a proposed to have a role in dopamine release. Interestingly, 

oxytocin nor arginine vasopressin were never modulated during brain regeneration after 

stab wound, which could thus suggest that they are specific molecular markers of chronic 

exposure to IR (5 mGy.h-1).  
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Figure 22 - Volcano plot of differentially expressed genes after irradiation and stab wound 
injury (SW) with function in neurotransmission or brain neurohormones. 
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Figure 23 - Schematic overview resuming commonalities and differences between lesion 
after stabwound and chronic low to moderate dose rates of IR 
 



  General conclusion and perspectives 
 

132 
 

4.  General conclusion and perspectives 

Outcomes 

The initial aim of my PhD work was to investigate the molecular mechanisms involved 

after exposure to chronic low to moderate dose rates of ionizing radiation and how they 

are related to higher biological scales. Our results provide elements of answer and 

prospective clues for further investigations. More specifically:  

• We identified a dose rate response relationship with the number of dysregulated 

genes. 

•  We identified effects on behavior only in female’s which displayed a stress 

response, a reduced locomotion and social behavior.  

• Acetylcholine was not involved in these changes in behavior, however serotonin 

and dopamine constitute good candidates. 

• We highlighted that oxytocin and arginine vasopressin can play a role in stress and 

social behavior at 5 mGy.h-1.  

• We characterized a response to chronic exposure and low and moderate dose rates 

of IR which is distinct from the effects described after acute and high exposure 

(DNA damage, oxidative stress, inflammation, reduction in neurogenesis).  

• The comparison between irradiated fish and the stabwound injury highlighted 

similarities between the two responses. The molecular data suggested that 

neurogenesis might be activated after chronic irradiation and highlighted the 

activation of genes with photoreceptor role located in the telencephalon.  

 

Responses to chronic low to moderate dose rates of IR in the adult zebrafish brain  

Overall, the possible underlying mechanisms causing stress response and reduced 

sociability might be due to the alteration of serotonin and dopamine neurotransmission 

at 0.5 mGy.h-1 and 5 mGy.h-1. At 5mGy.h-1, additional molecular actors might be involved. 

Indeed, oxytocin through its receptor oxtrl could perturb social behavioral response and 

might act in synergy with arginine vasopressin and also interact with the HPI stress axis 



  General conclusion and perspectives 
 

133 
 

causing the increased stress response. However, we cannot exclude that oxytocin is also 

upregulated at 0.5 mGy.h-1 but not detected by transcriptomics as we pooled both males 

and females telencephalon. Surprisingly, the upregulation of enzymes involved in 

melatonin was also detected at 0.5 mGy.h-1 and 5 mGy.h-1. Melatonin and oxytocin were 

shown to both play a role as antioxidants. Melatonin has been documented as a direct free 

radical scavenger, and in vitro as well as in vivo studies have confirmed that melatonin can 

protect from toxic effects of ionizing radiation (Ahlers et al., 1997; Badr et al., 1999; 

Blickenstaff et al., 1994; Kaya et al., 1999; Meltz et al., 1999).  

Additionally, a recent study from Igarashi and colleagues demonstrated the 

neuroprotective effects of exogenous oxytocin administration by attenuating cognitive 

dysfunctions, DNA damage and preventing the breakdown of chloride ion concentration 

in nerve cells after cranial radiation therapy in young mice (Igarashi et al., 2022). 

Consequently, our results might demonstrate that after chronic exposure to low to 

moderate dose rates of ionizing radiation the oxidative stress can be directly 

compensated by melatonin and oxytocin over expression (our transcriptomic results). 

Additionally, cortisol might act through its anti-inflammatory role and be able to overpast 

the initial neuroinflammation state.  

 

Other targets of ionizing radiation 

In the context of this project, we focused on the molecular changes in brain and the 

consequences in behavior. As we performed the irradiation of whole zebrafish it is 

possible that other organs could have been impacted and contribute indirectly to the 

phenotypes we observed. 

For example, the lateral line is a sensory system used to detect changes in water flows 

which facilitates biological behaviors such as foraging and escaping. The lateral line 

system is composed of neuromast positioned as a line along the surface of the body of fish 

as superficial lines that cover the head and body. The modulation of the sensory input 

occurs via the connection of hair cells (in contact to the water flow) to excitatory and 

inhibitory efferent neurons located in the brain. Thus, fish can detect movements in water 

through this lateral line and guide fish interactions with shoal members (Gerlai, 2014; 

Manuel et al., 2021). It has already been demonstrated that the visual system is not 

required when swimming in group. Indeed, blind fish can use their lateral line to swim 

properly in group by sensing low frequency waves (Gregson and De Perera, 2007; 
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Partridge and Pitcher, 1980). Additionally, the lateral line was demonstrated to be 

targeted by ionizing radiation since a loss of hair cells and an inhibition of cell 

proliferation of neuromasts was detected in zebrafish larvae. However, from our results 

of the shoaling test, we did not detect any changes in the interactions between fishes 

which suggest that the lateral line was not impacted by ionizing radiation or that defective 

cells in the lateral lines were able to regenerate rapidly enough (Li et al., 2018).   

It has also been demonstrated that metabolic processes can be targeted by ionizing 

radiation in Caenorhabditis elegans (Dufourcq-Sekatcheff et al., 2021; Guédon et al., 2021) 

with effects on lipid metabolism and transport, including fatty acid metabolic process, 

lipid transport, sphingolipid biosynthetic processes and lipid oxidation. Such effects were 

detected also after low -dose of ionizing radiation in the mouse brain with dysregulation 

of genes involved in fatty acid/lipid metabolism (Yin et al., 2003). Exposure of IR at dose 

rate greater or equal to 0.5 mGy.h-1 altered the regulation of glycolysis in mitochondria 

and energetic metabolism in 6 hpf embryo zebrafish (Murat El Houdigui et al., 2020). 

Moreover, in zebrafish, exposure to Fluorene-9-bisphenol caused defects in 1,25(OH)2D3 

metabolic pathway through downregulation of cyp2r1, which further damaged pgc1a-

mediated fatty acid oxidation and mitochondrial function, resulting in lipid accumulation 

and reduced locomotive activity of larvae suggesting a direct link between these 

processes (Zhang et al., 2022). In our experimental data, we found the enrichment of fat-

soluble vitamin metabolic process with upregulation of genes as cyp2r1 or cyp24a1. 

Consequently, these dysregulated genes could impact lipid and fatty acid metabolism and 

might at least in part be the cause of hypolocomotion. However, more data at the level of 

muscle physiology are required to assess properly this effect.  

 Another interesting system is the gut-brain axis since links between the enteric 

microbiota and brain function have been demonstrated (Al-Asmakh et al., 2012; Cryan 

and Dinan, 2012; O’Sullivan et al., 2011). Indeed, modifications on the enteric microbiota 

could affect stress associated anxiety-like and depressive-like behavior (Bertotto et al., 

2020; Lee et al., 2021) . For example, in adult zebrafish, the supplementation with L. 

plantarum induced a subtle alteration in intestinal microbiota and caused a significant 

reduction in stress response detected by the novel tank test (Davis et al., 2016). 

Additionally, using rodents as model organisms, multiple studies have also implicated the 

microbiota in regulation of serotonin signaling and metabolism in rodents (Clarke et al., 

2014, 2013; Yano et al., 2015). In zebrafish, the feeding with probiotic strain L. rhamnosus 

https://www.google.com/search?sxsrf=ALiCzsbCZMTrWHbcHk_TU55zqMOH8RYgjg:1663495702696&q=Caenorhabditis+elegans&spell=1&sa=X&ved=2ahUKEwj97sazjJ76AhWQBhoKHQrlBv4QkeECKAB6BAgBEDs
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induced significantly differences in the shoaling pattern and exploratory behavior and 

suggested a link with the altered expression of brain derived neurotrophic factor and 

genes related to serotonin metabolism and signaling (tph1a, tph1b and tph2) (Bertotto et 

al., 2020). Interestingly, one study detected  changes in the composition of the gut 

microbiota after exposure to gamma radiation (Cobalt 60) with doses varying from 0.05 

Gy (10 doses administrated) to 0.5 Gy (1 dose administrated) (Liu et al., 2019). Herein, 

we cannot exclude that the dysregulation of serotonin in our experimental studies is not 

a direct consequence from modulations coming from the microbiota of our irradiated 

zebrafish.  

 

Perspectives and limits  

Limits of our experimental setting 

• Irradiation settings 

We focused on the effects of the brain however we did irradiate the whole body of the 

fish. It could also have been interesting to set an experiment where only the brain is 

irradiated so the observed effects would have directly ensued from the irradiation of the 

brain. However, even if this technique is available within IRSN (SARRP) it is not applicable 

for chronic exposure since the immobility of the fish is required and consequently bias 

such as the induction of a stress response would have complexify the interpretation of the 

results. Furthermore, whole body irradiation is the favoured exposure scenario in the 

context of environmental exposure to IR, as exemplified for biota present in Chernobyl or 

Fukushima. 

• Transcriptomic studies 

The great benefit of transcriptomic studies is the global approach that sets the 

dysregulation of expression of genes and clusters them in known processes or signaling 

cascades. However, this strategy is not sufficient to identify which functional pathway do 

disturb the behavior of fish in our context of exposure and thus, additional studies are 

needed such as blocking oxytocin receptors (oxtrl and oxtr) or using zebrafish oxytocin 

receptor knockout line or inactivating HPI axis by treating with CRH receptor antagonist 

associated to radiation exposure. Also, it is hard to conclude with certainty that the 

observed dysregulation of genes is inducing the behavioral modifications since we have 
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no clue on the regulation of the feedback regulating loops and possibly the individual 

behavioral responses are causing dysregulation of several expression genes. 

Additionally, since we only observed modulation of behavioral patterns among 

females, it would have been more appropriate to separate the sexes when pooling brains 

for RNA sequencing. This is a challenging argument because much more individuals 

would have been needed, more workforce and the costs of the experiment would have 

doubled.  

Finally, the interpretation of transcriptomics data might be biased by the lack of 

comprehensive gene function annotations for zebrafish genes. Indeed, many genes were 

found to be involved in visual perception however RNA in situ hybridization confirmed 

the expression in the telencephalon in the VZ. A good example is crx, which is currently 

annotated in the zebrafish and human genome as a gene involved in visual perception. 

The expression of this gene in the VZ of the ventral telencephalon confirms that this gene 

is expressed in neural progenitors, but the function of crx in this tissue is currently 

unkown. Co-staining with these RNAs probes and specific markers of progenitor cells or 

differentiated neurons could help to precisely define these types of cells and then 

functional studies could be useful to identify their role in the telencephalon.  

 

• Behavioral studies 

Focusing on our transcriptomic results, we could identify enrichment in visual 

perception and phototransduction and an upregulation of genes that code for enzymes 

involved in melatonin synthesis. As melatonin is well known to induce sleep behavior, as 

an integrator of the circadian rhythm (Lima-Cabello et al., 2014), it would be interesting 

to evaluate the effects of IR on circadian rhythm though sleep like state behavior (Chiu 

and Prober, 2013; Singh et al., 2013).  Another aspect could be to perform optokinetic test 

to verify if vision can be affected (Li et al., 2012; Mueller and Neuhauss, 2010). An impact 

on these types of behavior would probably affect predatory avoidance and/or foraging.  
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Going deeper into this project 

• What is already planned 

It is well known that after acute exposure to ionizing radiation, DNA damage and 

apoptotic process are activated. We have evaluated neuronal death using Fluorojade C 

staining but no clear effect was detected on adult brain vibratome section. Other markers 

are under completion including immunostaining to characterize apoptosis using active 

Caspase 3, double strand breaks DNA damage using Ƴ-H2AX immunostaining and 

immunostaining against PCNA and HuC/D to identify potential effects on proliferation 

and differentiated neurons (Roy et al., 2009). To better characterize the process of 

neurogenesis, another useful technique regarding our experimental setup could be BrdU 

tracing to follow cellular proliferation and migration of neurons and thus will be very 

informative. Finally, performing proteomics or western blots on specific markers would 

be very informative and could be linked to the changes in behavior.  

Serotonin and dopamine are upregulated based on our transcriptional studies. We 

thus, aim at dosing neurotransmitters and their metabolites in the brain, using HPLC-MS, 

through the collaboration with Christina Dallas from the Medical School, National & 

Kapodistrian University of Athens. Since serotonin is well known for its role in 

aggressivity, we performed the mirror induced aggressivity test.  The results are currently 

being analyzed. Finally, we planned to dose whole body cortisol by radioimmunoassay by 

collaborating with Thierry Charlier (co-director) at IRSET.  

 

• Potential further investigations 

o Going deeper into the mechanisms of action 

As suggested by the upregulation of genes involved in melatonin synthesis, the 

pineal gland might be a target organ of IR and it could be interesting to assess its role in 

the behavioral pattern observed. For example, the ablation of pineal photoreceptor cells 

has already been explored to investigate the effects on the circadian rhythms of 

behavioral visual sensitivity in zebrafish and showed that retinal photoreceptor cells are 

sufficient to entrain the circadian rhythms of behavioral visual sensitivity while cellular 

signals from pineal photoreceptor cells are needed for maintaining the rhythms (Li et al., 

2012).  Additionally, I have tried to explore the expression of genes in the pineal gland by 
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RNA in situ hybridization, but vibratome section was not suitable since the pineal gland 

was not always present. Instead, it would be appropriate to perform cryosection on whole 

head of the fish to maintain the integrity of this organ.  

We also proposed that the habenula might be involved in the behavioral 

modifications that we observed, but I did not have time to explore this possibility with 

additional studies. I suggest that by specifically interfering with dorsal habenula (that 

plays a role in fear and anxiety) we could have a better understanding of its involvement. 

This manipulation has already been performed by applying the transgenic tetanus 

neurotoxin technique to selectively silence neurotransmission of the dorsal habenula and 

we could thus perform it to evaluate zebrafish behavior after radiation (Bühler and Carl, 

2021; Okamoto et al., 2012).   

o Broading the scope  

We could focus on the transgenerational effects to determine if molecular responses 

and behavioral modifications are worsened in the next generations. Indeed, ionizing 

radiation were already demonstrated to induce transgenerational effects of DNA 

methylation in zebrafish when irradiated to 8.7 mGy.h-1 for 27 days (Kamstra et al., 2018).   

Our results reflect the early time effects of ionizing radiation however it would be of 

great interest to complete these studies by analyzing the long-term effects. We could 

propose a kinetic approach at several time points post irradiation for transcriptional 

studies associated with behavioral tests. Finally, data from the contaminated area (in 

aquatic population) such as transcriptomic and behavioral effects could complete the 

long-term effects of our work to accurately assess the consequences on individuals from 

post nuclear accidents and from all their expositions to diverse contaminants.  
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Figure A1: Dysregulated genes with function in neurotransmission or neurohormones at 

10 hpl, 24 hpl, 96 hpl and 240 hpl. 
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