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ABSTRACT
Characterization of the role of the adgrl3.1 gene in zebrafish and its interactions with
environment
By Barbara Dotto Fontana

Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder
characterized by the clinical manifestation of attention deficits and/or hyperactivity. The
Adhesion G Protein-Coupled Receptor L3 (ADGRL3) gene is strongly linked to ADHD
susceptibility, and is homologous to the adgrl3.1 gene in zebrafish. The aim of this thesis was
to investigate the behavioural phenotypes of adgrl3.1 knockout zebrafish and associated
interactions with environmental factors. We first investigated the behavioural phenotypes of
adult adgrl3.1 knockouts focusing on impulsivity, attention, decision making, locomotion,
anxiety, memory, and cognition. Here, we found that adgrl3.1 knockouts show increased
locomotion, impulsivity, attention deficits, anxiety, abnormal repetitive behaviour, and deficits
in cognitive flexibility. We discovered a potentially novel mechanism that may underlie these
behaviours, characterized by upregulation of the noradrenergic transporter, together with lower
levels of DOPAC/DA in the telencephalon. The behavioural phenotype of adgrl3.1 knockout
was reversed by pretreatment with atomoxetine (norepinephrine reuptake inhibitor) supporting
our discoveries that norepinephrine has an essential role in the ADHD-like behaviours. The
interactions of this gene with environment were also analysed focusing on how environmental
enrichment, social isolation and early-life stress can affect ADHD-like behaviour. In conclusion,
we showed that adgrl3.1 mutants can be a reliable model to study ADHD and its comorbidities
in zebrafish. We have also demonstrated that environment can significantly affect adgrl3.1
altered behaviour positively or negatively, depending on context. Finally, for the first time, here
we showed changes in the noradrenergic system that may contribute to the development of new
combined treatments and further our understanding of the mechanisms underlying adult ADHDlike behaviour across species.
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1.1. Overview
Attention-deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder that
affects around 11% of school-aged children worldwide, with symptoms persisting into
adulthood in around 75% of cases (Franke and Kissgen 2018; Visser et al. 2014). ADHD is
characterized by hyperactivity, impulsivity and/or inattention (Halperin et al. 1992; Spencer et
al. 2007; Wolraich et al. 1996). The symptoms associated with ADHD also include
distractibility, fidgeting, excessive talking, difficulty in waiting one’s turn and frequent
interruption of others (Wilens et al. 2010). Currently, there are three subtypes of ADHD
recognized: predominantly hyperactive, predominantly inattentive, and combined (Riccio et al.
2006; Russell et al. 2005). ADHD is related to a disrupted interaction of neural networks (e.g.
dopaminergic, noradrenergic and serotoninergic systems) which correlate with clinical
symptoms (Purper-Ouakil et al. 2011). The developmental impairment of cognitive functions
interferes with an individual’s ability to function in different environments such as the home,
academic, occupational and social settings (DuPaul et al. 2006; Wehmeier et al. 2010). Adults
with ADHD are at high risk of comorbid psychiatric diagnoses including depression, anxietyrelated and substance-abuse disorders, but also have been shown to be at increased risk of
vehicular accidents, criminal offenses and other psychosocial problems (Anastopoulos et al.
2018; Kessler et al. 2006; Marraccini et al. 2017). Although the etiology of ADHD is still
controversial, its etiology seems to be based on the interaction of both genetic and environmental
factors, being frequently associated with premature birth, low birth weight, maternal smoking
or alcohol consumption during pregnancy (Bidwell et al. 2018). Additionally, studies point to a
direct relationship between stress and ADHD, where stress has a key role in triggering the
symptoms of this disorder (Wells et al. 2000). In fact, studies have shown that ADHD may lead
to frustration and a sense of loss of control and hopelessness, ultimately leading to chronic daily
stress which can increase the intensity of ADHD related-symptoms (Grizenko et al. 2008).
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Pharmacological treatment of ADHD includes psychostimulant medications (e.g.
methylphenidate and amphetamine derivatives) and non-psychostimulant medications (e.g.
atomoxetine, clonidine and guanfacine) (Cortese and Angriman 2017). Alternative treatments
are also offered for ADHD patients, such as cognitive behavioural therapy (CBT). CBT for
ADHD focuses on cognitive and emotional strategies that can enhance motivation and can help
adopt strategies in everyday life, and its efficacy is highest when delivered in combination with
pharmacological treatment (Goode et al. 2018; Mongia and Hechtman 2012). Although
pharmacological treatments help to control the symptoms of ADHD, they often have variable
efficacy and adverse effects, and they can only be used as palliative treatments for symptoms
(Chu et al. 2017). In order to try to improve pharmacological treatment, several rodent models
have been suggested to investigate the mechanisms underlying ADHD (Kostrzewa et al. 2008;
Russell et al. 2005; van der Kooij and Glennon 2007). However, none of these models fulfil all
necessary validation criteria (Sontag et al. 2010). Thus, it remains critical to investigate and
validate alternative models to search for new treatments for ADHD and to uncover the
mechanisms of ADHD in the central nervous system (CNS).
The zebrafish is an increasingly popular animal model in neuroscience and has been
used to model many neurological and neuropsychiatric disorders (Meshalkina et al. 2017; Orger
and de Polavieja 2017). Until recently, the utility of zebrafish to model ADHD has been limited
by the lack of validated behavioural tests. However, recent advances in the
cognitive/behavioural tests available for adult zebrafish (Parker et al. 2013a; Parker et al.
2012a), and the increased availability of off-the-shelf automated behavioural testing apparatus
(e.g, https://zantiks.com), has improved our ability to use zebrafish as a useful complementary
animal model to rodents in the study of ADHD.
The overall aim for this thesis was to characterize a new model for ADHD-like behaviour
using zebrafish with knockout of the ADHD-linked gene, adgrl3.1 to investigate the molecular
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mechanisms linked to ADHD, and the interactions between genotype and environment.
Therefore, the purpose of this literature review is to provide a synthesis of how the putative
molecular mechanisms (including ADGRL3), and environmental factors (e.g. acute stress,
environmental enrichment, early-life adversities and social isolation) affect ADHD. The use of
zebrafish as a translational model to better understand ADHD will also be discussed.

1.2. ADHD: The neurological and genetic basis
Although ADHD is strongly linked to environmental and external factors, there are
several genetic and biochemical factors that may underline ADHD (Bonvicini et al. 2016;
Comings et al. 2000; Paclt et al. 2005). The neurological basis of ADHD is not fully understood,
but has been suggested to relate to dysregulation of neurotransmission (Hawi et al. 2015). There
are many genes that have been identified to co-segregate with ADHD in humans, and many of
these code for dopaminergic, serotoninergic and noradrenergic proteins (Lesch et al. 2008;
Zhang et al. 2012) (Figure 1.1). These genetic and neurobiological associations are supported
by the observed clinical efficacy of stimulant medications that interact with monoaminergic
signaling and by the observed neurochemistry of animal models (Gainetdinov et al. 1999; Giros
et al. 1996; Russell 2011). Several studies have also implicated an excess of large (>100 kb),
rare (<1% population frequency) copy-number variants in ADHD cases compared with controls,
suggesting that the combination of both common and rare variants are involved in ADHD risk
(Martin et al. 2015). Although the pathological mechanisms and pharmacological relevance of
many of these widely studied genes is still poorly understood, systematic screenings have been
demonstrated that allelic variations that can modify disease risk (Lo et al. 2003). Furthermore,
the importance of the identification of associated genes remains critical and could be important
to develop alternative treatments based on personalized medicine (Gold et al. 2014). Below,
this thesis reviews different neurotransmitter systems and their putative role in ADHD.
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Figure 1.1. Major ADHD-related proteins and their association with the brain monoaminergic systems.

1.2.1. Dopaminergic system and genes
Dopaminergic related genes have been frequently postulated as a risk factor for ADHD,
primarily owing to the observed clinical efficacy of stimulant-based medications in the
alleviation of ADHD symptoms (Li et al. 2006; Swanson et al. 2000). Dopamine (DA) plays a
key role for executive function and dopaminergic neurons are involved in the regulation of
expectation, attention, reward, memory and emotional states (Arias-Carrion et al. 2010).
Neuroimaging techniques have revealed that poor function in frontal and frontocortical
pathways are observed in ADHD patients in areas specifically related to activity, motivation,
memory and reward (Charach 2018; Miguelez-Fernandez et al. 2018). Moreover, many ADHD
treatments (e.g. amphetamine (Adderall) and methylphenidate (Ritalin)) act by increasing DA
levels and stimulating focus supporting the involvement of the dopaminergic system in
ADHD(Fan et al. 2010; Krause et al. 2000b).
There are two genes in particular that have received much attention in the study of
ADHD: the dopamine transporter gene (SLC6A3 or DAT1) and dopamine D4 receptor gene
(DRD4) (Gizer et al. 2009). SLC6A3 codes for the dopamine transporter (DAT) protein that is
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responsible for the reuptake of DA from the synaptic cleft (Michelhaugh et al. 2001). Its
particular interest for ADHD stemmed from the fact that SLC6A3 is the major site of action for
catecholaminergic reuptake inhibitors such as methylphenidate, a first-line medication used for
ADHD (de Azeredo et al. 2014). Studies of SLC6A3 and ADHD, however, have indicated a
complex association between the SLC6A3 haplotype and ADHD, in that there are disparities
between identified linkage in children and adults. It is known that DAT density decreases during
life (Spencer 2004) and the symptoms associated with ADHD change during adolescence
(Biederman and Spencer 2000). Thus, a differential association of the SLC6A3 gene in ADHD
depending upon age could suggest that the gene plays a role by modulating ADHD phenotypes,
rather than causing it per se (Franke et al. 2008). Although the association is complex and still
not fully understood, a recent study performed by de Azeredo et al. (2014) observed the role of
two SLC6A3 alleles, the -839 C/T (rs2652511) promoter variant and the 3’ UTR and intron 8
(Int8) VNTR polymorphisms. This work showed that the rs2652511 polymorphism represented
a risk factor for ADHD based on 522 adults with this disorder and 628 blood donor controls.
Another dopaminergic-related gene implicated in ADHD is the DRD4 which codes for
one of the five sub-classes of DA receptors (D4). This gene is located on chromosome 11p15.5
and modulates dopaminergic signaling in both frontal lobe and anterior cingulate cortex (Gizer
et al. 2009; Noain et al. 2006; Tong et al. 2015). Meta-analyses have confirmed that the 7-repeat
allele variant represents an important risk factor for ADHD in children (Gizer et al. 2009; Li et
al. 2006). Additionally, studies in adults have showed the importance of variants at both SLC6A3
and DRD4 loci playing a role in modulating key dimensions of ADHD such as impulsivity and
trait anger scores (Hasler et al. 2015)(Hasler et al., 2015). Overall, because DRD4 is abundant
in mesocortical regions, studies suggest that this receptor plays a role in the ‘inattentive’
phenotype in humans. Meanwhile, SLC6A3 (abundant in mesolimbic/striatal regions) seems to
be more often associated with the ‘hyperactive-impulsive’ phenotype in ADHD patients
22

(Diamond 2007). Other dopamine-related genes have also been related to ADHD, such as DA
receptor 2 (DRD2). This gene is directly related to the function of dopaminergic circuits (Nyman
et al. 2012; Paclt et al. 2010; Sery et al. 2006), supporting the relevance of the dopaminergic
system when studying ADHD.

1.2.2. Noradrenergic system and genes
The noradrenergic system modulates cortical functions such as vigilance, alertness,
attention and executive functions, and has long been postulated as a possible neurological
pathway underlying ADHD (Arnsten et al. 1996; Biederman and Spencer 1999; Pliszka et al.
1996; Zametkin and Rapoport 1987). In support of this, as mentioned prior, psychostimulants
such as amphetamine and methylphenidate are common drugs used to treat ADHD, and act
through both dopaminergic and noradrenergic systems (Easton et al. 2007; Engert and Pruessner
2008; Spencer et al. 2012). In addition, atomoxetine, a selective norepinephrine (NE) reuptake
inhibitor, has been found to have strong clinical efficacy in treating the symptoms of ADHD,
and is tolerated in most patients. Despite the specific mechanisms of atomoxetine being
somewhat unclear, it is known that this molecule acts selectively inhibiting the presynaptic NE
reuptake in prefrontal cortex (Barton 2005). The atomoxetine molecule has a high affinity and
selectivity for norepinephrine transporters (NET) and little/no affinity for various
neurotransmitter receptors, corroborating the importance of the noradrenergic system in ADHD
(Garnock-Jones and Keating 2009). Several noradrenergic-related genes have been implicated
in the etiology of ADHD, including SLC6A2, ADRA2A and ADRA2C, which code for the NET,
alpha-2A adrenergic receptor and alpha-2C adrenergic receptor, respectively.
The NET, coded by SLC6A2, reuptakes NE in presynaptic terminals, and is a highaffinity sodium-dependent and chloride-dependent transmembrane glycoprotein (Gonzalez et
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al. 1994; Thakur et al. 2012). The clinical efficacy of ADHD treatments such as methylphenidate
and atomoxetine correlate with genetic polymorphisms in SLC6A2 (Park et al. 2012; Ramoz et
al. 2009). Hohmann et al. (2015) explored two genetic variants of SLC6A2 (rs3785157 and
rs28386840) in children with ADHD aged 4 to 15. In this study they showed that patients
carrying the functional promoter variant rs28386840 exhibited a higher rate of lifetime diagnosis
whereas the minor T allele of rs3785157 were more expected to develop ADHD and showed
higher externalization of ADHD-characteristic behaviours (Hohmann et al. 2015).
Polymorphisms in genes coding for the NE receptors are also related to ADHD
pathology, and both alpha-2A adrenergic receptors and alpha-2C adrenergic receptors are
candidates for genetic research (Cho et al. 2008; Riess et al. 1992). The alpha-2A adrenergic
receptor is coded by ADRA2A, a gene located at 10q24–q26 and that is more concentrated in the
prefrontal cortex region. Interestingly, the optimal function of the prefrontal cortex
noradrenergic system is important for attentional control. The ADRA2A gene is also linked to
comorbid psychiatric diagnosis (e.g., anxiety disorder and depression) and treatment resistance
to methylphenidate in ADHD patients (Unal et al. 2016; Zhang et al. 2017) making the ADRA2A
gene an important candidate for understanding the underlying mechanisms of ADHD (Arnsten
and Dudley 2005; Arnsten et al. 1999; Bidwell et al. 2018; de Cerqueira et al. 2011; Lario et al.
1997). Similarly, it has been suggested that the genes for alpha receptors-1A and 1B (ADRA1A
and ADRA2B) and beta receptor 1 and 2 (ADRB1 and ADRB2) may also play a role in ADHDrelated symptoms (Lasky-Su et al. 2008). Finally, although the alpha-2C adrenergic gene
(ADRA2C) is also considered an important candidate for ADHD mechanisms, a study in adults
showed that no preferential transmission of any ADRA2C allele is found in small families with
ADHD which excludes the involvement of ADRA2C marker on risk for this disorder (De Luca
et al. 2004). Therefore, because of the strong evidence of SLC6A2 gene and ADRA2A playing a
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role in ADHD-related phenotypes, these genes are also important candidates when
understanding the mechanisms underlying ADHD in humans and in translational models.

1.2.3. Serotoninergic system and genes
The serotoninergic system plays an important role in ADHD, as many treatments act by
affecting serotonin transmission, causing calming effects in motor activity (Quist et al. 2003;
Winstanley et al. 2006). Serotonin (5-hydroxytryptamine; 5-HT) is also involved in many
behavioural functions including attention, sleep, memory, learning, locomotion and anxiety
(Lucki 1998). Although evidence of the role of 5-HT in ADHD is still less understood, 5-HT
dysregulation has been associated with impulsive behaviour in children, with alterations in
expression of serotoninergic genes being associated with ADHD (Oades 2008; Quist et al.
2003). In this context, the SLC6A4 and HTR1B genes, which code for the sodium-dependent 5HT transporter (5-HTT) and 5-hydroxytryptamine receptor 1B (5-HT1B receptor), respectively,
have been frequently studied (Banaschewski et al. 2010; Oades 2008).
The 5-HTT is transmembrane protein member of a transporter family that is dependent
on Na+ and Cl- and is responsible for mediating the reuptake of serotonin from the synaptic cleft.
Thus, the sequential binding of serotonin, sodium and chloride ion to 5-HTT occurs followed
by the release of 5-HT inside the cells, which is followed by intracellular binding of potassium
ion that revert its position and allows the binding of another serotonin molecule (Amara and
Pacholczyk 1991; Gizer et al. 2009). The SLC6A4 gene is known to modulate behavioural
responses to methylphenidate in children with ADHD (Thakur et al. 2010). Maternal smoking
and stress may result in increased DNA methylation (Grizenko et al. 2008; Langley et al. 2005)
which, when this occurs in certain critical cells or nuclei, is considered a risk factor for ADHD.
In addition, van Mil et al. (2014) observed that DNA methylation of DA receptors and of 525

HTT are associated with ADHD symptoms in children at 6 years old. Overall, both serotonin
and DA neurotransmitters are involved in the mechanisms underlying ADHD, and clinical
evidence has demonstrated that serotoninergic inputs may moderate DA effects on attention,
impulsivity and hyperactivity behaviours (Arnsten and Rubia 2012; Oades et al. 2008).
As suggested before, the gene HTR1B which codes the 5-HT1B receptor is also related to
ADHD etiology. The functional role of 5-HT1B receptor varies depending upon its location, and
it is most concentrated in basal ganglia, striatum, and frontal cortex (Zifa and Fillion 1992). 5HT1B serves as an inhibitory auto receptor of serotonin release and is responsible for regulating
the release of other neurotransmitters (e.g. acetylcholine, glutamate, DA, NE and GABA)
(Barnes and Sharp 1999; Cryan and Lucki 2000; Hoyer et al. 2002; Huang et al. 2014; Pytliak
et al. 2011; Sari 2013). The most widely studied variant of HTR1B is the G861C polymorphism
(Sanders et al. 2002). Rodent studies have suggested the involvement of the HTR1B gene in
motor and locomotor changes (Kalueff et al. 2007; Swann et al. 2016), and there is some
evidence that the HTR1B gene may be an important risk factor for the development of ADHD
though an analysis of the genetic linkage between G861C polymorphism and ADHD in 115
families (Quist et al. 2003).
Overall, DA, NE and 5-HT neurotransmitters are involved in the mechanisms underlying
ADHD, and clinical evidence has demonstrated that serotoninergic inputs may moderate DA
effects on attention and hyperactivity behaviours (Arnsten and Rubia 2012; Oades 2008).
Importantly, these genes independently confer a small risk for developing ADHD and offer the
framework for a genetic map of likely candidates to investigate the basis of their association to
this disorder (Field et al. 2013; Gold et al. 2014). Thus, other molecular pathways are also often
linked to ADHD including the Adhesion G proteins-coupled receptor L-3 (ADGRL3) protein,
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which is the target protein of study in this thesis. More details about this protein and its role in
ADHD are discussed further in the next topic.

1.3. The role of ADGRL3 in the brain and in ADHD
There are many other related mechanisms associated with ADHD in humans, including
G protein-coupled receptors (GPCR), nitric oxide system and transcription factors
(Banaschewski et al. 2010; Davids et al. 2003; Fallgatter et al. 2013). One such example that
has received substantial attention in ADHD research is the ADGRL subfamily of GPCR, which
are proteins involved in cell adhesion, signal transduction and synaptic signaling (Arcos-Burgos
et al. 2010; McMillan et al. 2002; Scholz et al. 2015). ADGRL, also known as Latrophilin
(LPHN) proteins, contain the following domains: Lectin and Olfactomedin domains (adhesion
modules); Hormone Binding Region which is together to a adhesion GPCR autoproteolytic
inducing domain that encompasses a cleavage site (GPS); and finally a GPCR region,
characterized by seven transmembrane helices with interconnecting loops and C-terminal tail
(Arac et al. 2012). These proteins are encoded by three genes (ADGRL1, ADGRL 2 and
ADGRL3)(Krishnan et al. 2016) and a few endogenous ligands are known for being responsible
for ADGRL’s physiological functioning across species such as teneurins, neurexins, fibronectin
leucine-rich repeat transmembrane proteins (FLRTs) and contactins (Boucard et al. 2012;
O'Sullivan et al. 2012; Silva et al. 2011; Zuko et al. 2016). The ADGRL3 is the ADGRL protein
most linked to ADHD in humans, and the focus of this thesis is to better understand the role of
the ADGRL3 in behaviour including ADHD-related behaviours.
ADGRL3 is the most brain-specific of the ADGRL proteins and it is highly expressed
in mesolimbic regions and the cerebellum (Ichtchenko et al. 1998; Krain and Castellanos 2006;
Sugita et al. 1998; Zhang et al. 2020). Synaptic GPCR proteins can form trans-synaptic
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complexes across the synaptic cleft, and play an important role in initiating synapse formation,
maintaining synapse stability, and regulating synapse properties (Sudhof 2018). The ADGRL3
is essential for a diverse array of excitatory synapses; for example, acting as postsynaptic
recognition molecules in the carbonic anhydrase 1 (CA1) pyramidal neurons of the
hippocampus (Sando et al. 2019). The mechanisms underlying ADGRL3 role in synapse
formation depends on two important ligands, FLRTs and teneurins, since their absence suppress
input-specific synapse formation in transgenic mice (Sando et al. 2019). In the cerebellum, the
double deletion of ADGRL2/3 suppresses parallel-fiber synapses and reduces parallel-fiber
synaptic transmission by ~50% without changing release probability (Zhang et al. 2020). The
structure and ligands-pairing of the ADGRL group of proteins is illustrated in Figure 1.2.
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Figure 1.2. The structure and ligand-pairing of the ADGRL group of proteins. (A) Structure of ADGRL1, 2, 3. (B
– D) Molecular complexes are shown between ADGRLs and indicated ligands in dedicated zoomed-in boxes.
Adapted from “Latrophilins: A Neuro-Centric View of an Evolutionary Conserved Adhesion G Protein-Coupled
Receptor Subfamily” by Moreno-Salinas A.L., et al., 2019, Frontiers in Neuroscience, v. 13, p 700.

The ADGRL proteins are not only present in post-synaptic regions but previous studies
also point out that these proteins are present in pre-synaptic regions depending on developmental
stages or neuronal types (for complete review on ADGRL function and structure see MorenoSalinas et al. (2019). Therefore, ADGRL3 was shown to have an important pre-synaptic
function by establishing neural connections, playing a role in cone formation and reshaping the
cell cytoskeleton (Cruz-Ortega and Boucard 2019; Nozumi et al. 2009). The growth cones are
often seen as immature presynaptic structures where proteomic studies showed a large presence
of ADGRL3 in this structure (Nozumi et al. 2009). The neuronal migration has a purpose to find
the adequate partnering cell which is facilitated by elongation of axonal structures where actin
is responsible for increasing surface contact with surroundings (Rich and Terman 2018).
Regarding its function in the cytoskeleton, ADGRLs (including ADGRL3) were found to
prominently increase the activity of the actin-depolymerizing factor, cofilin. In the same study,
the intracellular adhesion events that are stabilized by teneurins were disrupted by ADGRL
colocalization with F-actin and led to isoform-specific rescue of cell extension. Altogether, these
data support the role of ADGRL as a ligand-inducing signaling in actin remodeling of neuronal
cytoskeleton (Cruz-Ortega and Boucard 2019) that plays an important role in pre-synaptic
regions.
For several reasons, the ADGRL3 gene is thought to increase ADHD risk in humans.
Firstly, global linkage studies have confirmed changes in expression level of ADGRL3 in ADHD
patients (Domene et al. 2011; Hwang et al. 2015); secondly, ADGRL3 is expressed in brain
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regions critical for attention and hyperactivity (e.g., amygdala, caudate nucleus, pontine nucleus
and cerebellar Purkinje cells) (Arcos-Burgos and Muenke 2010; Krain and Castellanos 2006);
thirdly, ADGRL3 affects the metabolism of neuronal pathways implicated in ADHD (e.g., DA
system) (O'Sullivan et al. 2014); fourthly, evidence has shown that the response to stimulant
treatment is related to ADGRL3 expression (Arcos-Burgos et al. 2010).; fifthly, the impacts on
behavioural and neurophysiological measures of cognitive response control were also related to
ADGRL3 (Fallgatter et al. 2013). Collectively these data strongly support the importance of the
ADGRL3 gene in ADHD pathology.
Overall, although ADGRL3 is often associated with ADHD, the mechanisms by which
this gene leads to ADHD and how environment interacts with ADGRL3 to induce ADHD-like
behaviour remains incompletely understood. The use of translational (non-human animal)
models are therefore essential to better our understanding of this neurodevelopmental disorder.
In the next section we will discuss the role of different animal models, and their relevance to the
unanswered questions about ADHD.

1.4. Traditional animal models of ADHD and their limitations
The criteria for an optimal animal model of ADHD must consider face validity and
construct validity. Face validity refers to the extent to which the model displays the
characteristics of the disease phenotype (Willner 1986). In an ADHD model, the model should
mimic fundamental behavioural characteristics, including development of impulsiveness, a
sustained attention-deficit and hyperactivity in a threatening environment that develops over
time (Sagvolden et al. 2005b). The face validity is a general measure, and researchers often use
construct validity to validate an animal model (Gottesman and Gould 2003). Construct validity
is important to confirm both hypotheses underlying the pathophysiological basis of this disorder,
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and the theoretical framework that connects behavioural symptoms with the modelled disease
(Willner 1986). The construct validity for ADHD includes two behavioural mechanisms that are
mostly contributory factors for this disorder: altered reinforcement of novel behaviour and
deficient extinction of previously reinforced behaviour (Russell et al. 2005; Sagvolden et al.
2005a; Sagvolden et al. 2005b). Examples of construct validity from the biological domain may
also include neurodevelopmental similarities and preferably shared genetic perturbations (Cope
et al. 2016). Once an animal model has been demonstrated to have both face and construct
validity, this will lead to the model having predictive validity, and may then advance our
knowledge about novel aspects of the condition. These may include, for example, behaviour,
genetics, and neurobiology, and ultimately may provide potential for the development of new
treatments.
Genetic mutant lines are gaining momentum as an important tool to understand the
mechanisms underlying ADHD and to characterize genes linked to this disorder (Sagvolden et
al. 2005b). Some of these mutant models have shown high face, construct and predictive validity
on account of observed behavioural symptoms, alterations of dopaminergic function, and
showing a ‘therapeutic’ response to classical pharmacological treatments (Davids et al. 2003;
Russell 2007; Sagvolden et al. 2005b). An example is the DAT knockout mouse that has been
widely used and displays classical ADHD-related symptoms such as locomotor hyperactivity
and learning deficits (Gainetdinov et al. 1999). However, a limitation of this model is that both
adult and child ADHD patients have increased DAT levels, and this is at variance from the
rodent model which is characterized by a lower expression of DAT (Cheon et al. 2003;
Dougherty et al. 1999; Krause et al. 2000b). Several mutant models have been used to study
other ADHD-related neurotransmitter systems including serotonin (Bouwknecht et al. 2001;
Brunner et al. 1999; Smoller et al. 2006; Zhuang et al. 1999) and glutamate (Callaway et al.
1992; Rempel et al. 1993). These models do have face, construct and predictive validity, but
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nevertheless have several limitations, including that some expected ADHD behavioural patterns
are not present by mutant animals.
In rodents the ADGRL3, the target gene of this thesis, was previously studied using
Sprague-Dawley rats harboring Adgrl3 gene knockout (Regan et al. 2020; Regan et al. 2019).
Several behavioural perturbations, including persistent hyperactivity, increased acoustic startle,
and a reduced activity in response to amphetamine, were observed in the absence of the
ADGRL3 protein. Knockout for the Adgrl3 gene also has a sex-specific effect in anxiety-related
behaviours where females showed reduction of ‘anxious’ behaviour when treated with
amphetamine (Regan et al. 2019). The mechanisms underlying the behavioural changes of
Adgrl3 mutants were also studied, being mostly linked to the dopaminergic system. Therefore,
striatal tyrosine hydroxylase, aromatic L-amino acid decarboxylase (AADC), and the DAT were
increased in the brain of these knockout animals, meanwhile dopamine D1 receptor (DRD1) and
DA- and cAMP-regulated neuronal phosphoprotein (DARPP-32) were decreased (Regan et al.
2019). The same authors also further investigated aspects of dopaminergic transmission and
found that Adgrl3 knockout rats have higher release of DA when compared to wild type
(WT)(Regan et al. 2020). Although knockout rats for Adgrl3 gene were linked to hyperactivity
and the importance of DA was studied, little is known about how other systems such as NE and
5-HT have a role in the ADHD-related phenotypes of animals lacking the ADGRL3 protein.
Impulsivity and attention are also core-symptoms of ADHD and the behavioural
characterization of those behaviours in Adgrl3 mutant rats are still not studied.
Although the use of rodents or non-human primate models are useful to access many
behavioural and neural pathways of ADHD, these experiments are frequently expensive and
time-consuming (Sontag et al. 2010). In this context, alternative models with the potential for
high throughput screening identifying genetic alterations and interactions, as well as to identify
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new pharmacological treatments, are becoming popular (Amsterdam and Hopkins 2006; Kalueff
et al. 2014a; Mezzomo et al. 2018; Parng et al. 2002). In the next section, we discuss the use of
zebrafish (Danio rerio), as a newly emerging model with a high face, construct and prediction
validity, and its potential contribution to understanding the mechanisms underlying ADHD.

1.5. Zebrafish as an alternative model for ADHD
The zebrafish (Danio rerio) has recently emerged as a suitable model organism to study
the fundamental conserved mechanisms associated with complex psychiatric disorders (Kalueff
et al. 2014b; Stewart et al. 2015). Zebrafish are very easy to breed and can be housed in large
numbers in a relatively small space (Nasiadka and Clark 2012). Moreover, zebrafish develop
externally, and their eggs are transparent, which facilitate developmental studies and
manipulation of neural circuits using fluorescent probes in an intact fish (Fetcho and Liu 1998;
Norton et al. 2011). Importantly, the availability of multiple zebrafish strains allows a large
number of studies to investigate brain function, drug responses, and correlate behavioural
phenotypes (Kalueff et al. 2014b). Some of the advantages using zebrafish in neuroscience
research is displayed in Figure 1.3.
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Figure 1.3. The general timeline of model organism applications in neuroscience and various factors driving them
(relative animal size reflects a general use of the model species in neuroscience research). Top insets – summary
of evolutionary tree of model organisms (right), also paralleling their genetic homology to humans (middle) and
reflecting relative costs (right). Bottom insets outline the models' relative CNS homology (left), potential for highthroughput, research regulation burden (middle), and following the 3R principles of ethical experimentations
(right). Reprinted from “The developing utility of zebrafish models of neurological and neuropsychiatric disorders:
A critical review” by Fontana, B.D., et al., 2018, Experimental Neurology, v. 299, p 157 – 171.

The utility of both larval and adult zebrafish in neuroscience has considerably grown in
the last decades, mainly due to their high genetic and physiological similarities with humans,
relative ease of genetic manipulation and similar CNS functions (Gerlai 2010a; b; 2011). The
zebrafish genome has been fully sequenced, showing a 70% correspondence with the human
counterpart (Laggner et al. 2011). This feature is of great interest when exploring the link
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between genes and various CNS disorders (e.g. ADHD, schizophrenia and Parkinson’s disease,
among others) (Howe et al. 2013). Furthermore a large number of mutants have been described,
as well as the use of molecular tools for forward and reverse genetic studies (i.e. CRISPR
(Clustered regularly interspaced short palindromic repeats) (Hruscha et al. 2013), TALENs
(Transcription activator-like effector nucleases) (Clark et al. 2011b), gene-breaking transposonbased approaches (Heintze et al. 2013), TILLING (Targeting Induced Local Lesions in
Genomes method) (Moens et al. 2008), viral vector-mediated insertional mutagenesis
(Amsterdam and Hopkins 2006), morpholino antisense oligonucleotides (Bill et al. 2008),
optogenetics (Nagel et al. 2003; Zhang et al. 2007), techniques to monitor neural activity, and
electrophysiology (Higashijima et al. 2003). Therefore, zebrafish represent a useful tool, and a
cost-effective tractable system (Stewart et al. 2015).
Despite some differences in fish and mammalian brain structures, the organization and
molecular mechanisms of brain formation in zebrafish is highly conserved (Tropepe and Sive
2003). Zebrafish presents all major neurotransmitter systems described for mammals, such as
glutamate, GABA (Higashijima et al. 2004), acetylcholine (Panula et al. 2010), DA, 5-HT
(McLean and Fetcho 2004) and histamine (Thakkar 2011). This fact is particularly important
because these systems are involved in various psychiatric diseases (Stewart et al. 2015). The
well-characterized neural development and several cutting-edge genetic tools make the
zebrafish a promising model to study complex brain disorders (Kalueff et al. 2014a; Stewart et
al. 2015).
A battery of behavioural tests to assess both larval and adult zebrafish behaviours have
been already described (Kalueff et al. 2013; Norton and Bally-Cuif 2010; Norton et al. 2011).
Notably, zebrafish behavioural responses in many protocols are repeatable, and analogous with
those of the mammals (Champagne et al. 2010; Spence et al. 2008). Zebrafish behavioural
phenotypes may help provide insight into neural pathways, physiological biomarkers, and
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underpinnings of normal and pathological brain function (Kalueff et al. 2013). Moreover, the
well-characterized behavioural repertoire of zebrafish facilitates the study of different
phenotypes; for example, locomotor activity, aggression, anxiety, sociability, and memory
deficits, which are often associated with neuropsychological disorders (Kalueff et al. 2013;
Kalueff et al. 2014b; Maximino et al. 2015; Stewart et al. 2014). Although the functions of genes
involved in psychiatric disorders are still relatively understudied in zebrafish, this species
represents an important tool to provide novel information related to neuropsychiatric disorders
(Norton 2013).
The advantages and limitations of zebrafish as a model in translational neuroscience
research have been extensively discussed (Kalueff et al. 2014a; Kalueff et al. 2014b; Lieschke
and Currie 2007; Nguyen et al. 2013; Stewart et al. 2014; Stewart et al. 2015). Although the use
of zebrafish models in neuropsychiatric disorders has many advantages, it also presents some
limitations (Stewart et al. 2014). The limitations of zebrafish include some differences in brain
development; for example, instead of a laminar cortex, the telencephalic nuclei in teleost fishes
have evolved as a pallium, containing simpler neural circuits compared with the mammalian
cortex (Ito and Yamamoto 2009). Zebrafish have an amygdala-like structure which is related to
emotions and motivated behaviour (von Trotha et al. 2014). Despite habenular development
being phylogenetically conserved across vertebrates, there remain some anatomical differences
(e.g. the orientation and size ratio of the medial and lateral habenula differs across species) (Aoki
et al. 2013). Together, both neurobiological differences and the lack of studies showing the
correlation of certain structures of the zebrafish brain (vs. mammals), must be considered
critically when translating zebrafish responses into human disorders. Zebrafish are sensitive to
all major classes of neurotropic drugs, for example antipsychotics (Kokel and Peterson 2008;
2011; Seibt et al. 2010; Seibt et al. 2011), anxiolytics (Giacomini et al. 2016a; Marcon et al.
2016), mood stabilizers (Ellis and Soanes 2012), antidepressants (Richendrfer and Creton 2018;
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Sinyakova et al. 2018), ethanol (Fontana et al. 2018; Gerlai et al. 2000; Muller et al. 2017;
Rosemberg et al. 2012), sedatives/hypnotics (Riehl et al. 2011; Yang et al. 2018), stimulants
(Braida et al. 2007; Suen et al. 2013), hallucinogens (Braida et al. 2007; Cachat et al. 2013),
antiepileptics (Loscher 2017; Mussulini et al. 2013), anesthetic/analgesics (Riehl et al. 2011)
and cognitive enhancers (Grossman et al. 2011; Rajesh and Ilanthalir 2016). However, drugs
which are not water-soluble can be problematic to administer by water immersion; thus, the use
of solvents (e.g., DMSO) as well as other routes of administration are sometimes necessary,
leading to difficulties with potential adjunct effects (Kalueff et al. 2014b; Stewart et al. 2014).
Another important fact to be considered is the genome duplication in teleost fish (Lu et
al. 2012). Genome duplication events supposedly have preceded evolution of vertebrates (Ohno
et al. 1968). Therefore, most organisms contain multiples copies of genes that are close in
function and structure (Force et al. 1999). The gene duplication results from different
mechanisms (e.g. unequal crossing over, retrotranposition, and chromosome duplication)
(Hurles 2004). Regarding profiling of genome duplication in teleosts, it was previously reported
that a large number of genes were tandemly and intrachromosomally duplicated (Lu et al. 2012).
Profiling of gene duplication in teleost fishes, including zebrafish, has revealed that gene
duplication patterns have played significant roles in shaping the architecture of the whole
genome, resulting in functional diversification and divergence of important physiological
processes (Lu et al. 2012). Because of this, some zebrafish genes have two copies instead of the
one observed in mammalian counterparts (Lu et al. 2012). The resulting genetic difference can
complicate the analysis of specific genes associated with diseases, particularly if the effect of
the mutated gene is masked by an unaltered paralogous gene (Stewart et al. 2015).
Zebrafish also represent a great model for high-throughput behaviour-based drug
discovery (Rihel et al. 2010a; Rihel and Schier 2012). Because large-scale chemical screens in
mammals are inefficient and impractical (Kokel and Peterson 2008), the use of zebrafish for
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extensive behaviour-based chemical screens would help to improve our understanding of
neurobiology of different psychiatric and neurological disorders, and accelerate psychiatric drug
discovery. By combining the in vivo relevance of behaviour-based phenotyping with the
automation of modern drug screening technologies, zebrafish provide a powerful, systematic
approach to discover the complexities of vertebrate behaviour (Kokel and Peterson 2011).
Overall, there have been a number of studies that have reported the utility of zebrafish
for examining ADHD genes (Huang et al. 2015; Lange et al. 2018; Lange et al. 2012; Martinez
et al. 2016). Despite zebrafish appearing to be a promising ADHD-like model, there remains an
important need to expand the number of endophenotypes that can be measured, in particular
those used to quantify attention and impulsivity. Previous studies have demonstrated the ability
of zebrafish to perform on the three-choice (Parker et al. 2012a) and five-choice (Parker et al.
2013a) serial reaction time tasks, suggesting impulsivity can be modeled in this species (see
below). Finally, the availability of several genetic, optogenetic, and electrophysiological assays,
a large number of mutant and transgenic strains, and the robust behavioural repertoire supports
the potential of zebrafish for modeling psychiatric disorders. Therefore, both larval and adult
zebrafish are key model organisms in translational molecular psychiatry fostering neuroscience
research and CNS drug discovery (Stewart et al. 2015). During the next topic of this thesis, the
potential zebrafish behavioural tasks to better understand ADHD-related phenotypes are
discussed.

1.6. Behavioural tasks and zebrafish phenotypes related to ADHD
1.6.1 Locomotion and Exploration
One of the cardinal symptoms of ADHD is hyperactivity (Faraone et al. 2003; Halperin
et al. 1992; Polanczyk et al. 2015; Spencer et al. 2007; Wolraich et al. 1996). Locomotion and
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exploration have been well-characterized in zebrafish and can be used as a readout of this
ADHD-like behaviour. Locomotor and exploratory profiles can be measured in multiple
behavioural tests (e.g. open field and novel tank diving tasks), the nature of which depends
primarily on the animals' age (Blaser and Rosemberg 2012; Budick and O'Malley 2000; Egan
et al. 2009; Grossman et al. 2010; Ingebretson and Masino 2013; Lange et al. 2013; Lange et al.
2012; MacPhail et al. 2009; Mezzomo et al. 2016; Rosemberg et al. 2012; Ulhaq et al. 2013;
Wong et al. 2010). For example, in larval zebrafish (≤ 14 days post fertilization), locomotion
patterns can be assessed by simply placing animals in small multi-well plates and recording their
movements for 5-10 min (Ingebretson and Masino 2013; Lange et al. 2013; Lange et al. 2012;
MacPhail et al. 2009; Ulhaq et al. 2013). The locomotor profile of larval zebrafish has previously
been characterized as being formed of two main categories based upon the point at which the
larva’s body bends maximally: burst swims (near the mid-body) and slow swims (closer to the
tail) (Budick and O'Malley 2000). Parameters such as swim episode frequency (Hz) and duration
(ms), swim speed (mm/s), active swim time (s) and the total distance swum (cm) can be used to
investigate the locomotor profile in detail using automated behavioural analysis systems such
as EthoVision XT , ANY-maze (ANY-maze © – Stoelting Co., USA) and Zantiks (Zantiks Ltd.,
Cambridge, UK). These automated video tracking systems may offer researchers a reliable and
consistent tool for analyzing zebrafish behaviour reducing the likelihood of human error and
bias, as well as increase the speed of data collection and analysis compared to manual
recording/analysis (Cachat et al. 2011).
The novel tank diving test and open field tests are often used to measure hyperactivity,
anxiety and exploration in adult zebrafish through the analysis of different parameters (e.g.
distance traveled, mean velocity, absolute turn angle and time spent immobile) (Blaser and
Rosemberg 2012; Stewart et al. 2011b). In the novel tank diving test, zebrafish normally spend
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most of the time at the bottom of the tank and gradually explore the top area (Blaser and
Rosemberg 2012; Egan et al. 2009; Mezzomo et al. 2016; Rosemberg et al. 2012; Wong et al.
2010). This task is sensitive enough to detect sex differences in zebrafish - female fish present
a stronger anxiety-like phenotype than males (Fontana et al. 2020; Genario et al. 2020). Since
anxiety is a comorbid symptom of ADHD that is more often found in women (Quinn 2005), this
task could be also used to assess sex-differences when studying ADHD in zebrafish. Similar to
the novel tank test, the open field test assesses zebrafish behaviour in a novel environment and
locomotor and exploratory activity are assessed. However, in the open field test, fish are
recorded from above and the time spent close to the walls (thigmotaxis) is used as a parameter
to measure anxiety-related behaviour (Colwill and Creton 2011; Kalueff et al. 2013; Shams et
al. 2015).
Scototaxis-related tasks have also been used to assess the anxiogenic and anxiolytic
effects of drugs (Alia and Petrunich-Rutherford 2019; Gerlai et al. 2000). Scototaxis is an
animal’s preference for dark areas compared to bright/white areas of a tank. In zebrafish, the
preference for time spent on black or white changes across life. While adult animals naturally
prefer dark areas, larvae tend to spend more time in the bright area of the tank (Blaser and
Penalosa 2011; Facciol et al. 2019). Importantly, scototaxis is extremely sensitive to both the
background shade and the amount of illumination that is used. This complicates the comparison
of behaviour described in different studies (Facciol et al. 2019).
Anxiety and depression are relatively non-specific comorbid symptoms of a variety of
psychiatric disorders including ADHD (Blazer 1982; Heim et al. 2008; Levy et al. 2020) and
can be assessed in the tasks described above. When analyzing anxiety-behaviour in zebrafish,
parameters such as freezing, fast-starts, leaping out of the tank, erratic swimming and the level
of arousal (the rate of opercular beats, showing respiration) should also be considered (Egan et
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al. 2009; Kalueff et al. 2013; Levin et al. 2007). Exposure to a predator has also previously been
used to assess anxiety-related phenotypes such as freezing and defensive behaviour (jumping)
(Gerlai et al. 2009). However, the use of predator models to investigate anxiety requires careful
interpretation, due to the potential conflict between fear and anxiety triggered in this test
(Ahmed et al. 2011; Gerlai et al. 2009). The neuroendocrine responses to stress are robust in
these anxiety-related tasks (Blaser and Rosemberg 2012; Cachat et al. 2010). However, there
are no validated protocols to assess depression in zebrafish, and it is possible that fish cannot
experience this behaviour, meaning that it will be difficult to model this comorbid symptom. An
overview of the behavioural tasks used to assess locomotion, exploration and anxiety, and their
utility in adult zebrafish is presented in Table 1.1.

Behavioural
test

Major endpoints

References

Novel tank
diving test

Locomotor parameters: Distance traveled, Absolute turn angle,
Maximum speed, Immobility. Anxiolytic-like behaviour: ↑ Time
spent in the top area, ↑Transitions to the top area, ↓Latency to enter
the top area. Anxiogenic-like behaviour: ↑Time spent in bottom
area, ↑Freezing/Erratic movements.

Egan et al., 2009; Gerlai et
al., 2000; Rosemberg et
al., 2011; Stewart et al.,
2014; Tran et al., 2016

Open field

Thigmotaxis behaviour: Entries to the center area, Time in the
center area, Entries to periphery area, Time in the periphery area.
Exploratory behaviour: Distance traveled, Maximum speed,
Time immobile.

Baiamonte et al., 2016;
Champagne et al., 2010;
Grossman et al., 2010;
Nema et al., 2018

Light-dark
test

Chaves et al., 2018;
Anxiolytic-like behaviour: ↑Time spent in the lit area.
Facciol et al., 2019;
Anxiogenic-like behaviour: ↑Time spent in the dark area,
Holcombe et al., 2014;
↑Freezing, ↑Risk assessment episodes.
Maximino et al., 2010

Predator test

Avoidance and fear-like responses: Time in the predator area, Gerlai et al., 2000; Fontana
Transitions to the predator area, Freezing episodes, Risk et al., 2018; Ladu et al.,
assessment episodes.
2015

Adult
behaviour

Table 1.1. Summary of tasks used in to evaluate locomotion, exploratory activity and anxiety-like behaviour in
adult zebrafish.
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1.6.2 Attention Set Formation and Impulsivity
Self‐regulation and the control of attention and impulsivity are essential traits that are
present in different species (Nigg 2017; Parker et al. 2014b). Dysregulation of both behaviours
are also two of the core symptoms of ADHD patients (Winstanley et al. 2006). In rodents, one
of the most popular tasks to assess attention and impulsivity is the five-choice serial reaction
time task (5-CSRTT) (Bari et al. 2008; Higgins and Silenieks 2017). In this assay, animals are
trained to respond to a brief, unpredictable visual stimulus showed in one of five locations.
Changes in speed, choice accuracy and attentional performance are quantified following upon
different experimental manipulations (e.g. changes in the light stimulus duration and delay)
(Bari et al. 2008; Higgins and Silenieks 2017; Parker et al. 2014b; Parker et al. 2015).
Parker et al. (2012a) were the first to characterize impulsivity and attention in zebrafish
by using a 3-choice serial reaction time task (3-CSRTT). The 3-CSRTT task is based upon a
similar principle as the rodent 5-CSRTT and consists of a 17-day training period followed by 5
days of testing. Exposure of day 20 and 22 animals to a low dose of amphetamine (0.025 mg/kg)
significantly reduced anticipatory responses (i.e. attempt of getting food reward before stimulus
light is on) in the 3-CSRTT. This finding validated this task, because amphetamine is often used
as a positive control in rodent models (Parker et al. 2012a). Later, a fully automated system was
successfully developed for the 5-CSRTT task by combining image analysis software with
“Labview” drivers and actuators (Figure 1.4)(Parker et al. 2013a). The 5-CSRTT consists of 5steps. The first four steps are part of the training period: animals spend the 1st week habituating
to the task environment (all lights on and food delivered at a pre-scheduled time); the 2nd week
is the magazine training (learning to associate the magazine light to the food stimulus); In the
3rd week, the animals are challenged to recognize the stimulus light (after magazine light
activation, all 5-chamber lights are activated); and the 4th-8th week is a 5-CSRTT 5 s interval
42

training (after magazine light activation, animals need to enter one of the 5-chambers that has
the light illuminated). In weeks 9 – 11 animals are tested following the same procedure as in the
last training step, except that the time delay interval is now 10 s. This assesses whether animals
will try to reach the correct choice even though no light is on (premature response/impulsive
behaviour) (Parker et al. 2013a). Interestingly, application of 0.6 mg/kg atomoxetine reduces
zebrafish impulsive behaviour in the 5-CSRTT, whereas high doses of methylphenidate (4
mg/kg) increased the number of anticipatory responses (Parker et al. 2014b) suggesting that the
previous effect of amphetamine in reducing impulsive behaviour is most likely associated with
NE signaling. Overall, these studies demonstrate that conserved neurotransmitter signaling
pathways control impulsivity in zebrafish and other vertebrates.

Figure 1.4. Illustration of the 5-choice serial reaction time task for zebrafish. (A) 1st week of training – habituation
to the lights and to the new environment. (B) 2nd week of training – process of learning to associate the initiator
light to the food reward in the food chamber area. (C) 3rd week of training – consist in the activation of the trial by
entering in the initiator light zone and then responding to the chamber light activation (5 chamber lights are on at
this stage). (D) 4th – 8th week of training – at this step fish will initiate the trial and then need to get into the
illuminated chamber out of 5 chambers. (E) 9th to 11th week of training – the animals’ accuracy, anticipatory
response and omissions will be assessed by repeating same procedure of step D but with the addition of a time
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delay interval of 10s. After the baseline assessment, fish can be treated with a target drug before the test to assess
their response to a specific treatment. Any of the training steps can be shorten or increased depending on animals
learning, aiming for 60% of correct responses until the test phase.

To date, there have been few studies that have measured attention in zebrafish, and it is
not clear whether they can maintain an attention set in a similar manner to other vertebrates
(reviewed in Echevarria et al. (2011). In rodents, five categories of attention have been
proposed: orienting, expectancy, stimulus differentiation, sustained attention, and parallel
processing (Bushnell 1998). Orienting has been measured in a social attention paradigm in
which male zebrafish were permitted to eavesdrop upon different stimuli: two male zebrafish
fighting each other; two non-interacting males separated by a barrier; or an empty tank (Abrilde-Abreu et al. 2015). The focal fish’s orientation and proximity to the stimulus was used as a
read-out of attention. Zebrafish spent more time watching a fight than watching the two fish
separated by a barrier. They paid particular attention to lateral displays at the beginning of fights
suggesting that this represents an important social cue (Abril-de-Abreu et al. 2015). In a recent
study, the ability of zebrafish to orient themselves to each other has been shown to be controlled
by LIM homeobox 8a-positive cholinergic neurons in the ventral forebrain (Stednitz et al. 2018),
an area of the teleost brain that may be homologous to the lateral septum in mammals. Sustained
attention has been measured using a novel object recognition test (Braida et al. 2014). The
amount of time spent interacting with an object presented on a video screen was recorded. Wildtype zebrafish could differentiate between a familiar and novel object up to 24 hours later.
Despite these promising findings, further studies validating attention and impulsive-related
tasks such as the stop-signal task (SST) (Bari and Robbins 2013), go/no-go task (Eagle et al.
2008), 5-choice continuous performance task (5C-CPT) (Cope and Young 2017), would
increase the face of the validity of using zebrafish to model ADHD.
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ADHD patients can also exhibit increased risk taking as an impulse control-related
deficit. This is usually associated with individual traits such the co-expression of other disorders
(e.g. oppositional defiant disorder) and changes in the perceived benefits of risk-taking
behaviour (Pollak et al. 2019). Boldness, the disposition of an animal to take a risk in a novel
environment, can be used as a measure of risk taking (Sih et al. 2004). In zebrafish, boldness
can be assessed by different tasks such as interaction with a novel object (Norton et al. 2011;
Wright et al. 2003) or emergence from a shelter (Dahlbom et al. 2011a; Mustafa et al. 2019).
Both tasks examine the conflict between protection and risk-taking. For example, bold animals
will tend to approach a novel object more often, or will tend to spend more time outside a shelter,
a protected zone (Dahlbom et al. 2011a; Mustafa et al. 2019; Norton et al. 2011; Wright et al.
2003). Importantly, zebrafish show sex- and strain specific differences in boldness, with
different patterns of behaviour elicited by each task (Mustafa et al. 2019). More research is
needed to fully understand the extent to which boldness can be used as a comorbid
endophenotype of ADHD. Overall, because of the clear advantages of using zebrafish to model
ADHD and the strong association of ADGRL3 with this disorder, in the next section the
characteristics of the homolog gene in zebrafish, adgrl3.1 are discussed as well as the function
of this gene in ADHD-related phenotypes.

1.7. adgrl3.1 in zebrafish
The ADGRL3 gene in humans has been strongly linked to ADHD susceptibility (Franke
et al. 2012; Lange et al. 2012). Martinez et al. (2016) found that an ultra-conserved brainspecific enhancer ADGRL3 underpins ADHD susceptibility, showing three variant ADHD risk
haplotypes in rs17226398, rs56038622, and rs2271338 alleles. This enhancer also drives green
fluorescent protein (GFP) expression in the zebrafish brain, suggesting conservation of action
across the evolutionary divide (Martinez et al. 2016). Zebrafish has two orthologs for the gene
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ADGRL3, which are called adgrl3.1 and adgrl3.2. Regarding the expression patterns, the
adgrl3.1 gene showed a similar expression pattern as the adgrl3.2. Specifically, during larval
maturation their genetic expression is more prominent in the ventral part of the telencephalon
and diencephalon, in the posterior brain and in the ventral area of the spine (Lange et al. 2012).
Most cognitive functions depend on the forebrain and both the diencephalon and telencephalon
are considered orthologous to the forebrain in mammals being conserved across vertebrates
(Cheng et al. 2014; Folgueira et al. 2012; Mueller 2012). In adults, adgrl3.1 is highly expressed
in telencephalic midline and lower levels of this gene are detected in other brain regions such as
the telencephalic parenchyma, the anterior thalamus, periaqueductal gray matter, the superior
raphe nucleus, periventricular nucleus of the inferior hypothalamus, the cerebellum and the
nucleus of the medial longitudinal fasciculus. No information about the expression patterns of
the adgrl3.2 is available (Lange et al. 2012). Therefore, the complete or partial absence of the
ADGRL3 in zebrafish could not only affect cognitive function but also other complex
behavioural domains that depend on those adult brain areas such as affective behaviours (e.g.
anxiety)(Kalueff et al. 2014b).
The adgrl3.1 gene is also broadly expressed at developmental stages being the ADGRL3
homolog with strongest embryonic expression pattern and coding for a protein with a similar
predicted structure as human ADGRL3. The expression pattern of adgrl3.1 in adult animals is
also highly conserved when compared to mouse Adgrl3 expression in adult brains (Lange et al.
2012). The homology between the human and zebrafish ADGRL3 protein is shown in Figure
1.5. In view of this, here we used knockout animals for the adgrl3.1 gene generated by CRISPRCas9 technique (further discussed in next chapter) to characterize the role of this gene
molecularly and behaviourally in adult zebrafish aiming for the development of an ADHD
translational model.
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Figure 1.5. Homology between the human and zebrafish ADGRL3. The organization of the gene and codified
protein are well conserved across species. Note the similarity in length of the amino acids for each domain except
for the Latrophilin domain.

Until this date, the role of this gene has only been studied in zebrafish larvae using
morpholino oligonucleotides (MOs) targeting the adgrl3.1 gene (Lange et al. 2012). Knockdown of the adgrl3.1 gene revealed several measurable ADHD-like symptoms in zebrafish
larvae, including an increase in locomotor activity (hyperactivity) and increased motor
impulsivity (Lange et al. 2012). In addition, the adgrl3.1 MOs had fewer dopaminergic neurons
in brain areas responsible for locomotion. This pioneering work thus indicated that adgrl3.1
plays a key role in the development of the dopaminergic system in zebrafish (Lange et al. 2012),
similar to rodents (Wallis et al. 2012). Additionally, the behavioural alterations of adgrl3.1 MOs
were reversed by both methylphenidate and atomoxetine, increasing the construct validity of the
model (Lange et al. 2012). Further studies show that zebrafish adgrl3.1 morphants have
hyposensitivity to DA agonists and antagonists, thereby highlighting hyperactivation and
saturation of DA signaling (Lange et al. 2018).
Importantly, as previously discussed, both genetic and environmental factors play an
important role in ADHD etiology and pathology. In fact, a study with 380 families showed a
strong association between maternal stress and four ADGRL3 single nucleotide polymorphisms
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(SNPs), rs6551665, rs1947274, rs6858066 and rs2345039 (Choudhry et al. 2012). Because one
of the objectives of this thesis is to not only study the role of ADGRL3 in ADHD but also the
interactions with stress and environment, in the next section we will discuss the importance of
the environment in developmental disorders including ADHD, and which environmental factors
can be studied using zebrafish as a translational model.

1.8. Environment and ADHD
1.8.1. The role of acute stressors in ADHD-related symptoms
Stress can be characterized as a cascade of physiological changes that occur after
perception of a threat where the organism tries to restore the homeostatic norms (Schreck et al.
2001). Acute stressors are recurrent in human life, and contribute to the clinical progression of
a variety of disease processes including depression, cardiovascular diseases and cancer
(Chmielewska et al. 2019; Cohen et al. 2007; Effendy et al. 2019; Mousavi et al. 2019). Stressful
stimuli can promote physiological and psychological effects that cause changes in cortisol
levels, oxidative stress and inflammation (Salim 2014; Schedlowski et al. 1992; Wirtz and von
Kanel 2017). Stress also affects the central dopaminergic system (Gryz et al. 2018; Lehner et
al. 2018; Metzger et al. 2019) by, for example, increasing the dopaminergic activity in ventral
tegmental area, a mesocorticolimbic circuitry that plays a significant role in reward, motivation,
cognition, and aversion (Holly and Miczek 2016). A stressful stimulus can also translate to
behavioural changes including loss of memory (Chen et al. 2010), inability to make decisions
(Starcke et al. 2008), attention problems (Hancock 1986) and an increase of
repetitive/compulsive behaviours (Horowitz 1975; Joosten et al. 2009) affecting individual
wellbeing in society. Depending on intensity, acute stressors can either induce changes in the
hypothalamic–pituitary–adrenal (HPA) axis or/and sympathetic adrenal medullary (SAM) axis
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followed by full behavioural recovery or they can cause permanent mental issues in humans
such as post-traumatic stress disorder (PTSD)(McFarlane et al. 1997; Morris and Rao 2013;
Wadsworth et al. 2019). In patients with ADHD, acute stressors differently modulate specific
physiological stress measures such as cortisol where ADHD patients showed increased response
to the stressor compared to controls (Lackschewitz et al. 2008). Stress-reactivity in people with
ADHD are an important factor to be studied helping researchers and health workers to better
treat/approach patients with ADHD comorbidities such as anxiety and PTSD.
Because several acute stressors (physical and chemical) are able to induce behavioural
and physiological stress responses in zebrafish (Gaikwad et al. 2011; Piato et al. 2011; Ramsay
et al. 2009) this species could be also easily used to assess the responses of adgrl3.1 knockouts
to acute stressors. Physical stimuli that elicit robust stress responses include net chasing (Abreu
et al. 2014; Giacomini et al. 2015; Ramsay et al. 2009) and spatial restriction (Ghisleni et al.
2012; Piato et al. 2011), both of which induce behavioural changes (e.g. increased anxiety-like
behaviour) and increase in cortisol levels (Abreu et al. 2014; Ghisleni et al. 2012; Giacomini et
al. 2015; Piato et al. 2011; Ramsay et al. 2009). However, behavioural responses to net chasing
stress has shown high variability across labs, where no effect in anxiety parameters (Aponte
and Petrunich-Rutherford 2019; Mezzomo et al. 2019) vs. increased anxiety (Mocelin et al.
2015; Pancotto et al. 2018) was observed in the novel tank diving test using similar net chasing
protocols.
Alternatively, conspecific alarm substance (CAS) is classified as chemical stressor and
has been successfully used to induce physiological and behavioural alterations in several species
(Abreu et al. 2016; Canzian et al. 2017b; Fraker et al. 2009; Hall and Suboski 1995; Quadros et
al. 2016; Speedie and Gerlai 2008; Wong et al. 2010). CAS is a substance produced and stored
in the fish epidermal “club” cells and is released in the water after skin injuries provoked by
predator attacks (Chivers and Smith 1994; Korpi and Wisenden 2001). In zebrafish, CAS
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induces several behavioural alterations relating to anxiety, including increased scototaxis
(preference for dark areas) and decreased exploration of the top segment of a novel tank (Abreu
et al. 2016; Quadros et al. 2016; Wong et al. 2010). Therefore, CAS seems to be a potential
acute stressor to evaluate stress-reactivity in zebrafish models of ADHD and was the chosen
method used in this thesis to evaluate the adgrl3.1 knockout animals’ response to acute stress.

1.8.2. Early-life stressors and environment in ADHD
Early‐life experiences and environmental adversities are often linked to changes in
cognitive and behavioural aspects in humans (Pechtel and Pizzagalli 2011). In animal models,
early-life stress (ELS) is shown to directly cause long-term changes in several brain functions
(Molet et al. 2014; Nishi et al. 2013; Spinelli et al. 2009). ELS can occur prenatally or
postnatally (or both), and can affect both neurological and physiological development (Maniam
et al. 2014; Pechtel and Pizzagalli 2011). The neurochemical and hormonal changes induced by
ELS are associated with emotional and cognitive processes, and ELS is a risk factor for
neuropsychiatric disturbances such as depression (Coffino 2009; Heim and Nemeroff 2001;
Kaufman et al. 2000), substance abuse (Scheller-Gilkey et al. 2004), ADHD (Seeger et al. 2001),
and an abnormal stress response (Kajantie and Raikkonen 2010; Kaufman et al. 2000) in adult
life.
Although high or chronic levels of stress may disturb brain development and affect
behaviour, acute activation of the body’s stress response systems can adapt and increase chances
of survival (Anda et al. 2006; De Bellis et al. 1999; Lupien et al. 2009; Maniglio 2009; Pechtel
and Pizzagalli 2011; Spataro et al. 2004). The mechanisms underlying positive or negative
impacts after early-life adversities depend on the growing environment. Thus, if the
environment is neutral or positive, animals will improve their ability to cope with stressful
situations building resilience (Clark et al. 1997; Grissom and Bhatnagar 2009; Kant et al. 1985).
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Meanwhile, if adaptation is inadequate or maladaptive, animals will be more likely to develop
vulnerability to diseases (Daskalakis et al. 2013; Gluckman et al. 2007; Maniam et al. 2014;
McEwen 1998; Schmidt et al. 2011).
In this context, positive environments not only help to build ‘resilience’ after ELS but
children with higher levels of family cohesion, organization, and expressiveness, and lower
levels of family conflict often show greater behavioural control (Schroeder and Kelley 2009).
In the same study, researchers found that regardless of parenting style, behavioural control or
metacognitive abilities are still impaired in children with ADHD (Schroeder and Kelley 2009).
Although evidence showed that home environment did not affect behaviour control in children
with ADHD, behavioural interventions, modifications to academic instruction, and home-school
communication programs across school years can optimize the school success of students with
ADHD (DuPaul et al. 2011). When looking at environment and ELS in zebrafish, no research
group had looked at chronic ELS in this species and therefore as part of the objective of this
thesis, we created a chronic unpredictable early-life stress (CUELS) protocol that was used to
assess the links between ADGRL3 and ELS which are further discussed in the Chapter 4 of this
thesis.
The influence of environment enrichment (EE), on the other hand, is already well
recognized in wild-type (WT) zebrafish. Specifically, the addition of artificial plants and rocks
to the fish environment was shown to protect against effects of chronic unpredictable stress in
adults by reducing anxiogenic responses in the novel tank diving test and modulating
physiological aspects such as cortisol levels and reactive oxygen species (ROS)(Marcon et al.
2018). The positive effects of EE does not only involve decrease anxiety but DePasquale et al.
(2016) also found that fish grown in an EE have improved learning compared to WT fish grown
lacking EE. Fertility and fecundity rates seems also be increased in fish that live with EE (Wafer
et al. 2016). However, a second study comparing very enhanced vs. mildly or no enhanced
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environment showed that fertilization success is not affected by environment (Woodward et al.
2019). Importantly, in this last study the authors showed for the first time that increased
aggressive behaviour is observed in fish that were kept in very enhanced environments (tanks
containing artificial plants, one upturned plant pot and blue seascape design background).
Taking in consideration zebrafish social behaviour and hierarchies, the authors concluded that
these animals may become territorial over objects placed in the tank (Woodward et al. 2019).
This suggests that zebrafish grown in an EE will display reduced anxiety, higher risk-taking and
increased aggression as result of living in a more naturalistic environment that promotes social
behaviour and better hierarchical organization. A summary of behavioural and physiological
differences caused by environmental enrichment are depicted in Figure 1.6.

Figure 1.6. Summary of environmental enrichment (EE) effects on zebrafish. Conflicting data about fertility and
fecundity rates were previously found, where EE had a positive effect increasing these rates (Wafer et al. 2016) or
no effect depending on study (Woodward et al. 2019). Although increased risk-taking (Kareklas et al. 2018) and
aggressive behaviour (Woodward et al. 2019) were previously reported in EE fish, other studies showed that EE
can protect against social isolation effects on anxiety (Collymore et al. 2015) and UCS inducing increased anxiety,
cortisol levels and reactive oxygen species (ROS) (Marcon et al. 2018).
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Social support from family members and friends is an important factor for promoting
good physical and mental health (Lincoln 2000). Similarly, a lack of social relationships is
associated with higher prevalence of psychiatric conditions, including post-traumatic stress
disorder (PTSD), anxiety, depression and sleep deficits (Blazer 1982; Caplan 2007; Tsai et al.
2019). Crucial for organismal survival in the wild, social interactions vary from conspecific
preference, maternal relationship, social communication, cooperation, food sharing and
allogrooming to shoaling, aggression and mating (Chen and Hong 2018). Like humans,
zebrafish have predominantly diurnal activity, establish groups, form social hierarchies, and
display complex social interactions (Geng and Peterson 2019; Suriyampola et al. 2016).
The negative effects of adult zebrafish raised in full isolation (“lonely” behaviourally)
resemble antisocial ‘loner’ fish found in normal populations, both reducing social preference
and swimming activity, as well as increasing immobility/freezing episodes (Tunbak et al. 2020).
However, various brain areas linked to social behaviour (dorsal caudal hypothalamus and
preoptic area), social cue processing (optic tectum), and the control of anxiety/stress (posterior
tuberal nucleus), differentially express the immediate early marker gene c-fos in socially isolated
vs. antisocial ‘loner’ fish (Tunbak et al. 2020). These functional changes caused by social
deprivation in the former are consistent with increased anxiety resulting from hypersensitization to social stimuli, similar to the effects of social isolation on humans (Butler et al.
2016b; Tunbak et al. 2020) and rodents (Lukkes et al. 2009; Shetty and Sadananda 2017). Social
isolation protocols can also disrupt affective behaviour in zebrafish (Costa de Melo et al. 2019;
Dos Santos Sampaio et al. 2018; Kalueff et al. 2012). For example, medium-term social isolation
can also alter the novel tank behaviour of adult zebrafish, as fish housed individually for 2 weeks
spend less time in the bottom of the tank and show lower baseline cortisol levels than their
group-housed counterparts (Parker et al. 2012b). Furthermore, singly housed adult zebrafish
prefer enrichment items that promote social behaviour (Krueger et al. 2020), likely because
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these items can provide a safe environment that helps reduce anxiety-like phenotypes
(DePasquale et al. 2016). Thus, social isolation in zebrafish may blunt stress responses, which,
in turn, can affect the perception of danger and/or risk situations in healthy adults. However,
how these protocols can affect zebrafish models for neurological and neuropsychiatric disorders
is still unknown.
Patients with ADHD may be more at risk of experiencing social isolation during their
lives: for example, social exclusion is the most salient form of peer harassment suffered by boys
with ADHD, and can be associated with severe psychological and emotional distress (Shea and
Wiener 2003). Although studies indicate that the severity of ADHD can be strongly affected by
social environment, little is known about how the social isolation could affect knockout animals
for the adgrl3.1 which is strongly linked to ADHD in humans. Altogether, here both recent
environment (e.g. enrichment and social context) and ELS were taken in consideration when
characterizing the ADGRL3 gene in zebrafish aiming to better understand the interactions of this
gene with external factors.

Figure 1.7. The impact of social interactions and social isolation (here shown as positive and negative social
interactions, respectively) across taxa and the utility of zebrafish in translational neurobehavioural research. (A)
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Translational applicability of zebrafish to model positive and negative phenotypes associated to increased
sociability or social isolation. Despite the anatomical CNS differences between fish and mammals, homologous
brain structures with conserved function are present in zebrafish. In humans, positive social interactions (e.g.,
supportive family and friends) are associated with decreased depression (Sani et al. 2012) and fewer psychiatric
and drug abuse relapses. In contrast, the lack of meaningful and positive interactions is associated with higher risks
of cardiovascular diseases, anxiety, depression, alcohol consumption and stress levels (Clay 2020; Onyeaka et al.
2020; Pancani et al. 2020; Roy et al. 2020; Xia and Li 2018). When tested in groups, rodents show lower anxiety
levels in different behavioural tasks (Davitz and Mason 1955; Latané 1969; Taylor 1981). Zebrafish recovery from
stressful events is quicker in the presence of conspecific cues, as assessed by reduced freezing behaviour (Faustino
et al. 2017). Social isolation reduces dopamine and serotonin in multiple studies (Bai et al. 2016; Shams et al. 2018;
Shams et al. 2017), whereas developmental isolation correlates with higher affective behavioural phenotypes in
adult zebrafish (Costa de Melo et al. 2019; Dos Santos Sampaio et al. 2018). (B) Potential strategies to assess
behavioural neurophenotypes using social isolation protocols. As in humans, cortisol is the main stress hormone in
zebrafish, while rodents have corticosterone. The advantageous features of zebrafish (e.g., high genetic homology,
conserved brain physiology, and relatively complex behaviours), allow to investigate the effects of short- and longterm isolation on locomotion, anxiety-like behaviours, and sociability using both adult and larvae.

1.9. Summary
The ADGRL3 gene has been often associated with ADHD in humans, but the zebrafish
adgrl3.1 gene has thus far only been studied in larvae limiting the number of behavioural
endpoints available. Thus, the primary aim of the work presented here is to behaviourally
characterize knockout animals for adgrl3.1, and link this to three ADHD-related
neurotransmitter systems (i.e., DA, NET and 5-HT systems). The secondary aim is to examine
the impact of the environment on the development of the ADHD behavioural perturbations,
including enrichment and ELS. Thus, we designed a novel ELS protocol and assessed its
impacts in adgrl3.1 knockout, as well as the impact of acute stress, EE and social isolation in
the behavioural phenotype of these animals. Based on this, the next chapters of this thesis
proceed as follow:
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-

Chapter 2: Behavioural characterization of adgrl3.1 knockout and understanding the
role of DA, NET and 5-HT in these behaviours. During this chapter, several behavioural
assays were performed aiming to investigate attention, impulsivity, and hyperactivity in
those animals. First, the open field task was used to investigate locomotion, exploration,
and anxiety, taking in consideration different tank sizes that can elicit different
behavioural phenotypes. 5-CSRTT was used to assess ‘waiting’ impulsivity and
attention, meanwhile novel object task was used to investigate risk-taking behaviour. In
collaboration with external laboratories, we have also assessed if there is presence of the
protein ADGRL3 in the zebrafish brain and HPLC and qPCR analysis was used to
investigate the role of DA, NET and 5-HT in the brains of knockout animals.

-

Chapter 3: The anxiety-related phenotype of adgrl3.1 was assessed in this chapter, as
well as the animal’s stress-reactivity response to CAS aiming to investigate the function
of adgrl3.1 gene under acute stressful situations. Two behavioural tasks were performed
to investigate baseline anxiety in this line. Then, the novel tank diving task, novel object
boldness task and FMP Y-maze were used to test how anxiety, risk-taking behaviour
and memory and cognition are influenced by adgrl3.1 after acute stress stimuli. Cortisol
analysis were also performed to further investigate regulation of the mutant’s HPI axis
under stressful situations.

-

Chapter 4 and 5: During Chapter 4, characterization of an ELS protocol was performed
aiming to further assess chronic environmental factors in the lives of adgrl3.1 mutant.
After the full characterization of this protocol, in Chapter 5, several environmental
factors were used to assess adgrl3.1 interaction with environment. Thus, three
experiments were performed following behavioural analysis using three different
environmental factors: 1) CUELS, 2) Environmental Enrichment (EE) and 3) Social
Isolation.
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-

Chapter 6: The findings of this thesis will be summarized in Chapter 6, showing the
relevance of adgrl3.1 mutant as a model of ADHD-like phenotypes in zebrafish. The
relevance of environment vs. gene interactions is also discussed and future directions
about studying the adgrl3.1 gene are discussed, as well as the limitations of the work
presented in the thesis.
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2
Function of the adgrl3.1 gene in adult zebrafish

In the first experimental chapter of this thesis, we fully characterized the core ADHDrelated behavioural phenotypes in zebrafish knockout for adgrl3.1 by analyzing animal’s
behaviour in three different open field size, 5-CSRTT and in a risk-taking task. Further, we have
confirmed presence of the latrophilin 3 protein in adgrl.31 mutants using western blot analysis
and further explored the molecular mechanisms underlying adgrl3.1 behavioural phenotypes by
using qPCR and HPLC analysis in collaboration with Dr. Norton.
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2.1. Experiment 2.1: Behavioural characterization of adglr3.1 mutant and the molecular
pathways underlying it
2.1.1. Overview
Attention-deficit/hyperactivity disorder (ADHD) is a common childhood-onset
psychiatric disorder characterized by age-inappropriate and impairing levels of hyperactivity,
impulsivity, and/or inattention (Wilens et al. 2010). It affects around 5% of children (Polanczyk
et al. 2015) worldwide across cultural settings (Faraone et al. 2003; Rohde et al. 2005) with a
heritability estimate of 0.7 to 0.8 (Faraone and Larsson 2019). Although classically described
as a childhood syndrome that resolves over time, a number of longitudinal- and populationbased epidemiological studies have identified an adult form of ADHD that has a lower
heritability estimate of around 0.3 to 0.4 (Franke et al. 2012; Franke et al. 2018). ADHD can be
divided into different subtypes in the clinic: predominantly inattentive, predominantly
hyperactive/impulsive and a combined subtype which is the most common form of the disease
(APA 2013). However, little is known about the genes or neurotransmitter pathways that
underpin each subtype.
One of the best studied candidates is the ADHESION G PROTEIN-COUPLED
RECEPTOR L3 gene that contains a risk haplotype for ADHD in humans (Arcos-Burgos et al.
2010; Ribasés et al. 2011). As previously discussed, ADGRL3 is a latrophilin subfamily G
protein-coupled receptor that is expressed throughout the brain, including the thalamus
(Martinez et al 35). Variants in ADGRL3 have been identified in diverse populations, and can
predispose humans to ADHD, as well as predicting the severity and long-term outcome of the
disease, and response to treatment medication (Acosta et al. 2011; Bruxel et al. 2015; Choudhry
et al. 2012; Gomez-Sanchez et al. 2016; Hwang et al. 2015; Jain et al. 2012; Labbe et al. 2012;
Ribasés et al. 2011; Song et al. 2014). In addition, ADGRL3 also has a role in susceptibility for
substance abuse disorder and autism (Arcos-Burgos et al. 2019; Kappel et al. 2019) suggesting
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a common genetic basis for these diseases. For example, the rs651665 variant has been shown
influence the severity of ADHD and response to stimulant treatment (Arcos-Burgos et al. 2010;
Bruxel et al. 2015; Choudhry et al. 2012) and may increase susceptibility to autism as well
(Kappel et al., 2019). ADGRL3 variants are also associated with adult ADHD suggesting that
this gene may influence the persistence of this disease over time (Ribasés et al. 2011).
Zebrafish (Danio rerio) are a useful animal model to investigate the expression and
function of genes linked to disease in humans due to their genetic(Howe et al. 2013; MacRae
and Peterson 2015) and physiological(Fontana et al. 2019c; Stewart et al. 2015) similarity to
mammals. However, despite the importance of adgrl3.1 activity during development (Lange et
al. 2018; Lange et al. 2012), little is known about the impact of loss of adgrl3.1 function across
the lifespan in this species, including the long-term effects on different behavioural phenotypes.
This is especially important because some of the core symptoms of this behaviour – inattention
and impulsivity – cannot be measured in early stage zebrafish, limiting the utility of this species
to investigate the mechanistic basis of these behaviours. The aim of the work presented in this
chapter was primarily to characterize the behavioural phenotypes of adult adgrl3.1-/- zebrafish.
Further, as collaborative work, we have analyzed the expression of DA, NE and 5-HT-related
genes associated with ADHD and investigated the balance of DA and 5-HT in adgrl3.1
knockout through HPLC analysis.

2.1.2. Methods
2.1.2.1. Animal husbandry and experimental design
Adult zebrafish (~ 50:50 male: female ratio at 4/5-month of age) were bred in-house and
reared in standard laboratory conditions on a re-circulating system (Aquaneering). Animals
were maintained on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), ~pH 8, at ∼28.5 °C
(±1 °C) in groups of 20 animals per 2.8 L. Fish were fed three times/day with a mixture of live
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brine shrimp and flake food, except on the weekend where they were fed once/day. For the open
field or new object boldness test, fish were immediately removed from their housing tanks
(control) or treated 30 minutes with atomoxetine (0.5 mg/L; Tokyo Chemical Industry (TCI) co.
ltd) and further tested individually for each task. Atomoxetine concentration and time of
exposure was chosen based on previous studies where this drug was able to decrease impulsivity
in adult zebrafish. Animals were pair-housed for five weeks during the 5-choice training and
then tested as further detailed in the 5-CSRTT session. After behavioural testing fish were
euthanized using 2-phenoxyethanol from Aqua-Sed (Aqua-Sed™, Vetark,Winchester, UK).
All behavioural testing was carried out in a pseudo-randomized order, choosing fish at
random from one of six tanks for each group. Fish were randomly pair housed and issued a
subject ID, allowing all testing to be carried out in a fully blinded manner. Once all data was
collected and screened for extreme outliers (e.g., fish freezing, returning values of ‘0’ for
behavioural parameters indicating non-engagement and high omission percentage (>95%)), the
genotype was revealed, and data analyzed in full. The experiments were carried out following
scrutiny by the University of Portsmouth Animal Welfare and Ethical Review Board, and under
license from the UK Home Office (Animals (Scientific Procedures) Act, 1986) [PPL:
P9D87106F]. All behavioural tests were performed between 10 a.m. to 4 p.m. and sex was
defined by two trained researchers prior to behavioural testing.

2.1.2.2. Open Field Task
The open field test is a complex task that is commonly used for measuring locomotion,
exploratory activity and anxiety-like behaviour (thigmotaxis, i.e. time spend close to the walls)
in adult zebrafish (Liu et al. 2018a; Stewart et al. 2012a). Different tank sizes have a significant
impact on animals exploratory and locomotor activity in a new environment(Stewart et al.
2012a) and therefore we used 3 tanks to investigate locomotor and exploratory activity in this
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work. Animals (n= 154) were placed individually in the open field tank and three different sizes
were studied: small (20 cm length x 15 cm width, 10 cm water column depth), medium (36 cm
length x 27 cm width, 10 cm water column depth) and large (71 cm length x 44 cm width, 10
cm water column depth). All behaviours were analyzed in an automated video-tracking software
(EthoVision, Noldus Information Technology Inc., Leesburg, VA - USA). The tank was
separated in two virtual areas (central and peripheral area, 2 cm close to the wall) to provide a
detailed evaluation of exploratory activity. Lighting was controlled for each tank size and range
from 290 to 343 LUX. The following endpoints were measured: distance traveled (m), max
speed (m/s), immobility (s; 85% sensitivity), entries (number of episodes) and time (s) spent in
the peripheral zone (thigmotaxis). The velocity index was calculated using the animal’s mean
velocity*time immobile/total time of the task.

2.1.2.3. Novel Object Boldness Task
Boldness is often defined as the willingness among individuals to take risks in a new
environment and can include, for example, an animal's approach to risk zones or new objects
that can mimic risk (Sih et al. 2004). In zebrafish, this risk-taking behaviour can be assessed by
analyzing the amount of time that the fish explores a novel object, such as a dark clay 15-cm
falcon tube that can mimic a predator size (Norton et al. 2011; Wright et al. 2003). Here, to
assess whether WT and adgrl3.1 animals exposed to the atomoxetine are more risk-taking, we
tested boldness in a novel environment by measuring the time that individuals spend close to
the object (2 cm distance around the object) during 6 min. The object was made with dark
modeling clay in the shape of a 15-cm falcon tube, as previously described, and the tank
dimensions were 27 cm width x 36 cm length x 10 cm water depth.
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2.1.2.4. 5-Choice Serial Reaction Time Task (5-CSRTT)
The 5-CSRTT is a continuous performance test, initially designed for rodents, used to
evaluate sustained attention and impulsivity(Everitt et al. 1983). During this task, the animal is
trained to respond to a light stimulus in one of five spatially distinct locations at the back of the
test apparatus. Impulsivity is ascertained by examining the animal’s ability to withhold its
response to the light stimuli during a pre-stimulus interval. In zebrafish, the test has been
pharmacologically validated to assess impulsivity when the animal responds by approaching the
stimulus before the onset of a light (Parker et al. 2014b; Parker et al. 2013a; Parker et al. 2012a).
The test is performed in five steps as described below.
1. Light stimulus training: Fish were trained to trigger a response from the initiator and
five stimulus lights in order to orient them to the stimuli for five days (one session of 30
trials/day). All lights were illuminated simultaneously in the initiator area and in the five
openings at the back area of tank. The fish was required to enter in any of light area, so the light
of the food hopper illuminates, and the food reward is delivered. If animals do not respond in
60 seconds (limited hold), no food reward is delivered, and a new test begins after an interval
of 20 seconds.
2. Initiator Light Training: Here, fish learned to activate the initiator light (illuminated
for 60 seconds). In this phase, when the initiator light is activated by the animal, it illuminates
the feed hopper light, and food reward is delivered. In this phase, animals were trained for 5
days (one session of 30-trials/day) until the animal’s average of initiator light activation was
80% from 30 trials.
3. Stimulus Light Reward: In this phase, fish learned to approach any of the five
illuminated stimulus lights to receive a food reward after triggering the initiator light (beginning
test). Animals were trained for a minimum of 5 days, or until its average correct response rate
was 70%, based on animals’ number of initiator light activation.
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4. Stimulus Light Discrimination: Here, animals learn to discriminate between the
individual stimulus lights. Once the fish activates the initiator light, one of the stimulus lights
was activated (5-seconds delay). In subsequent trials, individual stimulus lights are illuminated
in random order. The fish was required to approach the illuminated stimulus during a 50-sec
illumination, and correct responses were rewarded with food delivery in the feed area. Animals
were trained until they achieved a correct response rate of 70%, based on the animals’ total
number of choices (min 9 days).
5. 5-CSRTT: The final stage was similar to Stage 4, where, following triggering the
initiator light, one of five stimulus lights were briefly illuminated (50-sec), and the fish was
required to approach the correct light within the illumination time in order to receive a food
reward. However, in this stage a 10-seconds delay between activation of initiator light and the
five stimulus lights is added to assess animals’ anticipatory responses. The parameters evaluated
in 5-CSRTT were: number of correct responses (response to correct stimulus light), number of
incorrect responses (incorrect location responses), omissions (does not approach stimulus), and
premature responses (approach to any of the stimuli prior to illumination). These parameters
enabled the analysis of impulsiveness (premature responses) and attention (correct responses)
in adult zebrafish. The 5-CSRTT was performed, and data collected, using the Zantiks AD
system (Zantiks Ltd., Cambridge, UK).For the assessment of animals response to atomoxetine,
fish were treated for 30 min with atomoxetine (0.5 mg/L) following establishment of steady
state responding on the final phase of the 5-CSRTT.

2.1.2.5. Statistics
Data were analyzed by using GraphPad Prism and the results were expressed as means
± standard error of the mean (S.E.M). Normality assessed a priori and samples with normal
distribution were tested as follows. To assess whether there were any effects of genotype on 564

CSRTT and new object boldness task T-test was used comparing WT to adgrl3.1-/-. Two-way
ANOVA was used to evaluate the effects of genotype vs. tank size or drug treatment
(atomoxetine) or sex (female vs. male) in the open field, 5-CSRTT and new object boldness
task. Tukey`s test was used as post-hoc analysis.

2.1.3. Results
2.1.3.1. adgrl3.1. mutants have no presence of ADGRL3 protein in their brains
Figure 2.1. depict the WB results for the presence of ADGRL3 protein in adgrl3.1-/- vs.
WT zebrafish brain. Qualitative analysis shows a difference of ~6 x 106 in the ADGRL3 band
density when comparing knockout animals to WT animals indicating an absence of the
ADGRL3 protein in the brain of adgrl3.1-/- animals. This analysis was carried out by our
collaborator, Maxime Gosselin (School of Pharmacy and Biomedical Sciences, University of
Portsmouth - UK).
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Figure 2.1. Western Blot analysis of two samples in order to confirm the absence of the protein ADGRL3 in
zebrafish knockout for the gene adgrl3.1. (A) Western Blot bands for ADGRL3 and (B) β-actin protein. (C)
Amount of protein for the adgrl3.1-/- mutant normalized with β-actin protein.

2.1.3.2. Hyperlocomotion is observed in adgrl3.1 depending on the context
The role of different open field tank sizes in locomotor and exploratory behaviour of
adgrl3.1. mutants are depicted in Figure 2.2.

Two-way ANOVA yielded a significant

interaction effect (genotype vs. tank size) only for max speed (F (2, 86) = 5.948; p**=0.0038) and
thigmotaxis (F (2, 86) = 4.140; p*=0.0192). Tukey’s post-hoc test showed a significant difference
between WT and adgrl3.1 mutant was observed for max speed in the big tank (p*** = 0.0002).
Meanwhile, WT thigmotaxis behaviour was significantly increased in a medium size tank
compared to the small tank (p** = 0.0029). Tank size has a significant role for distance traveled
(F (2, 86) = 5.019; p**=0.0087), max speed (F (2, 86) = 44.85; p****<0.0001), velocity index (F (2,
86)

= 9.853; p***=0.0001), time spent immobile (F (2, 86) = 18.29; p****<0.0001), entries to

peripheral zone (F (2, 86) = 36.65; p****<0.0001) and thigmotaxis (F (2, 86) = 4.381; p*=0.0154).
Briefly, when comparing different sizes, animals spend more time immobile in the big tank (WT
vs. WT; p** = 0.0019 and adgrl3.1 vs. adgrl3.1; p* = 0.0100) and had decreased exploration
(WT vs. WT; p**** < 0.0001 and adgrl3.1 vs. adgrl3.1; p*** = 0.0004) in the thigmotaxis
zone when comparing to the small tank. For genotype effects, a significant difference was
observed for distance traveled (F (1, 86) = 9.440; p**=0.0028), max speed (F (1, 86) = 9.506;
p**=0.0028), velocity index (F (1, 86) = 7.021; p**=0.0096), time spent immobile (F (1, 86) = 22.34;
p****<0.0001) and entries in the peripheral zone (F (1, 86) = 7.377; p**=0.0080). We found that
adgrl3.1-/- showed hyperactivity behaviour only in the big tank by reaching higher max speed
(p*** = 0.0002) and velocity index (p* = 0.0177). In terms of immobility, the adgrl3.1-/mutants showed increased immobility time compared to controls (small tank p** = 0.0075 and
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big tank p* = 0.0333). The medium size tank appeared to be a transition size, where no effect
comparing WT and adgrl3.1-/- animals is observed for any of the analysis performed

Figure 2.2. Different open field tank sizes have a role in locomotor and exploratory behaviour of adgrl3.1. mutants
(A) Representative tracking of a control WT vs. adgrl3.1/- animal in different tank sizes (B) Behavioural response
of WT vs. adgrl3.1/- to a new environment comparison of different open field tank sizes. Tukey’s test was used as
post-hoc analysis and different letters indicate significant statistical difference (p<0.05; n = 15 – 16). The data is
represented as mean ± S.E.M.

For the interactions between genotype and atomoxetine effects in the small open field
tank. A significant interaction effect (genotype vs. atomoxetine) was observed for distance
traveled speed (F

(1, 52)

= 6.383; p*=0.0146), entries in peripheral zone (F

(1, 52)

= 5.001;
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p*=0.0297) and thigmotaxis (F (1, 52) = 39.70; p****<0.0001). Atomoxetine had a significant
effect on distance traveled (F

(1, 52)

= 9.116; p**=0.0039), velocity index (F (1, 52) = 5.872;

p*=0.0189), time spent immobile (F (1, 52) = 4.682; p*=0.0351), entries in the peripheral zone (F
(1, 52)

= 40.03; p****<0.0001) and thigmotaxis (F (1, 52) = 6.466; p*=0.0140). Meanwhile, a

genotype effect was only observed for distance traveled (F (1, 52) = 5.353; p*=0.0247) and time
spent immobile (F (1, 52) = 7.362; p**=0.0090). Atomoxetine significantly decreased animals’
movement patterns such as distance traveled (WT vs atomoxetine + WT p**** < 0.0001;
adgrl3.1 vs. adgrl3.1 + atomoxetine p* = 0.0482) and exploration to the peripheral zones (WT
vs atomoxetine + WT p**** < 0.0001; adgrl3.1 vs. adgrl3.1 + atomoxetine p* = 0.0256). The
effects on locomotion and exploratory behaviour were apparently related to variation in
immobility, where WT animals showed higher immobility values, although the results were not
significant. For the interaction between atomoxetine and genotype, a significant decrease in
thigmotaxis behaviour was observed for adgrl3.1-/- animals pretreated with atomoxetine when
comparing to adgrl3.1-/- control (p** = 0.0014) (Figure 2.3A).
Regarding locomotion and exploratory activity of adgrl3.1 animals in the big tank, max
speed (F (1, 56) = 5.098; p*=0.0279), velocity index (F (1, 56) = 4.582; p*=0.0367) and time spent
immobile (F (1, 56) = 5.913; p*=0.0182) were the only parameters with a significant interaction
effect (genotype vs. atomoxetine). Although no significant effect was observed for genotype, a
significant effect for atomoxetine treatment in the velocity index (F (1, 56) = 5.135; p*=0.0273)
and time spent immobile (F (1, 56) = 15.62; p***=0.0002) was observed. Neither the adgrl3.1-/or WT animals pretreated with atomoxetine showed differences in locomotion or exploration in
the large tank in terms of their distance traveled (p = 0.7766) and number of entries in the
peripheral zone (p = 0.8442). However, a significant decrease in max speed (p* = 0.0478).,
velocity index (p* = 0.0149). and immobility (p*** = 0.0002) was observed for adgrl3.1 treated
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with atomoxetine compared to their controls. No significant differences were observed for
thigmotaxis in the big tank (Figure 2.3.B).
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Figure 2.3. (A) Locomotion and exploratory activity of WT vs. adgrl3.1/- pretreated with atomoxetine during 30
minutes in the small open field tank (20 cm length x 15 cm width x 10 cm water column depth). (B) Locomotion
and exploratory activity of WT vs. adgrl3.1/- pretreated with atomoxetine during 30 minutes in the big open field
tank (71 cm length x 44 cm width x 10 cm water column depth). The data is represented as mean ± S.E.M. Twoway ANOVA was used to evaluate the effects of atomoxetine vs. genotype. Tukey’s test was used as post-hoc
analysis and different letters indicate significant statistical difference (p<0.05; n = 15 – 16).

2.1.3.3. adgrl3.1 knockout show attention deficits and impulsive behaviour
Decreased accuracy (p** = 0.0023), increased anticipatory response (p** = 0.0033) was
observed in knockout animals for the adgrl3.1. gene when compared to the WT group. No
difference for omission was observed (p = 0.9180) (Figure 2.7A). Further, to better investigate
the role of NE in ADHD-related behaviour, atomoxetine was used as treatment for adgrl3.1
animal. Two-way ANOVA using genotype and atomoxetine treatment as factors yielded a
significant interaction (F (1, 34) = 9.793; p** = 0.0036), genotype (F (1, 34) = 9.300; p** = 0.0044)
and atomoxetine (F (1, 34) = 26.57; p**** < 0.0001) effect for anticipatory responses. Only a
genotype effect was observed for accuracy (F (1, 34) = 17.93; p *** =0.0002). A significant effect
for accuracy and anticipatory responses were observed comparing WT with adgrl3.1 knockout
animals (p** = 0.0079 and p*** = 0.0006), however no difference was observed between
adgrl3.1 treated with atomoxetine compared to WT (p = 0.2716) and WT + atomoxetine controls
(p = 0.0713). Atomoxetine significantly reversed increased anticipatory responses observed in
adgrl3.1 when compared to adgrl3.1 control (p**** < 0.0001) (Figure 2.4B).
A significant increase in the time close to the novel object was observed for adgrl3.1/animals (p**=0.0047) (Figure 2.4C). Pretreatment with atomoxetine had a significant
interaction effect with genotype (F (1, 41) = 12.93; p***=0.0009) and a significant effect per se
(F (1, 41) = 4.305; p*=0.0443). Atomoxetine attenuated increased risk-taking of adgrl3.1 animal
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by decreasing time spent close to the new object where adgrl3.1 + atomoxetine animals had no
difference compared to WT (p = 0.7255) and WT + atomoxetine (p = 0.1958) (Figure 2.4D).

Figure 2.4. Animals mutant for the gene adgrl3.1. show attention deficits, impulsivity and increased risk-taking.
(A) Student’s T-test comparing WT vs. adgrl3.1/- in the 5-CSRTT. (B) Effects of genotype and atomoxetine
treatment in the 5-CSRTT test. The data is represented as mean ± S.E.M. Two-way ANOVA was used to evaluate
the effects of atomoxetine vs. genotype. Tukey’s test was used as post-hoc analysis and different letters indicate
significant statistical difference (p<0.05; n = 12 – 13).

2.1.3.4. Sex effects in adgrl3.1-/- leading to ADHD-like phenotypes
Sex has no role in the locomotor and exploratory differences on adgrl3.1 mutant animals in
the small open field tank. No sex or interaction effect (sex vs. genotype) was observed in the
small tank. However, a genotype effect was, again, observed for distance traveled (F (1, 26) =
8.231; p**=0.0081), time spent immobile (F (1, 26) = 10.49; p**=0.0033), entries in the peripheral
zone (F (1, 26) = 5.509; p*=0.0268) and thigmotaxis (F (1, 26) = 6.321; p*=0.0185). No significant
differences where observed in the Tukey’s post-hoc analysis when comparing animals from the
same sex for each phenotype.
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Figure 2.5. Sex differences of adgrl3.1 mutant in the small open field tank (20 cm length x 15 cm width x 10 cm
water column depth). Tukey’s test was used as post-hoc analysis and different letters indicate significant statistical
difference (p < 0.05; n = 7 – 8). The data is represented as mean ± S.E.M.

Regarding the sex differences of adgrl3.1-/- mutants vs. WT in the big open field tank, a
significant genotype effect for velocity index (F (1, 26) = 9.174; p**=0.0055), max speed (F (1, 26)
= 9.035; p**=0.0058) and time spent immobile (F (1, 26) = 18.74; p***=0.0002) was observed.
However, no effect for sex or interaction between factors was observed in the two-way ANOVA
analysis. Interestingly, even with a small sample size for females vs. male, the differences in
max speed comparing genotype was only observed when compared WT females vs. adgrl3.1
female (p** = 0.0084).
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Figure 2.6. Sex differences of adgrl3.1 mutant in the big open field tank (71 cm length x 44 cm width x 10 cm
water column depth). Tukey’s test was used as post-hoc analysis and different letters indicate significant statistical
difference (p < 0.05; n = 7 – 8). The data is represented as mean ± S.E.M.

No sex effect is observed for adgrl3.1 mutant compared to WT animals in the 5-CSRTT
and novel object test. Although no interaction (genotype vs. sex) or sex effect was observed for
the parameters studied here, a significant genotype effect was observed for accuracy (F (1, 15) =
11.84; p**=0.0036) and anticipatory responses (F (1, 21) = 10.78; p**=0.0050). Similarly, only a
genotype effect was observed for time spent close to the new object (F

(1, 21)

= 9.076;

p**=0.0066).
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Figure 2.7. Sex differences of WT vs. adgrl3.1 knockout zebrafish in the 5-CSRTT. Tukey’s test was used as posthoc analysis and different letters indicate significant statistical difference (p < 0.05; n = 6 – 7). The data is
represented as mean ± S.E.M.

2.2.3.5. NE and 5-HT play a role in ADHD-related phenotypes
To better understand the mechanisms underlying different adgrl3.1 behavioural
phenotype, qPCR and HPLC analysis was performed in collaboration with Prof. William Norton
lab, were the samples were collected by our lab and sent for analysis of DA, NE and 5-HT
related gene and to evaluate the DA and 5-HT balance in adgrl3.1 brain. No significant
difference was observed in the expression of DAT (slc6a3; p= 0.3098), dopamine receptor 4a
(drd4a; p = 0.1820) and 4b (drd4a; p = 0.1820). Although no significant differences were
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observed for the expression of the adrenoceptor alpha 2A (adra2a; 0.5556), knockout animals
for the adgrl3.1-/- showed increased expression of NET (slc6a2; p** = 0.0070). Regarding the
expression of 5-HT related genes, only 5-HTT (slc6a4a; p** = 0.0017) showed a significant
decrease for knockout animals for adgrl3.1-/- when compared to WT animals. No significant
differences were observed for slc6a4b (p = 0.6338), htr1aa (p = 0.3662), htr1ab (p=0.0834),
htr7a (p = 0.2191) and htr7c (p = 0.2896).

Figure 2.8. Whole brain expression of (A) DA, (B) NE and (C) 5-HT-related genes. T test was used to compare
the differences between WT vs. adgrl3.1-/-. For samples that did not deviate from normal distribution, MannWhitney test was performed comparing WT to adgrl3.1-/-. The data is represented as mean ± S.E.M (n = 8; p** =
0.005).

2.2.3.6. DOPAC/DA and 5HIAA/5HT ratios are altered in adgrl3.1 knockout depending on
brain area
Fig 2.9. depict the differences in neurotransmitter level ratios (DOPAC/DA, HVA/DA
and 5-HIAA/5HT) in telencephalon, optic tectum, hindbrain, and diencephalon. Although no
significant differences were found for DOPAC/DA ratio in optic tectum (p = 0.3476), hindbrain
(p = 0.7139) and diencephalon (p = 0.5446), a significant decrease in DOPAC/DA ratio was
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found in telencephalon (p* = 0.0152) of adgrl3.1 knockout (Fig 2.9A). No significant
differences were found between adgrl3.1 and WT for HVA/DA in telencephalon (p = 0.5567),
optic tectum (p = 0.9960), hindbrain (p = 0.6512), and diencephalon (p = 0.3536) (Fig 2.9B).
Regarding the 5-HIAA/5-HT ratios at different brain regions, a significant decrease was found
in adgrl3.1 compared to WT at the optic tectum (p* = 0.0279). Meanwhile, in the hindbrain (p*
= 0.0125) and diencephalon (p* = 0.0469) 5-HIAA/5-HT ratios were increased in adgrl3.1
compared to WT. No significant differences were found for 5-HIAA/5-HT ratio in adgrl3.1
telencephalon (p = 0.2587) (Fig 2.9C).
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Figure 2.9. HPLC ratios of (A) DOPAC/DA, (B) HVA/DA and (C) 5-HIAA/5-HT in zebrafish brain separated by
brain region. T test was used to compare the differences between WT vs. adgrl3.1-/-. The data is represented as
mean ± S.E.M (n = 7; p* = 0.05).

2.1.4. Discussion & Conclusions
Here, we showed the important role of DA, NET and 5-HT in ADHD-related behavioural
phenotypes based on our collaborative data. We also showed, for the first time, corresponding
changes in ADHD-related phenotypes (inattention, impulsivity, risk-taking, hyperactivity).
Hyperactivity, however, was heavily dependent on task-related factors such as tank size. We
also showed that animals harboring adgrl3.1 gene knockout have altered expression of NET and
5-HTT. Meanwhile, 5HIAA/5HT ratio is increased in diencephalic and hindbrain and decreased
in the optic tectum and DOPAC/DA decreased in telencephalon. Finally, we found that ADHDlike phenotypes were reversed by exposure to the ADHD medication, atomoxetine, confirming
the critical role of noradrenergic circuits in all cases. Collectively, we have confirmed the critical
role of adgrl3.1 in ADHD behavioural phenotypes, and show, for the first time, resulting
changes in the NE and 5-HT systems that may contribute to the development of new combined
treatments, and furthers our understanding of the mechanisms underlying adgrl3.1. as a risk
factor gene for ADHD-like behaviour across species (Figure 2.10).
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Figure 2.10. Illustration summarizing the present findings of the molecular and behavioural characterization of
adult zebrafish knockout for the adgrl3.1 gene. Abbreviations: 3,4-Dihydroxyphenylacetic acid (DOPAC); 5hydroxyindoleacetic acid (5HIAA); Dopamine (DA); DP/DA – Dopamine turnover; Serotonin (5-HT);
Norepinephrine transporter (NET); Serotonin transporter (5-HTT); 5HIAA/5-HT – Serotonin turnover.

The adgrl3 gene is one of the two zebrafish orthologues genes to ADGRL3 present in
humans, the adgrl3.1. (71% of homology rate) and adgrl3.2. which present a high genetic
similarity. Because zebrafish express two orthologues, here we used adgrl3.1 knockout animal’s
and further investigated the presence of ADGRL3 in the zebrafish brain. The ADGRL3 is a 7TM glycoprotein that has around 1447 amino acids in humans and the gene adgrl3.1. codes a
ADGRL protein in zebrafish with a size of 1516 amino acids. Therefore, the absence of this
protein was confirmed through WB analysis using the human antibody for the protein ADGRL3.
The complete and partial reduction of adgrl3 genes function has been strongly linked to ADHDrelated symptoms in several species including humans(Arcos-Burgos and Muenke 2010),

78

rodents(Arcos-Burgos and Muenke 2010; Regan et al. 2019) and zebrafish (Lange et al. 2018;
Lange et al. 2012).
Here, we observed that adgrl3.1 knockout show hyperactive behaviour depending on
tank size, giving us important insights about the behavioural phenotypes of adgrl3.1 mutant
depending on environment, specifically for tank size due to the fact that lighting, temperature,
and water depth was controlled in different setups. The diagnosis for ADHD can be often
challenging and needs to be carefully evaluated by psychiatrists depending on several variables
such as family factors, culture and environment (Kovshoff et al. 2012; Morley 2010; Posserud
et al. 2014). When looking at translational models, many other factors can affect behaviour and
they should be controlled in order to increase reproducibility and replicability in neuroscience.
Rodent (Eilam 2003) and zebrafish(Facciol et al. 2019; Facciol et al. 2017; Stewart et al. 2012a)
studies already showed how different set ups can affect different behaviour phenotypes. For
example, tank size can affect exploratory strategies across time impacting on the general
locomotor analysis (Stewart et al. 2012a). We found that the fish exploratory activity in a small
tank was higher than in the big tank, where the thigmotaxis behaviour was increased in this
setup. Indeed, the small tank was more sensitive for anxiety-related patterns, where adgrl3.1.
mutants showed immobility and decreased distance traveled, with control mutants showing
higher thigmotaxis behaviour compared to treated mutants. This suggests that small tanks may
be more reliable to analyze thigmotaxis behaviour due to the proportion of shelter (wall) area vs
open area. Meanwhile, in the big tank, knockout adgrl3.1. animals showed higher max velocity
and velocity index with less exploration or time spent close to the walls. Therefore, the
hyperactive phenotype was observed when fish had bigger space to travel without the influence
of walls close to the fish, which could affect their attention focus in the task. These results are
extremely relevant for future research and regarding the face validity of the use of adgrl3.1.
mutants for modelling hyperactivity.
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We also observed that the mutants for adgrl3.1 hyperactive behaviour could be linked
to altered expressions of NET in the brain. NE system is known for playing a major role in
hyperactive-impulsive ADHD symptoms(Angyal et al. 2018; Kim et al. 2006; Sigurdardottir et
al. 2019; Sigurdardottir et al. 2016). In humans, different haplotype blocks within different
regions for SLC6A2 are linked to the disorder, and this has shown differences in terms of sex
and ADHD subtype (Sengupta et al. 2012). To further evaluate the hypothesis that the
noradrenergic system is one mechanism underlying hyperlocomotion in adgrl3.1. knockout,
here, we pretreated animals with atomoxetine. Atomoxetine is a widely used ADHD treatment
that acts mainly by inhibiting the presynaptic norepinephrine transporter, with secondary effects
on the dopaminergic system(Chan et al. 2016). Atomoxetine effectively reversed the
hyperactive behaviour observed in the big tank, also changing the locomotion of animals in the
small tank and decreasing altered thigmotaxis behaviour. The effects of this drug reducing
ADHD-like behaviour in adgrl3.1 morpholino larvae was previously observed, where this drug
not only reversed hyperactivity but also motor impulsivity (Lange et al. 2018). Altogether, these
data indicate the essential role of the noradrenergic system in the increased activity of ADGRL3
mutants, and likely in the expression of core ADHD phenotypes.
Another two important ADHD core symptoms, as previously discussed, are attention
deficits and increased impulsive behaviour. Here, adult adgrl3.1. knockout animals showed
attention deficits in the 5-CSRTT by displaying higher number of incorrect responses compared
to WT animals in a high attention-demanding task. In the same task, adgrl3.1-/- showed a high
number of anticipatory responses, which is indicative of poor impulse control (Parker et al.
2014b). Another common behaviour linked to impulse control is risk taking behaviour; patients
with ADHD often show increased risk taking as a comorbidity (Pollak et al. 2019). Increased
risk-taking permanently affects ADHD patients’ lives: a study found that 25% of male prison
inmates (n = 392) had ADHD, and that increased impulsivity and risk taking behaviours may
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explain imprisonment and offending outcomes in those patients(Young et al. 2018). We
observed that adult adgrl3.1-/- showed increased risk taking, which is an important ADHD
comorbid behaviour due to its negative effects in their life and relationship with society.
Regarding the mechanisms underlying altered attention and impulsive behaviour, atomoxetine
is also known for reducing impulsive-like behaviour in multiple species(Robinson et al. 2008)
including zebrafish (Parker et al. 2014b). Although this drug was effective in reducing impulsive
and risk-taking behaviour in adgrl3.1-/-, this drug had no impact on attention deficits.
Besides the role of NE in ADHD, the DA system is the most often linked to ADHD in
humans, the adgrl3 molecular characterization was previously investigated in zebrafish, flies,
rodents and humans, and the consensus has been that DA is the main system associated to the
behavioural alterations and clinical symptoms (Arcos-Burgos and Muenke 2010; Lange et al.
2018; Lange et al. 2012; Regan et al. 2019; van der Voet et al. 2016). The hypothesis that DA
is one of the main systems associated to the link between ADGRL3 and attention
deficits/hyperactivity stand behind that methylphenidate is usually the choice drug for ADHD
treatment(Catala-Lopez et al. 2017; Greenhill et al. 2001; Storebo et al. 2015). Methylphenidate
typically has a positive effect when modelling this disorder and is often used to validate ADHD
models (Somkuwar et al. 2013). Indeed, rat’s knockout for the ADGRL3 gene showed increased
expression of dopamine transporter and decreased expression of dopamine D1 receptor and
dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32) in striatum (Regan et
al. 2019). Although the role of DA in ADHD is well-recognized, as methylphenidate is a
stimulant drug that acts inhibiting the reuptake of DA and NE, little is known about the role of
other neurotransmitter systems in adgrl3.1 knockout animals. In fact, around 20 – 30% of
ADHD patients have little or no response to some of the classical pharmacological treatments
(e.g. methylphenidate)(Spencer et al. 2005), indicating that there are different mechanisms
involved in the different subtypes of ADHD depending on the genetic and environmental
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background. Lastly, methylphenidate was also previously shown to increase zebrafish
anticipatory response in the 5-CSRTT, meanwhile atomoxetine, a NET reuptake inhibitor, is
effective to decrease impulsive behaviour in this species (Parker et al. 2014b).
In this sense, evidence shows that the noradrenergic system is also involved in the
control of activity and its mechanisms are the consequence of a negative feedback between NE
and DA systems where studies with knockout mice showing increased NET can lead to
secondary DA effects (Viggiano et al. 2004). The association of NET to hyperactive-impulsive
ADHD symptoms was previously observed in several human studies(Angyal et al. 2018; Kim
et al. 2006; Sigurdardottir et al. 2019; Sigurdardottir et al. 2016). In fact, here we showed that
DA turnover was reduced in telencephalon (analogous to cortical and subcortical regions in
mammals) which could occur as a secondary effect due to upregulation of NET in adult animals.
Thus, when looking at the molecular markers, we showed that mutant animals for the adgrl3.1
have abnormal expression of NET and 5-HTT with no alterations for DA-related genes.
However, we also show that adgrl3.1 is associated with reduced telencephalic DA turnover,
suggesting a potential functional mechanism by which ADGRL3 has its roles in ADHD which
is supported by the role of atomoxetine reversing the hyperactive and impulsive behaviour.
The serotoninergic system has also been implied in ADHD-related behaviours, where
reduced serotoninergic activity was correlated to poor impulse regulation and increased
aggressive behaviour in animals and humans (Halperin et al. 1997; Lucki 1998). Polymorphism
in the 5-HTT gene also influences ADHD susceptibility (Kent et al. 2002; Manor et al. 2001;
Seeger et al. 2001) suggesting that this gene could be functionally involved in the etiology of
this disorder. Variations in the 5-HTT gene has also been linked to attention bias(Fox et al.
2011) and selective attention to threat (Osinsky et al. 2008) in humans. In the previous
experiment we also showed that 5-HT was altered in zebrafish knockout for the gene adgrl3.1
and that differences in 5-HTT variations was previously shown to have a role in attention and
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cognitive processes in humans(Canli et al. 2005). We observed an attention deficit of animal’s
knockout for adgrl3.1-/- which was not reversed with a NET inhibitor. Although we
pharmacologically validated our model focusing on the NE system, the fact that attention
deficits were only attenuated by atomoxetine indicates that different mechanisms are underlying
decreased attention in adgrl3.1-/-. Because 5-HTT expression was downregulated and increased
levels of 5-HT in diencephalic, optic tectum and hindbrain was found for adgrl3.1-/- animals, the
attention deficits observed here could be a combined effect of altered 5-HTT and NET
expression. Supporting this, in humans, the thalamus is known to play an important role in
selective attention(Portas et al. 1998) and serotoninergic fibers are broadly innervate in
mammals thalamus(Vertes et al. 2010), however the role of the serotoninergic system in
thalamus and attention still needed. Here, we observed increased levels of 5-HT in diencephalic
(homologous to thalamus, pineal body and habenula), optic tectum and hindbrain and
downregulation of 5-HTT in the zebrafish brain. Considering that atomoxetine reversed only
hyperactive and impulsive behaviour, the 5-HT system may have a combined role with NE and
DA regarding attention deficits but is not directly involved in impulsive and risk-taking
behaviour being NET downregulation the main mechanism underlying those behaviours in
adgrl3.1-/- mutants. However, because we did not pharmacologically validate this model
focusing on the serotoninergic system, further evidence is necessary to understand the
relationship of this system with ADHD-like behaviour in knockout animals for adgrl3.1.
Importantly, the analysis of decreased accuracy in the 5-CSRTT using a single ITI reflecting in
attention deficits is still arguable, where some authors correlate this parameter to performance
deficits. Making the use of future attention set challenges (e.g., addition of distractors in the
task) important for the better understanding of attention deficits in adgr3.1 knockout. For
example, as the ITI duration decreases, the % of accuracy decreases and % of omissions increase
proportionally, indicating that shorter stimulus durations increase the attentional demands of the
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task (Asinof and Paine 2014). Thus, altering the duration of the stimulus to vary the attentional
demands of the task can help to better understand attentional demands of adgrl3.1 knockout.
Sex differences were also analyzed for all the main ADHD-like behaviours showed by
the adgrl3.1 mutant. In humans, small gender differences have been found where women with
ADHD show higher rates of depression and anxiety with lower externalizing behaviours.
Meanwhile, men with ADHD are more often incarcerated than women with ADHD and this
could be due to differences in impulsive and aggressive behaviour (Rucklidge 2010). These
gender differences are also changed across life, for example, older boys tend to show fewer
ADHD-related behaviours than younger boys, but older girls have similar peer problems as
younger girls (Ragnarsdottir et al. 2018). The mechanisms underlying these differences do not
seem to be only related to the neurological basis of this disease, but also due to a referral bias,
since females with ADHD are less likely to be referred for treatment than males with ADHD
(Rucklidge 2010). Here, in the small tank, most differences were linked to genotype or sex by
itself, as previous data showed that female zebrafish are overall more anxious than males
(Fontana et al. 2020) and here we observed a sex effect for thigmotaxis behaviour. However,
when looking at the hyperactive-like phenotype observed in the big tank, an interaction sex vs.
genotype effect was observed where female showed higher differences in terms of max speed
with no differences between adgrl3.1-/- male vs. WT male. In terms of impulsivity and attention
deficits, no interaction between sex vs. genotype were observed for the 5-CSRTT. Although the
differences in terms of sex can show potential differences in terms of gender and behavioural
phenotypes in ADHD, sample size for sex analysis was relatively small and data must be
carefully interpretated. Thus, our data regarding sex differences indicate that sex does not play
a strong role in most of the behaviours observed here whereas a strong genotype effect is kept
across multiple two-way ANOVA analyses (when considering tank size, atomoxetine, and sex
data analysis).
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Overall, we have behaviourally characterized the main ADHD-related behaviours such
as hyperactivity, impulsivity and attention deficits in adgrl3.1 knockout zebrafish, where
impulsivity and attention deficits were consistently observed in the 5-CSRTT test, meanwhile
hyperactive behaviour was observed depending on context. Regarding the mechanisms
underlying these behaviours, patients with ADHD are often treated with methylphenidate, a
drug that affects both dopaminergic and noradrenergic systems. Although methylphenidate is a
classical ADHD treatment, in zebrafish this drug has been associated to increased impulsive
behaviour. Thus, here we used atomoxetine as a classical treatment focusing in the NE system,
where we showed that the hyperactive, impulsive, and risk-taking behaviour are reversed by a
NET inhibitor (atomoxetine) supporting the hypothesis that the NE system has an important role
in ADHD. In fact, here we showed that dopamine decrease in telencephalon may be a secondary
effect caused by dysregulated NET expression and may be the mechanism behind ADHD-like
phenotypes. Regarding 5-HTT, deregulation was observed in animals with ADGRL3 absence,
however future pharmacological studies should be performed to assess specific behaviours (e.g.
attention) that could be linked to this alteration. Since hyperactivity was depending on context
and high anxiety-related behaviour was observed in small tanks for the mutant animals, the
results found in this chapter can also help in the understanding of different subtypes of ADHD.
Therefore, together with the molecular data, this can accelerate the development of new target
therapies for this psychiatric disorder. During the next chapters these behavioural phenotypes
will be further explored considering different environmental factors and the anxiety-related
phenotypes are further investigated together with the analysis of adgrl3.1 stress-reactivity.
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3
Anxiety and stress-reactivity response of adgrl3.1 knockout
Submitted in part as:
-

Fontana et al. (2021): The effects of two stressors on working memory and cognitive
flexibility in zebrafish (Danio rerio): The protective role of D1/D5 agonist on stress
responses. Neuropharmacology, doi: 10.1016/j.neuropharm.2021.108681

In the previous chapter, we found that adgrl3.1. knockout zebrafish show alterations in
locomotion, attention, risk-taking behaviour, anxiety, and memory. Patients with ADHD have
disrupted stress-reactivity showing different physiological and behavioural responses after
exposure to acute stressors. Here, we first characterized the impact of acute stressors on
behavioural endpoints, including working memory and cognitive flexibility in the FMP Y-maze
task. We then tested whether zebrafish knockout for adgrl3.1 has a similar physiological
response (cortisol levels) and behavioural phenotype (response to novelty, risk-taking, and
memory and cognition) compared to WT animals after exposure to an acute stressor.
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3.1. Experiment 3.1: Effects of two acute stressors in memory and cognition: The role of
DRD1/DRD5 in abnormal repetitive behaviour and cortisol response
3.1.1. Overview
Stress can be characterized as a cascade of physiological changes that occur after
perception of a threat where the organism tries to restore the homeostatic norms (Schreck et al.
2001). Acute stressors are recurrent in human life, and contribute to the clinical progression of
a variety of disease processes including depression, cardiovascular diseases, and cancer
(Chmielewska et al. 2019; Cohen et al. 2007; Effendy et al. 2019; Mousavi et al. 2019). Stress
facilitates or impairs cognition in different ways depending on the magnitude/frequency of stress
and the cognitive function being studied (Sandi 2013). Stressful stimuli can promote
physiological and psychological effects that cause changes in cortisol levels, oxidative stress
and inflammation (Salim 2014; Schedlowski et al. 1992; Wirtz and von Kanel 2017). Stress also
affects the central dopaminergic system (Gryz et al. 2018; Lehner et al. 2018; Metzger et al.
2019). A stressful stimulus can also translate to behavioural changes including loss of memory
(Chen et al. 2010), inability for decision-making (Starcke et al. 2008), attention problems
(Hancock 1986) and increase repetitive/compulsive behaviours (Horowitz 1975; Joosten et al.
2009) affecting individual wellbeing in society. There is evidence that this stress-induced
alteration in cognition may be related to dopamine D1/D5 receptor activity (DRD1/D5). Rats
pretreated with SKF-81297 (a DRD1/D5 receptor agonist) increased attentional set-shifting task
performance after stress exposure (Nikiforuk 2012).
Zebrafish (Danio rerio) are widely used as a translational model in neuroscience owing
to their genetic, endocrine and anatomic homology with other vertebrates, including humans
(Kalueff et al. 2014a; Nguyen et al. 2014; Piato et al. 2011; Stewart et al. 2014). This species
shows several similarities in the stress-related pathways compared to humans, including the
release of cortisol as the primary hormonal stress response (Cachat et al. 2010; Clark et al.
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2011a). Several acute stressors (physical and chemical) induce behavioural and physiological
stress responses in zebrafish. (Gaikwad et al. 2011; Piato et al. 2011; Ramsay et al. 2009).
Physical stimuli that elicit robust stress responses include net chasing (Abreu et al. 2014;
Giacomini et al. 2015; Ramsay et al. 2009) and spatial restriction (Ghisleni et al. 2012; Piato et
al. 2011), both of which induce behavioural changes (e.g. increased anxiety-like behaviour) and
increase cortisol levels (Abreu et al. 2014; Ghisleni et al. 2012; Giacomini et al. 2015; Piato et
al. 2011; Ramsay et al. 2009). Conspecific alarm substance (CAS) is classified as a chemical
stressor and has been successfully used to induce physiological and behavioural alterations in
several species (Abreu et al. 2016; Canzian et al. 2017b; Fraker et al. 2009; Hall and Suboski
1995; Quadros et al. 2016; Speedie and Gerlai 2008; Wong et al. 2010). Being released and
stored by fish epidermal “club” cells, CAS is the main molecule released in the water after skin
injuries provoked by predator attacks (Chivers and Smith 1994; Korpi and Wisenden 2001).
Similarly to rodents, the DA system was shown to play an important role in zebrafish stress
response where after one day of acute stress exposure animals show decreased levels of DA in
whole-brain (Shams et al. 2017). Although several papers have investigated the effects of acute
stressors in the zebrafish anxiety-like phenotype, little is known about how stress can affect
zebrafish cognition, and the role that the dopaminergic system plays in stress-response
situations.
Here, our overall aim was to examine the role of the dopamine D1/D5 receptor in stressinduced changes in learning and memory performance. In order to address this aim, we had
three objectives. First, we tested the hypothesis that a mechanical (net chasing) or chemical
(CAS exposure) stressor would induce deficits in memory and cognition in the free movement
pattern (FMP) Y-maze (Cleal et al. 2021b). Second, we tested the hypothesis that stress-induced
behavioural changes were related to DRD1/D5 receptor activity. Because dysregulation of
DOPAC/DA levels in the telencephalon of adgrl3.1 knockout zebrafish was observed,
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understanding the relationship between DA system and stress-responses in FMP Y-maze will
further help to discover potential mechanisms underlying ADHD-related phenotypes in adgrl3.1
knockout. We have previously shown that a DRD1/D5 antagonist increases repetitive behaviour
and decreases working memory in zebrafish (Cleal et al. 2021b); thus, we pre-exposed fish to a
partial D1/D5 receptor agonist SKF-38393 hydrochloride (SKF-38393) to examine change in
stress-induced performance. Finally, we tested the hypothesis that the role of DRD1/D5 in
stress-induced changes in behaviour and memory performance was related to the changes
observed in the endocrine stress- response, by measuring cortisol levels in the zebrafish
following exposure to the agonist.

3.1.2. Methods
3.1.2.1. Animal husbandry
Adult zebrafish (AB wild-type; ~ 50:50 male: female ratio at 4-month of age) were bred
in-house and reared in standard laboratory conditions on a re-circulating system (Aquaneering,
USA). Animals were maintained on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), pH
8.4, at ∼28.5 °C (±1 °C) in groups of 10 animals per 2.8 L. Fish were fed three times/day with
a mixture of live brine shrimp and flake food. Fish submitted to whole-body cortisol extraction
were euthanized 15 minutes after stress exposure using the rapid cooling (2°C) method, bodies
were collected and immediately frozen in liquid nitrogen. Samples were kept at -80 °C for
further analysis. To ensure data reliability, three independent batches were tested (n = 6 per
group in each batch). The sample size was determined following extensive published and
preliminary experiments in our lab (typical effect sizes are moderate [d ≥ .25], and n = 1218/treatment group has been found to give sufficient power (>.9). Full details of power analyses
are given below. All experiments were carried out following approval from the University of
Portsmouth Animal Welfare and Ethical Review Board, and under license from the UK Home
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Office (Animals (Scientific Procedures) Act, 1986) [PPL: P9D87106F]. All animals from which
tissue samples were not collected were euthanized immediately after use, using 2phenoxyethanol from Aqua-Sed (Aqua-Sed™, Vetark,Winchester, UK).

3.1.2.2. Experimental design
Animals were acutely stressed through two methods: 1) CAS exposure or 2) net chasing
(for 2 minutes) (Abreu et al. 2016; Mezzomo et al. 2016; Quadros et al. 2016; Ramsay et al.
2009), and tested in the FMP Y-maze. CAS-exposure induced robust changes in cognitive
responses in the FMP Y-maze. To evaluate the effects of D1 receptors on stress-induced
alterations in cognitive performance, animals were individually exposed to SKF-38393 or water
(control group) for 20 minutes in 300 mL beakers at a concentration of 10 mg/L (Naderi et al.
2016), prior to being exposed to CAS for 5 min and then tested in the FMP Y-maze. All
behavioural testing was carried out in a fully randomized order, choosing fish at random from
one of nine housing tanks for testing. The groups were labeled using different letters (e.g. A, B,
C, etc.) so data analysis and cortisol assessment would be performed in a blind manner, once all
data were collected and screened for extreme outliers, data was analyzed in full and the groups
were revealed. Eleven animals were detected as an extreme outlier (e.g., returning values of ‘0’
for behavioural parameters indicating non-engagement) and excluded in the Y-maze task,
including nine from the net chasing groups and two from the SKF-38393 treatment. More details
of all methods are described in detail below.

3.1.2.3. Acute stressors protocol
The induction of stress was performed in a separate tank from the housing tanks, using
two stressors of different natures (mechanical and chemical) (Figure 3.1). Mechanical stress
was induced by chasing the fish with a net for 2 min using three different methods, clockwise
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chasing, anticlockwise chasing and alternated (1 time each direction and repeating the cycle for
2 min) at a regular speed of approximately 40 turns per minute (Abreu et al. 2014; Barcellos et
al. 2011; Mocelin et al. 2015). The chemical stress induction was performed by individually
exposing fish to 3.5mL/L of CAS preparation in 300 mL tanks for 5 minutes. Briefly, epidermal
cells were damaged with 10–15 shallow slices on both sides of the phenotypically similar donor
fish body times with a razor blade. Afterward, 10 mL of distilled water was added into a Petri
dish and mixed to fully cover the fish body. All procedures were performed on ice and controlled
to avoid drawing blood, which would contaminate the solution. (Canzian et al. 2017a; Egan et
al. 2009; Quadros et al. 2016; Speedie and Gerlai 2008). Two control groups were tested, no
handling before the behavioural experiments to avoid stress induced by handling and handling
in a similar matter to the stressed group (5 min in a beaker with water only).

Figure 3.1. (A) Protocol for conspecific alarm substance (CAS) extraction. (B) Experimental design for the net
chasing protocol (2 min) using 3 different net chasing directions, anticlockwise, clockwise, and alternated. After
the exposure to CAS or net chasing acute stressors animals were immediately tested in the free movement pattern
(FMP) Y-maze.
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3.1.2.4. Free Movement Pattern (FMP) Y-maze test
All behavioural tests were performed between 09:00 and 15:00 h. The FMP Y-maze task
is a cognitive task validated for measuring zebrafish working memory and cognitive flexibility,
and has been described in detail elsewhere (Cleal et al. 2021b; Fontana et al. 2019a). Eighty-six
adult zebrafish were used for assessing Y-maze performance and the required sample size was
calculated a priori following pilot tests (effect size (d) = 0.25, power = 0.99, alpha = 0.05). The
apparatus used was a white Y-maze tank with three identical arms (5 cm length x 2 cm width;
120º angle between arms) filled with 3L of aquarium water. No explicit intra-maze cues were
added to the environment, but ambient light was present to allow some visibility in the maze (1
LUX). The Zantiks AD system was used to measure fish arm choice across 1-hour (L – left or
R – right) and their performance was assessed according to overlapping series of four choices
(tetragrams) (Gross et al. 2011).
Data were split into two formats for analysis: 1) total percentage use (calculated as a
proportion of total turns) of each tetragram sequence for the 60 min of exploration, referred to
as ‘global’ search strategy; 2) ‘immediate’ search strategy, analyzed search pattern
configurations over 10 min time bins throughout the trial, equating to six equal, consecutive
time bins. ‘Global’ search strategy was used to measure working memory as repetition of
previous turn choices must be remembered for patterns of movement to be repeated over 1 h of
exploration, requiring memory of arm entries and order of entry. The second type of strategy
was used to assess cognitive flexibility. Animals that are not able to update information gained
during exploration of the FMP Y-maze will likely perform similar strategies over each time bin.
However, animals that adapt their behavioural response to new information would be expected
to change movement patterns over time. For example, control animals show a peak in alternation
patterns at 40 min time bin based on previous characterization studies; meanwhile, animals
exposed to drugs that affect cognitive flexibility do not show changes in alternations across time
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(Cleal et al., 2020) . Thus, to assess ‘global’ strategies, the number of alternations (rlrl + lrlr)
and repetitions (rrrr + llll) were used as a proportion of the total number of turns which are
highly expressed through 1-hour (% of total turns). Average turns were to assess animals’
locomotor/exploratory behaviour. Alternations and repetitions across time were used to assess
cognitive flexibility.

3.1.2.5. Cortisol Levels
For the cortisol levels assessment, zebrafish were pre-exposed to water or SKF for 20
minutes and then acutely exposed to CAS for 5 min or net chasing (alternated method) for 2 min
as previously described. Animals were euthanized after 15 min (cortisol peak time in zebrafish)
and samples were immediately snap-freeze using liquid nitrogen to avoid cortisol level
fluctuations. The experimenter carrying out the cortisol analysis was fully blinded both to the
results of the behavioural tests and the individual group of the fish (i.e., stress vs no stress). This
was achieved because the cortisol analysis was carried out by a different experimenter than the
behavioural testing, and all fish were labeled and mixed indiscriminately. Samples were further
frozen at −80C until assay. Cortisol levels were assessed using a human salivary cortisol ELISA
kit (Salimetrics) as previously described (Cachat et al. 2010; Parker et al. 2012b). Briefly,
samples were homogenized in 5 ml ice-cold PBS. 5 ml of diethyl ether was added, and samples
were centrifuged (7000 x g) for 15 minutes, and the top (organic) layer was removed. This
process was repeated three times and then the diethyl ether was evaporated overnight. The
resulting cortisol was reconstituted in 1 ml ice-cold PBS and the ELISA was then performed in
96-well plates as per the manufacturer's instructions. Cortisol concentrations (ng/g-1) were
determined from OD readings compared against manufacture standards. All samples were run
in duplicate and the inter- and intra-assay coefficients of variation were <3%.

93

3.1.2.6. Data processing and statistics
Data from the Y-maze protocol was obtained as a sequence of continuous entries into
each arm (1, 2, 3 and middle section 4) across a 1-hour trial. To analyze the data according to
left and right turns in 10-minute time bins, raw data was processed using the Zantiks Y-maze
Analysis

Script

created

specifically

for

this

purpose

(available

from:

https:/

/github.com/thejamesclay/ZANTIKS_YMaze_Analysis_Script). Data were analyzed using
generalized linear models (Poisson distribution and log link) using stress, pretreatment (SKF38393) or time as fixed factors and ID as random effect (to account for non-independence of
replicate). Tukey’s test was used as post-hoc analysis, data was represented as mean and error
of the mean (SEM), and results were considered significant when p ≤ 0.05.

3.1.3. Results
3.1.3.1. CAS exposure and net chasing affects cognitive flexibility patterns and modulate
repetitive behaviour
Average turns (F (2, 59) = 1.249; p = 0.2942) and alternations (F (2, 59) = 2.434; p = 0.0964)
were not affected when animals were stressed with CAS, however a significant effect for
repetitions (F (2, 59) = 7.747; p** = 0.0010) was observed (Figure 3.2A). Tukey’s post-hoc test
showed a significant increase in the repetitions for the CAS group when compared to control
(p** = 0.0025) and HC (p** = 0.0058) groups. Alternations across time were also affected
when animals were exposed to CAS, where a significant effect for time (F (5, 354) = 4.648; p***=
0.0004) and groups (F (2, 354) = 6.317; p** = 0.0020) were observed, with no interaction effect
(time vs. groups; F

(10, 354)

= 1.584; p = 0.1094) (Figure 3.2B). Moreover, for the repetitions

across time, a strong stress effect (F (2, 354) = 17.83; p**** < 0.0001) was observed. However,
there was no effect for time (F (5, 354) = 1.770; p = 0.1181) or an interaction between factors (F
(10, 354)

= 1.850; p = 0.0511). Briefly, post-hoc analysis showed that CAS (p > 0.999) animals
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do not show peak in the alternations when comparing 10 vs 40 min as observed for the control
(p* = 0.0278) and the HC (p* = 0.0189) group. Repetitions were significantly increased at the
30 and 40 time bins compared to both control (30 min p*** = 0.0002 and 40 min p*** = 0.0002)
and HC (30 min p** = 0.0017 and 40 min p*** = 0.0004), meanwhile at 50 min only HC had a
significant effect when compared to CAS (p** = 0.0062).

Figure 3.2. Effects of conspecific alarm substance (CAS) in the FMP Y-maze. (A) CAS significantly increased the
number of repetitions when compared to control and handling control (HC). (B) Alternations are significantly
affected by CAS at controls and handling control (HC) cognitive peak (40 mins time bin). Repetitions across time
was significantly increased at 30, 40- and 50-time bins. Data were represented as mean ± S.E.M and analyzed by
one or two-way ANOVA (time vs. group effect), followed by Tukey’s test multiple comparison test between groups
(**p < 0.005 and ***p < 0.0005 compared to control;#p < 0.05,

##

p < 0.005 and

###

p < 0.0005 compared to

handling control; n= 16 – 22).

Figure 3.3 shows the searching strategies of zebrafish stressed by net chasing using three
different methods: clockwise chasing, anticlockwise chasing and alternated chasing.

No

significant effect in the average turns (F (4, 80) = 1.302; p = 0.2762), overall alternations (F (4, 80)
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= 2.144; p = 0.0829) or repetitions (F

(5, 59)

=0.7547; p=0.5578) were observed for the net

chasing groups (Figure 3.3A). When looking at cognitive flexibility (Figure 3.3B), a time (F (5,
480)

= 5.329; p****< 0.0001) and group (F (4, 480) = 7.262; p**** < 0.0001) effect were observed

for alternations across time, with no effect for interaction between factors (time vs groups; F (20,
480)

= 0.7992; p = 0.7156). Post-hoc analysis yielded did not showed any differences for the

group clockwise (p = 0.9639), anticlockwise (p = 0.6429) and alternated (p = 0.9089) when
comparing 10 vs. 40 min time bin. For the net chasing affecting repetitions across time analysis,
only a time effect (F (5, 480) = 3.644; p** = 0.0030) was observed with no effect for interaction
(time vs. groups; F (20, 480) = 1.092; p = 0.3544) or stress (F (4, 480) = 0.9169; p = 0.4538) (Figure
3.3B).

Figure 3.3. Effects of net chasing in the FMP Y-maze. (A) Net chasing (clockwise, anticlockwise and alternated)
did not overall behaviour in the FMP Y-maze compared to control and handling control (HC). (B) Alternations are
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affected by net chasing independently of net chasing direction at both control groups cognitive peak (40 mins time
bin). A significant effect was observed between 10 min vs. 40 min in the control alternation pattern (p<0.05). Data
were represented as mean ± S.E.M and analyzed by one or two-way ANOVA (time vs. group effect), followed by
Tukey’s test multiple comparison test between groups (n= 13 – 22).

Further analysis for frequency of choices are observed in Figure 3, where CAS
significantly animals frequency of choice (F

(15, 944)

between factors (frequency of choice vs. stress; F
group effect (F

(2, 944)

= 43.89; p**** < 0.0001) and interaction

(30, 944)

= 2.842; p**** < 0.0001), with no

= 0.1984; p = 0.8201). A significant decrease in the LRLR and RLRL

patterns were observed for CAS when compared to control (LRLR p**** < 0.0001 and p****
< 0.0001) and HC (LRLR p** = 0.0051 and RLRL p* = 0.0163). Additionally, parameters
related to repetitive behaviour were significantly increased in CAS exposed animals when
compared to control (LLLL p**** < 0.0001 and RRRR p*** = 0.0005) and HC (LLLL p****
< 0.0001 and RRRR p*** = 0.0010)(Figure 3.4A). Regarding the frequency of choices for net
chased animals, although no significant effect was observed for the groups, animals’ frequency
of choice (F

(15, 1280)

choice vs. groups; F

= 71.74; p**** < 0.0001) and interaction between factors (frequency of
(60, 1280)

= 1.715; p*** = 0.0007) were significantly modulated by net

chasing. Differences in LRLR (p* = 0.0148) and RLRL (p* = 0.0257) were only observed for
the alternated net chasing when compared to control. A significant increase in LLLL were
observed for animals stressed to clockwise (p** = 0.0011) and anticlockwise (p* = 0.0334)
chasing. However, the alternated net chasing was the only one that increased RRRR patterns
(p*** = 0.0005) (Figure 3.4B).
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Figure 3.4. Effects of (A) net chasing and (B) CAS in the frequency of choices of fish tested in the FMP Y-maze.
Data were represented as mean ± S.E.M and analyzed by two-way ANOVA (frequency of choice vs. group effect),
followed by Tukey’s test multiple comparison test between groups (*p < 0.05, **p < 0.005, ***p < 0.0005 and
****p < 0.0001 compared to control;# #p < 0.005, # # #p < 0.0005 and # # # #p < 0.0001 compared to handling control;
n= 13 – 22).

3.1.3.2. CAS-induced changes in FMP-Y-maze performance are attenuated by dopamine D1/5
receptor
Animals were next pretreated with SKF-38393 to investigate the role of D1 receptors in
CAS-induced deficits in FMP Y-maze performance (Figure 3.5). Overall, when comparing
stress vs. SKF-38393 treatment, no interaction, treatment or stress effect was observed for
average turns (F

(1, 72)

= 0.3531; p= 0.5542; F

(1, 72)

= 1.972; p=0.1972 and F

(1, 72)

= 2.198;
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p=0.1426) and alternations (F (1, 72) = 1.586; p=0.2119; F (1, 72) = 0.02557; p=0.8734 and F (1, 72)
= 1.315; p=0.2553). For the repetitions, a stress effect (F

(1, 72)

= 6.410; p*=0.0135) was

observed with no effect for interaction (stress* SKF-38393 treatment; F (1, 72) = 2.563; p=0.1138)
or a treatment effect (F (1, 72) = 1.247; p = 0.2678). Tukey’s post-hoc analysis showed that only
CAS-stressed fish significantly increased their relative repetitions (%) during the test (p** =
0.0082) (Figure 3.5A). Furthermore, we also performed analysis across-time for fish pretreated
with SKF-38393 and observed a significant time (F (5, 456) = 9.513; p**** < 0.0001) and group
effect for alternations (F (3, 456) = 3.349; p* = 0.0190) and a interaction of time*group (F (10, 456)
= 3.098; p**** < 0.0001), time (F (5, 456) = 2.697; p*=0.0205) and group effect (F (3, 456) = 10.82;
p**** < 0.0001) was observed for repetitions. Post-hoc analysis focusing in the differences
between CAS and SKF-38393 + CAS groups showed that the treatment significantly increased
the alternations at 40 (p* = 0.0278) and 50 min (p** = 0.0079). Regarding the relative
repetitions (%) across time, a significant decrease of repetitions was observed for fish pretreated
with SKF-38393 and further stressed with CAS at 30 (p*** = 0.0003), 40 (p*** = 0.0002) and
50 min (p* = 0.0404) when comparing to only CAS group. When comparing the SKF-38393
+ CAS time bins within the same group, the alternations were significantly increased at 50 min
when compared to the initial alternations at 10 min (p* = 0.0300) (Figure 3.5B).
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Figure 3.5. The role of the dopaminergic system in fish exposed CAS and submitted to the FMP Y-maze task. (A)
Increased repetitive behaviour was attenuated in fish pre-exposed to a D1/D5 receptor agonist (SKF-38393). (B)
Pretreatment with SKF-38393 significantly increased alternations at 40- and 50-mins. The D1/D5 receptor agonist
pretreatment also protected against abnormal repetitive behaviour at 30-, 40- and 50-mins. Data were represented
as mean ± S.E.M and analyzed by two-way ANOVA (pretreatment vs. stress or group effect vs. time), followed by
Tukey’s test multiple comparison test between groups (p*< 0.05; **p < 0.005 and ***p < 0.0005 compared to
control; ;# p < 0.05, # #p < 0.005 and # # # p < 0.0005 compared to CAS + SKF-38393; n= 16 – 22).

3.1.3.3. Cortisol levels are increased after CAS exposure and net chasing, and this is mediated
by DRD1/D5 activity
Whole-body cortisol levels following CAS and SKF-38393 exposure are depicted in
Figure 3.6A). A two-way ANOVA showed a significant main effect for stress (F (1, 22) = 19.30;
p*** = 0.0002), and a significant stress*SKF-38383 interaction (F (1, 22) = 4.335; p*=0.0492).
This was characterized as CAS exposure significantly increased cortisol levels compared to
control (p*** = 0.0006) and SKF-38393 (p**=0.0084), suggesting that the DRD1/5 agonist
reduced the cortisol response. No significant effect between CAS and SKF-38393 + CAS group
(p=0.2681) was observed (Figure 3.6A). Similarly, a stress effect was observed for animals
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exposed to alternated net chasing (F (1, 26) = 11.60; p**=0.0022) with no stress*SKF-38383 (F
(1, 26)

= 2.516; p= 0.1248) or SKF-38393 effect (F (1, 26) = 0.05443; p = 0.8174) where post-hoc

analysis only showed a significant effect for net chasing vs. control group (p** = 0.0056). No
significant effect was observed for SKF-38393 + net chasing vs control group (p = 0.0575)
(Figure 3.6B).

Figure 3.6. Cortisol levels in zebrafish pre-exposure to D1/D5 receptor agonist. (A) Cortisol levels are increased
in fish exposed to CAS and is partially reversed by pretreatment with D1/D5 receptor agonist. (B) Similarly, cortisol
levels are increased in fish exposed to alternated chasing and is partially reversed by pretreatment with D1/D5
receptor agonist. Data were represented as mean ± S.E.M and analyzed by two-way ANOVA (pretreatment vs.
stress), followed by Tukey’s test multiple comparison test (p***< 0.0005 compared to control and p# #< 0.005
compared to SKF-38393; n= 6).

3.1.4. Discussion & Partial Conclusions
Here, for the first time, we used the FMP Y-maze (Cleal et al. 2021b) to investigate the
role of the dopamine system in the modulation of working memory and cognitive flexibility
following exposure to acute stress. Exposure to an acute chemical stressor (CAS), increased
repetitive behaviour (LLLL + RRRR) and reduced cognitive flexibility in zebrafish. However,
a mechanical stressor, net chasing, despite not inducing an increase in overall repetitions,
induced (independent of chasing direction) increased LLLL or RRRR choices. Pre-test exposure
to DRD1/D5 agonist (SKF-38393) partially reversed the behavioural deficits elicited by CAS,
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but also decreased stress-induced cortisol levels for both CAS and net chasing. Since repetitive
motor behaviours are induced in response to stress, these data suggest that the dopaminergic
system, particularly via DRD1/5, may play an important role in modulating stress-related
responses such as decreased cognitive flexibility, repetitive behaviour and cortisol levels when
animals are exposed to CAS.
Both stressors, net chasing and CAS, are widely used with zebrafish to examine stressrelated markers (e.g. cortisol) and anxiety-related behaviour. In terms of memory and cognition,
CAS acts as an aversive stimulus, and fish exposed to CAS will avoid a conditioned zone up to
7 days after the exposure (Maximino et al. 2018). However, the effects on working memory and
cognitive flexibility after acute exposure to CAS was not previously assessed. The FMP Y-maze
has shown that different species such as zebrafish, rats and humans adopt alternations (rlrl or
lrlr) as the main strategy to escape from the maze (Cleal et al. 2021b). In zebrafish, during 1
hour of testing, the animals tend to increase their alternations up to 40 minutes (peak of activity)
which then reduces due to the energy-demanding nature of the task (Cleal et al. 2021a; Cleal et
al. 2021b). Researchers have concluded the percentage of alternations during the test is
correlated with overall working memory, with changes in behaviour over the course of the task
reflective of behavioural adaptability and cognitive flexibility (Cleal et al 2020). Importantly,
here we also compared differences between control animals that were moved straight from the
tank and handling controls that were transferred to a beaker with home tank water for 5 min
before the behavioural testing, where no differences were observed suggesting that the effects
observed discussed in the next paragraphs are caused CAS exposure and net chasing having,
and are not affected by the experimental handling.
CAS impacts working memory and cognitive flexibility by increasing repetitive
behaviour and affecting the alternations and repetitions across time in the FMP Y-maze. As an
initial response, animals exposed to CAS showed the same levels of alternations and repetitions;
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however, from 30 minutes up to 50 minutes of the test, animals adopt the use of repetitions as a
searching strategy (ie rrrr or llll turns). Alternations are also affected when comparing animals
at the 40 minutes time bin, where animals exposed to CAS show a significant decrease in their
alternations (rlrl + lrlr). Taken together, our data suggest that CAS induces repetitive behaviour
as a dominant pattern suppressing the main use of alternations as a searching strategy. The
neurobiology of repetitive behaviours is directly related to stress and is regularly discussed as a
coping mechanism to reduce the arousal level of the animal when it is exposed to stressful events
(Langen et al. 2011). Repetitive behaviours are observed as a symptom in other numerous
human brain and psychiatric disorders (e.g. autism spectrum disorder) and zebrafish have
previously been highlighted as a potential animal model to study these (Zabegalov et al. 2019).
Repetitive behaviours can be divided into two subtypes being (1) stereotypical behaviour (i.e.,
abnormal repetition of a particular set of movements with no goal or function) and (2)
impulsive/compulsive behaviour (Garner 2005). Here, the increased repetitive behaviour
constantly increased across time independent of the result of the action, thus suggesting a
stereotypic response. This would be supported by the literature in which stress induces
stereotypic behaviour in several species (Cabib 2006). Therefore, for the first time we have
demonstrated the ability to induce repetitive behaviour in zebrafish, thus supporting the use of
the FMP Y-maze, not only for assessing working memory and cognitive flexibility (Cleal et al.
2021b), but also as a model to study abnormal repetitive (ARBs), and potentially stereotypical
behaviours.
Net chasing induced a biased response towards LLLL or RRRR, but this was
independent of direction (i.e., clockwise or anticlockwise) of chasing. For example, chasing in
one direction (either clockwise or anticlockwise) significantly increased LLLL bias; however,
performing alternate direction chasing increased RRRR bias. The three methods combined
(clockwise, anticlockwise, random) were efficient to induce one of the repetitions patterns;
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however, why different net chasing directions can differently affect the animal’s series of
choices still needs further investigation. When looking at patterns used for alternations, only the
alternated chasing method was efficient in decreasing both patterns by itself, RLRL and LRLR;
however, in the overall analysis of alternations, no significant effect was observed. These data
suggest that net chasing influencing repetitions has different patterns compared to CAS having
a smaller effect in both behavioural and cortisol responses.
Importantly, a large number of animals were excluded from these groups (n= 9 excluded
animals) due to a lack of exploratory activity in the FMP Y-maze. Our hypothesis underlying
fish individual variability in the task is based on physical activity/exhaustion, due to the fact that
after critical speed swimming different fish species show an excess of oxygen consumption
decreasing their swim activity (Lee et al. 2003). In previous studies, after net chasing protocols,
zebrafish oxygen consumption has not been assessed and could be a factor underlying the lack
of exploratory activity. Fish size and individual variability has also a role in different
behavioural tasks (Toms and Echevarria 2014; Tran and Gerlai 2013) and after net chasing their
individual differences and physical exhaustion could vary. In fact, behavioural responses to net
chasing stress have shown high variability across labs, where no effect in anxiety parameters
(Aponte and Petrunich-Rutherford 2019; Mezzomo et al. 2019) vs. increased anxiety (Mocelin
et al. 2015; Pancotto et al. 2018) was observed in the novel tank diving test using similar net
chasing protocols. Anxiety in this task is measured by time spent in the bottom of the tank (Egan
et al. 2009; Kalueff et al. 2013; Levin et al. 2007; Wong et al. 2010) however fish stressed with
net chasing not only show increased time in bottom, but also decreased distance traveled
(Mocelin et al. 2015; Pancotto et al. 2018) which could be related to the fish having a lack of
energy. However, further studies are necessary to investigate whether net chasing responses are
affected by oxygen consumption or individual physical capability differences.
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The dopaminergic system also has a major role in fear and stress-related responses where
midbrain dopamine neurons projecting to the nucleus accumbens play a critical role when
responding to stressful events (Cui et al. 2020). Mice lacking the D1 receptor have normal
acquisition and consolidation of aversive learning and memory, however, their fear-related
responses are prolonged (El-Ghundi et al. 2001). Similarly, rats pretreated with SKF-81297 (a
DRD1/D5 receptor agonist) increased attentional set-shifting task performance after stress
exposure (Nikiforuk 2012), altogether suggesting that D1 has an essential role in the response
to fear- and stress-related cues. Here, we used the agonist SKF-38393 as pretreatment to CAS,
due to its strong effect on repetitive behaviour, to better understand the DA system in repetitive
and stress-related responses. This molecule was chosen based on previous zebrafish research
where this agonist had positive effects, increasing animals’ performance in a memory-related
task at same dose and time of exposure used in this work (Naderi et al. 2016). Thus, we found
that the pretreatment with SKF-38393 protected against the increase in repetitions, where data
across time showed that at the 30-, 40- and 50-minute time points, animals treated with D1/D5
receptor agonist had a significant decrease of repetitions compared to CAS only. Interestingly,
the D1 antagonist (SCH-23390 at 1.5 mg/L) increases number of repetitions in zebrafish
submitted to the same task (Cleal et al, 2020). Altogether this data suggests that DRD1 and
DRD5 has the capability to protect the animal against a stress-related response to CAS being
able to decrease repetitive behaviour in zebrafish.
DRD1/5 receptors also play a role in the ARBs and stereotypical behaviour due to their
role in the activation of direct pathway medium spiny neurons (MSNs) in the striatum region
(McBride and Parker 2015). As previously discussed, the predominant behaviour within the Ymaze is alternations (lrlr). This is considered to reflect motor memory of the previous choice
(going left or going right) modifying the subsequent choice being made (Cleal et al., 2020). The
ability of stress to induce repetitions indicates that the normal modulation of motor memory on
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action selection is being dampened. Interestingly, odor stress in rodents increases the frequency
of certain behavioural sequences (Wiltschko et al. 2015) through a shift in the balance of direct
(DRD1/5) and indirect (DRD2) striatal MSN activity (Markowitz et al. 2018). This directindirect pathway imbalance appears to also underlie the ARB within the Y-maze and relates
specifically to under activation of direct pathway (DRD1) MSNs, since repetitions were
attenuated by administration of a D1 agonist. The direction of this imbalance contrasts with
other studies; however, where stereotypy is the result of overactivation of the DRD1 mediated
direct pathway with concurrent under activation of the DRD2 mediated indirect (McBride and
Parker 2015). For example, administering a DRD1/D2 agonist (e.g. amphetamine) post-stress
exposure increases stereotypy levels in rodents (Cabib and Bonaventura 1997).

Since

repetitions in the Y maze were reduced by the administration of a DRD1/D5 agonist, this form
of ARB/stereotypy may therefore differ from stereotypical behaviours observed in other species.
The ability of the D1 agonist to protect against stress-responses seems to include more
than alterations in behavioural responses where the mechanisms underlying may involve the
modulation of stress-related pathways. In stressful situations, the normal response of the body
is to activate the hypothalamus–pituitary–adrenal (HPA) axis with subsequent release of
glucocorticoids (e.g. cortisol) (Smith and Vale 2006). In rodents, the administration of D1 and
D2 agonists reduced the HPA response to immobilization stress, suggesting that the
dopaminergic system has the opportunity to dampen the normal physiological stress response
(Belda and Armario 2009). Here, we found that SKF-38393 pretreatment attenuated both
stressors increasing cortisol levels, suggesting that DRD1 activation may regulate these stress
responses via the hypothalamic-pituitary-interrenal (HPI, homologous to HPA in humans)
activity in fish. ARBs are also positively correlated with cortisol levels in patients in the autism
spectrum disorder (ASD)(Yang et al. 2015) where ARBs may serve to mitigate distress
responses resulting in variations in the basal levels of cortisol (Gabriels et al. 2013). These data
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suggest that ARBs response could occur as a form to alleviate distress induced by CAS and net
chasing which is attenuated by the SKF-38393 treatment. Additionally, for CAS increasing
repetitive behaviour, we observed that ARBs started after approximately 20 minutes and
returned to normal levels around 50 minutes. These timings align with the known HPI response
in zebrafish to stressors where cortisol levels rise to its peak after 15 minutes and are still
elevated until 30 minutes after the stress stimuli (Ramsay et al. 2009). Although not measured
concurrently within this study, these data suggest that that cortisol may play a role in mediating
the ARB response to CAS stress-related responses. This deserves further study in the future.
In summary, we showed that CAS (natural stressor) increases ARB in the FMP Y-maze
as measure by the number of overall and across-time repetitions. The mechanisms underlying
this increased behaviour seem to be linked to the D1/D5 receptor where pretreatment with the
agonist SKF-38393 protected against the effects of CAS. Cortisol levels were also increased for
animals exposed to both CAS and net chasing but when pretreated with the D1/D5 agonist lower
levels of cortisol were observed. Moreover, zebrafish stressed using the net chasing method
showed altered behaviour in terms of the serial choices (LLLL or RRRR but not both) and
decreased cognitive flexibility. Importantly, a large number of animals were excluded from the
net chasing groups due to a lack of exploratory activity. This lack of interaction could be related
to the forced physical movement induced by net chasing; however, more studies are necessary
to evaluate if this stress method can cause physical exhaustion or increased oxygen consumption
after stress. Overall, CAS induces ARBs in zebrafish and activation of the D1/D5 receptors has
the capability to reduce both the behavioural and physiological (increased cortisol levels)
response to this stressor. Meanwhile, net chasing as a stressor has a weaker effect inducing
behavioural changes in the FMP Y-maze. During the next experiment, CAS was used to assess
ARBs and cognitive flexibility in adgrl3.1 knockout together with the assessment of well-
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characterized CAS behavioural responses such as anxiety-like behaviour and risk-taking in the
new object.

3.2. Experiment 3.2: Anxiety and stress-reactivity in adgrl3.1 knockout
3.2.1. Overview
As previously discussed, the adhesion G protein-coupled receptor L3 (ADGRL3) is a
protein part of the latrophilin subfamily of GPCR, which are proteins involved in cell adhesion,
signal transduction and synaptic signaling (Arcos-Burgos et al. 2010; McMillan et al. 2002;
Scholz et al. 2015). This protein is coded by the ADGRL3 gene in humans, which is often linked
to ADHD and substance abuse disorder (Arcos-Burgos et al. 2019). In rodents, alterations in
behaviour such as persistent hyperactivity, increased acoustic startle, and reduced activity in
response to amphetamine was found in the absence of the ADGRL3 protein (Regan et al. 2019).
However, knockout animals for the Adgrl3 gene also have a sex-specific effect in anxietyrelated behaviours where females showed a reduction of ‘anxious’ behaviour when treated with
amphetamine (Regan et al. 2019). Anxiety disorder is one of the highest ADHD comorbidity
having negative impacts on the patient's relationship with society and affecting their quality of
life (Blazer 1982; Fayyad et al. 2017; Heim et al. 2008; Levy et al. 2020).
Although there are several drugs currently licensed for the treatment of ADHD (e.g.,
methylphenidate, d-amphetamine and atomoxetine) (Cortese and Angriman 2017) the impact of
these drugs in comorbid disorders such as anxiety are often not considered (Newcorn et al.
2007). Patients with ADHD also respond differently to acute stressors having an increased
physiological response to stress (e.g., cortisol levels) (Lackschewitz et al. 2008). Stress
reactivity in people with ADHD is an important factor to be studied helping researchers and
health workers to better treat/approach patients with ADHD comorbidities such as anxiety and
PTSD.
108

In previous chapters, the role of the adgrl3.1 gene (zebrafish homolog gene to ADGRL3
in humans) in ADHD-related phenotypes was investigated in adult zebrafish. Although the main
ADHD-related phenotypes such as hyperactivity, attention-deficits and risk-taking towards new
objects were previously studied, the characterization of this line in anxiety and stress-reactivity
phenotypes is yet to be established. Therefore, due to the fact that anxiety is one of the main
ADHD comorbidities, the study of ‘anxious’ behaviour in translational models of ADHD can
give new insights to better understand the links between genetic profiles of patients and target
treatment based on their genetic profile. Here, we have characterized for the first time, the
anxiety-related phenotypes of adgrl3.1 knockout zebrafish using two behavioural tasks (more
details in Experiment 3.2.1) and stress-reactivity responses of adgrl3.1-/- animals (Experiment
3.2.2).

3.2.2. Methods
3.2.2.1. Animal husbandry
Animals were bred in-house and the adgrl3.1 genetic line was previously generated by
CRISP-Cas9 technology as described in Chapter 2. Animals were separated into four groups
depending on two factors, genotype (WT vs. adgrl3.1) and acute stress (controls vs. CAS
exposure). Zebrafish were fed with flake food (ZM-flake and ZM-300, ZM Ltd.) three times a
day and adult brine shrimp during the mornings. Animals were grown in the re-circulating
system on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), pH 8.4, at 28 °C (±1 °C) in
groups of 10 animals per 2.8 L until 4 months fertilization (adult age) when they were
behaviourally tested. Two experiments were performed to assess animals’ anxiety-related
behaviour and stress-reactivity, and each experimental design is discussed in detail below. All
behavioural tests were performed between 09:00 and 15:00 h, and were carried out following
scrutiny by the University of Portsmouth Animal Welfare and Ethical Review Board and under
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license from the UK Home Office (Animals (Scientific Procedures) Act, 1986) [PPL:
P9D87106F].

3.2.2.2. Experiment 3.2.1: Anxiety-related behaviours in adgrl.3.1-/- mutants
In the first experiment, we investigated patterns of anxiety-related behaviour in zebrafish
knockout for the gene adgrl3.1. Anxiety behaviour was assessed using two behavioural tasks,
novel tank diving task and light/dark preference test (Figure 3.7A).

3.2.2.2.1. Novel tank diving task
The novel tank test is a common behavioural task used to measure locomotion and
anxiety-related phenotypes being previously characterized in front of the exposure to several
anxiogenic and anxiolytic drugs (Egan et al. 2009; Kalueff et al. 2013; Levin et al. 2007; Wong
et al. 2010). Fish behaviour was recorded for 6 minutes and further analyzed using the Zantiks
automatic system (Zantiks Ltd., Cambridge, UK) (Egan et al. 2009; Parker et al. 2012b;
Rosemberg et al. 2012). Animals (n = 28) were individually placed in a novel tank (20 cm x
17.5 cm x 5 cm: L x H x W) containing 1 L of aquarium water. For measuring anxiety-related
phenotypes and locomotion, time spent in the bottom area (tank divided into three virtual areas)
and distance traveled were considered, respectively.

3.2.2.2.2. Light/dark preference test
As the novel tank diving task, the light/dark preference test is also well-characterized for
assessing anxiety-related phenotypes in zebrafish (Gerlai et al. 2000; Maximino et al. 2010).
Here, the light/dark preference was performed using a full black tank (20 cm length x 15 cm
height x 15 cm width) divided into two equally sized partitions. Half of the tank area had a bright
white light and the other area was covered with a black partition to avoid light exposure. The
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Zantiks AD automated tracking system (Zantiks Ltd., Cambridge, UK) was used for setting up
lights, condition, recording and collecting data. Animals (n = 34) were individually placed into
the behavioural task and the time spent in the dark area was considered as a translational
measurement of anxiety-like behaviour (Blaser and Rosemberg 2012; Maximino et al. 2010;
Mezzomo et al. 2016).

3.2.2.3. Experiment 3.2.2: Stress-reactivity of adgrl3.1-/- knockouts
During experiment two, stress-reactivity was assessed comparing adgrl3.1-/- vs. WT by
measuring different behavioural domains, such as anxiety (novel tank diving task), novel object
boldness test (risk-taking behaviour) and FMP Y-maze task (working memory, cognitive
flexibility and abnormal repetitive behaviour) of animals exposed to CAS. Moreover, cortisol
levels were also investigated comparing WT and genetically altered animals non-exposed and
exposed to CAS. Importantly, the novel tank diving task was performed as described in the
previous section (Experiment 3.2.2.; total n = 28 for WT and adgrl3.1 CAS exposed, controls
for experiment 1 were used to compare no handling vs. CAS exposure). CAS exposure, cortisol
levels and FMPY Y-maze were performed as described in Experiment 3.1. and novel object
boldness task as described in Experiment 2.1 (Figure 3.7B).
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Figure 3.7. (A) Experimental design of experiment 3.1 and (B) 3.2 aiming to evaluate the differences between
adgrl3.1 and WT animal’s stress-reactivity responses.

3.2.2.4. Statistics
In the first experiment, data from the novel tank diving test and novel object boldness
test was analyzed using T-test comparing WT vs. adgrl3.1. genotypes. Meanwhile, for
Experiment 3.2.2 the novel tank diving task, novel object boldness test and cortisol levels data
was analyzed using two-way ANOVA having genotype (two levels – WT vs. adgrl3.1) and
acute stress (two levels – control vs. CAS) as fixed factors. To analyze the data according to left
and right turns in 10-minute time bins, raw data was processed using the Zantiks Y-maze
Analysis

Script

created

specifically

for

this

purpose

(available

from:

https:/

/github.com/thejamesclay/ZANTIKS_YMaze_Analysis_Script). Generalized linear models
(Poisson distribution and log link) using stress, genotype or time as fixed factors and ID as
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random effect (to account for non-independence of replicate) was also used to analyze average
turns, relative alternations, and relative repetitions as well as alternations and repetitions across
time. Tukey’s test was used as post-hoc analysis, data was represented as mean and error of the
mean (SEM), and results were considered significant when p ≤ 0.05.

3.2.3. Results
3.2.3.1. adgrl3.1 knockout show increased anxiety in two behavioural tasks
Figure 3.8 shows the anxiety-related phenotypes of the adgrl3.1 mutant. A significant
decrease in distance traveled was observed for adgrl3.1-/- when compared to controls (t(28) =
5.236; p**** < 0.0001). Interestingly, an increased time spent in the bottom, which is often
associated with increased anxiety, was observed for adgrl3.1 mutant in the novel tank diving
task (t(28) = 5.137; p**** < 0.0001). Similarly, a significant effect was observed when comparing
WT and adgrl3.1 genotype in the time spent in the dark zone in the light/dark preference task
(t(34) = 2.167; p* = 0.0378).

Figure 3.8. Anxiety-related parameters for adgrl3.1 knockout zebrafish in the (A) novel tank diving test and (B)
light-dark preference task. Data were represented as mean ± S.E.M and analyzed by T-test (n= 14 – 16; p* = 0.05
and p**** = 0.0001).

113

3.2.3.2. adgrl3.1 behavioural response to an acute stressor
A significant effect for genotype (F (1, 50) = 21.10; p**** < 0.0001) was found when
animals were tested in the novel tank, with no effect for CAS (F (1, 50) = 0.0178; p = 0.8942) or
interaction between factors (CAS exposure vs. genotype; F (1, 50) = 2.176; p = 0.1465). Briefly, a
significant decrease in the distance traveled was found for adgrl3.1-/- (p*** = 0.0005) and
adgrl3.1-/- + CAS (p* = 0.0141) compared to control. Meanwhile, when looking at time spent
in bottom, a significant effect for genotype (F (1, 50) = 21.55; p**** < 0.0001), CAS exposure (F
(1, 50) =

11.47; p** = 0.0014) and interaction effect (F (1, 50) = 10.38; p** = 0.0022) were observed.

A significant increase in the time spent in bottom was observed for CAS (p**** < 0.0001),
adgrl3.1-/- (p**** < 0.0001) and adgrl3.1-/- + CAS (p**** < 0.0001)(Figure 3.9).

Figure 3.9. Effects of CAS in the novel tank diving test. Data were represented as mean ± S.E.M and analyzed by
two-way ANOVA (CAS exposure vs. genotype), followed by Tukey’s test multiple comparison test between
groups. Different letters indicate statistical differences between groups (p < 0.05; n = 14).

Regarding mutants’ response to CAS in the new object task, CAS (F (1, 62) = 7.996; p**
= 0.0063) and genotype (F (1, 62) = 5.770; p* = 0.0193) significantly affected time spent close to
the new object, with no interaction effect being observed (F (1, 50) = 0.06845; p = 0.7945). Post-
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hoc analysis yielded a significant difference for WT vs. adgrl3.1-/- + CAS only (p** = 0.0028)
(Figure 3.10).

Figure 3.10. Effects of CAS exposure to adgrl3.1 mutant in the new object test. Data were represented as mean ±
S.E.M and analyzed by two-way ANOVA (CAS exposure vs. genotype), followed by Tukey’s test multiple
comparison test between groups. Different letters indicate statistical differences between groups (p < 0.05; n = 16).

CAS inducing repetitive behaviour was also analyzed for adgrl3.1-/- animals and its
effects in the FMP Y-maze can be observed in Figure 3.10. Although no genotype (F (1, 50) =
0.1852; p = 0.6688), CAS (F (1, 50) = 0.7848; p = 0.3799) or interaction effect (F (1, 50) = 0.1236;
p = 0.7266) was observed for average turns, CAS significantly affected alternations (F (1, 50) =
5.023; p* = 0.0295) and repetitions (F (1, 50) = 11.07; p** = 0.0016). A genotype effect (F (1, 50) =
4.157; p* = 0.0468) was also observed when looking at repetitions, with no interaction effects
being observed (genotype vs. CAS; F (1, 50) = 3.020; p = 0.0884). Tukey’s post-hoc test showed
a significant increase in the repetitions for CAS (p** = 0.0051), adgrl3.1-/- (p* = 0.0424) and
adgrl3.1-/- + CAS (p** = 0.0017) groups when compared to WT controls. No genotype (F (1, 50)
= 3.347; p = 0.0733) or interaction effect (F (1, 50) = 1.319; p = 0.2562) were observed for
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alternations. Alternations were significantly decreased only when comparing WT controls to
adgrl3.1-/- + CAS (p* = 0.0249) (Figure 3.10A). When analyzing alternations across time, a
significant time (F (5, 300) = 4.327; p*** = 0.0008) and group effect (F (3, 300) = 5.836; p*** =
0.0007) with no effect for interaction between factors (F (15, 300) = 0.8447; p = 0.6272). The only
group having a significant peak of alternations at 40 min was the WT ctrl group (p****
<0.0001). Similarly, repetitions across time were also affected depending on time (F (5, 300) =
3.287; p** = 0.0066) and groups (F (5, 300) = 4.021; p** = 0.0079) with no interaction effect (F
(15, 300)

= 0.6498; p = 0.8322). No significant differences were observed in Tukey’s post-hoc

analysis for repetitions across time (Figure 3.11B).

Figure 3.11. FMP Y-maze analysis of adgrl3.1 animal exposed to an acute stressor (CAS). (A) Working memory
and repetitive behaviour are affected by CAS exposure. (B) Cognitive flexibility is decreased in both CAS exposed
groups and mutant animals. Data were represented as mean ± S.E.M and analyzed by two-way ANOVA (CAS
exposure vs. genotype or time vs. group), followed by Tukey’s test multiple comparison test between groups.
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Different letters indicate statistical differences between groups (p < 0.05) and asterisk (p**** < 0.0001) indicates
significant differences compared to 10 min time bin (n = 14).

Behavioural tetragram showing the frequency of choice were also analyzed to show indepth analysis of the different behavioural phenotypes in the FMP Y-maze (Figure 3.12). No
interaction (F (45, 800) = 1.138; p = 0.2513) or group effect (F (3, 800) = 0.1084; p = 0.9552) were
observed, however a significant effect for the frequency of choice were observed (F

(15, 800)

=

15.42; p**** < 0.0001). Briefly, a decrease in the LRLR and RLRL were observed for both
CAS (p* = 0.0319 and p** = 0.0042) and adgrl3.1-/- + CAS (p** = 0.0098 and p*** = 0.0004),
for the adgrl3.1-/- only significant decrease of RLRL was observed (p* = 0.0104). In terms of
repetitive-related behaviours, RRRR was increased for CAS (p* = 0.0233) and adgrl3.1-/- +
CAS (p** = 0.0023) compared to WT control.

Figure 3.12. Behavioural tetragram of WT and adgrl3.1 knockout animals exposed to CAS. Data were represented
as mean ± S.E.M and analyzed by two-way ANOVA (group effect vs. frequency of choice), followed by Tukey’s
test multiple comparison test between groups. Asterisk indicate statistical differences compared to WT + grouphoused (p* < 0.05, p** < 0.005 and p*** < 0.0005; n = 14).
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3.2.3.3. adgrl3.1 differently modulate cortisol levels and stress-related genes response to stress
Figure 3.13. shows the cortisol levels of animals exposed to CAS comparing two
different genotypes, WT vs. adgrl3.1-/-. A significant effect for CAS (F (1, 20) = 169.5; p**** <
0.0001) and for interaction between both factors (genotype vs. CAS; F

(1, 20)

= 16.72; p*** =

0.0006). No significant effect was observed for genotype CAS (F (1, 20) = 0.2148; p = 0.6481).
Post-hoc analysis yielded a significant decrease of cortisol baseline levels comparing WT vs.
adgrl3.1-/- (p* = 0.0150). Both CAS exposed groups showed a significant increase in cortisol
levels when comparing to control WT (WT + CAS, p**** < 0.0001; adgrl3.1-/- + CAS, p****
< 0.0001). Finally, a significant increase in cortisol levels were observed for the group adgrl3.1/-

+ CAS was observed when compared to adgrl3.1-/- controls (p**** < 0.0001). Interestingly,

the mean difference between WT vs. WT + CAS (mean difference = -0.6854) and adgrl3.1-/- vs.
adgrl3.1-/- + CAS (mean difference = -1.313) was higher for knockout animals. No significant
difference was observed for WT + CAS vs. adgrl3.1-/- + CAS (p = 0.0974).

Figure 3.13. Cortisol response of adgrl3.1 knockout exposed to CAS. Data were represented as mean ± S.E.M
and analyzed by two-way ANOVA (group effect vs. frequency of choice), followed by Tukey’s test multiple
comparison test between groups. Different letters represent statistical differences between groups (p < 0.05; n = 6).
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3.2.4. Partial discussion and conclusions
Here, we showed for the first time, through in-depth analysis that adgrl3.1 knockout
have increased anxiety-like behaviour across different behavioural tasks. Moreover, the lack of
the adgrl3.1 gene was also correlated to increased repetitive behaviour with impaired cognitive
flexibility in the FMP Y-maze. When exposed to CAS, adgrl3.1 knockout showed decreased
risk-taking behaviour in front of a novel object which could be correlated with increased
defensive responses induced by the fear-pheromone. The adgrl3.1 negative behavioural
phenotypes observed in the FMP Y-maze were potentiated by CAS where the adgrl3.1 + CAS
was the only group that showed decreased working memory. Although no differences were
observed in the novel tank diving task, adgrl3.1 baseline cortisol levels are lower than WT
animals but show higher stress-reactivity when exposed to CAS, reaching the highest cortisol
levels average between all groups.
Anxiety disorders are often found as common comorbidity in both children and adults
with different subtypes of ADHD being one of the highest comorbidities associated with this
neurodevelopmental disorder (Blazer 1982; Fayyad et al. 2017; Heim et al. 2008; Levy et al.
2020). Anxiety as a comorbidity is also known for changing its clinical presentation, prognosis
and treatment across life span being often a challenge for clinicians to find appropriate treatment
for patients affected by ADHD and anxiety as a comorbidity (D’Agati et al. 2019). Previously,
in Chapter 2, we showed that thigmotaxis is increased in adgrl3.1 knockout only in the small
tank; however, immobility is affected independent of tank size. In zebrafish, behaviours such as
freezing (i.e., complete cessation of movement except for gills and eyes) are often found as a
result of a high stress/anxiety response (Kalueff et al. 2013). Although the immobility found
here was tracked by an automated tracking system and does not take into account gill and eye
movement, increased immobility presented by adgrl3.1 knockout is most likely to be a result of
increased response to stress and/or increased anxiety-like behaviour. Supporting this, here we
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focused on the analysis of anxiety-like parameters in zebrafish behaviour through the analysis
of two behavioural tasks, the novel tank diving test and light-dark preference test. In fact, we
found that adgrl3.1 tends to spend more time in the bottom zone and in the dark area suggesting
that the absence of ADGRL3 protein is associated with increased ‘anxious’ behaviour in adult
zebrafish.
Postmortem, biochemical, and imaging studies have been shown that altered
concentrations of 5-HT, NE and DA metabolites are involved in the regulation of mood having
an important role in psychiatric disorders, such as anxiety disorders (Liu et al. 2018b). Zebrafish
knockout for the gene adgrl3.1 showed downregulation of 5-HTT and upregulation of NET
combined with altered levels of SE and DA depending on brain region, corroborating with the
hypothesis that these neurotransmitter systems may play a role in anxiety. Interestingly, the
pretreatment with atomoxetine (NE reuptake inhibitor) in Chapter 2 was able to decrease
anxiety-like behaviour by reducing both immobility in the big tank, and reducing time spent
close to the walls in the small tank. In humans, such pharmacological interventions targeting the
NE system was shown to result in anxiolytic effects when used to treat patients with anxiety and
depression (Goddard et al. 2010) supporting that the stimulation of the NE system may decrease
the abnormal ‘anxious’ behaviour observed by the absence of ADGRL3.
Children with abnormal levels of anxiety as an ADHD comorbidity also show a
cognitively distinct subtype, with possible individual symptomatology, development and
therapeutic needs (Vloet et al. 2010). For example, patients with ADHD and anxiety disorder as
a comorbidity were found to have worse working memory than ADHD only (Jarrett et al. 2012).
Here, when looking at memory and cognition, adgrl3.1 knockout show increased repetitive
behaviour and impaired cognitive flexibility by not reaching a peak in their alternations at 40
min of the task. One hypothesis underlying the baseline presence of ARBs in adgrl3.1 knockout
is linked to the impulsive behavioural phenotypes and habit formation (Experiment 2.1). Habit
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formation can be defined as a process in which behaviour, through repetition or conditioning,
becomes automatic or routine (Kruglanski and Szumowska 2020; Zhou et al. 2020). Automatic
behaviours are behavioural responses triggered by different environments that have no goal or
purpose and are linked to impulsive personalities, meanwhile routine behaviours have a purpose
and become automatic given a specific context (Ersche et al. 2019). In humans, automatic
behaviours were shown to have a strong association to impulsive personalities (Ersche et al.
2019). Due to the fact that adgrl3.1 knockout shows increased impulsive behaviour in the 5CSRTT, the increased repetitive behaviour in the FMP Y-maze could be a result of increased
habit formation. However, because ARBs are often characterized as coping mechanisms in front
of stressful events (Langen et al. 2011), the second hypothesis underlying the presence of ARBs
suggests that adgrl3.1 knockout has increased stress-reactivity response in front of stressful
situations. Indeed, in our previous experiment, an acute stressor (CAS) was shown to increase
repetitive behaviour and decline cognitive flexibility, where a DA agonist played an important
role modulating these behaviours (Experiment 2.1). Because adgrl3.1 knockout show altered
DOPAC/DA and DRD1/DRD5 agonist show decreased ARBs after CAS exposure, the DA
system may also play a role in the increased repetitive behaviour observed in adgrl3.1 knockout.
Further investigation in the expression of DRD1/DRD5 is still necessary and would contribute
to better understand the mechanisms underlying adgrl3.1 ARBs.
Moreover, when adgrl3.1 knockout were exposed to CAS, these behavioural phenotypes
were worsened together with a decrease in the average alternations, suggesting that after acute
stress exposure adgrl3.1 have also impaired working memory. Meanwhile, for anxiety-like
behaviour, no significant differences were observed by CAS. Because CAS increases defensive
responses (Canzian et al., 2017), the adgrl3.1 lack of response to CAS in the novel tank test
could be a result of a celling effect due to naturally higher ‘anxious’ behaviour showed by
adgrl3.1 knockout. In fact, CAS here decreased both WT and adgrl3.1 time spent close to the
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new object, indicating lower levels of risk-taking behaviour after CAS exposure, which could
be associated with animals’ increased defensive behaviour. In zebrafish larvae, CAS increasing
defensive responses are correlated to the activation of several telencephalic regions, with
sustained activity outlasting CAS exposure in the lateral habenula, posterior tuberculum,
superior raphe, locus coeruleus, and periaqueductal gray (Jesuthasan et al. 2020). The
physiological functions of the telencephalon include sensory and motor, autonomic and
endocrine functions being also involved in memory, cognition, learning and emotion (Ganz et
al. 2014; Nieuwenhuys and Meek 1990; Northcutt 1981; 1995). Therefore, CAS increasing
defensive behaviour in zebrafish may be correlated to alterations in brain synapses especially in
telencephalic regions, where increased defensive behaviour induced by CAS similarly expressed
in adgrl3.1 knockout.
Regarding the impact of CAS on memory and cognition in the FMP Y-maze, one
hypothesis underlying the increased response of adgrl3.1 to CAS would suggest that in the
absence of the ADGRL3 protein animals show higher stress-reactivity leading to an increased
CAS effect when animals are submitted to the FMP Y-maze. In fact, these data are supported
by the cortisol data analysis, where mutant animals show lower baseline levels of cortisol but
the highest response to CAS when stressed. Differences in stress-reactivity are often observed
for adult patients with ADHD, where after 20 min after an arithmetic ability test (used as an
acute stressor) cortisol levels were higher than baseline only in ADHD patients with no effect
for healthy controls (Raz and Leykin 2015). Moreover, animals with knockout of the adgrl3.1
gene also showed anxiety as a comorbid behaviour. It is known that patients at risk for
internalizing disorders (e.g., anxiety disorder) show differences in the activation levels and/or
physiological stress response, possibly reflecting a process of stress sensitization (Ehlert et al.
2001). For example, children at risk for internalizing disorders show hyperactivation of the HPA
axis showing increased levels of cortisol compared to healthy patients (Laurent et al. 2015).
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Thus, both the presence of ADHD-like phenotypes combined with increased anxiety-like
behaviour may be contributing to the differences in stress-reactivity observed here.
Importantly, because the expression of NE and 5-HT were also altered in adgrl3.1
knockout, it is important to recognize that not only DA, but also NE and 5-HT should be
considering when looking at differences of adgrl3.1 vs. WT in the FMP Y-maze, especially after
acute stress-inducing ARB. 5-HT was also previously shown to be correlated with repetitive
behaviour in autistic patients, where the treatment with fluvoxamine (i.e., serotonin reuptake
inhibitor) was significantly better than placebo for reducing repetitive phenomena and
aggression (McDougle et al. 2000). Moreover, the NE central transmission is also known for
being required for stress-inducing repetitive behaviour (Lustberg et al. 2020). Because the SAM
system is often coactivated with the HPA axis in response to acute stress (Wadsworth et al.
2019), the dysregulation of the NE system may also play an important role in the different stress
responses of adgrl3.1 when compared to WT animals. Briefly, acute stressors are responsible
for the activation of the SAM system which leads to an increased release of epinephrine and NE
in structures involved in the stress response such as the amygdala and temporal neocortex
(Myers et al. 2017). However, the response to different stressors work as an integrate feedback
system, where NE neurons form a bidirectional interface linking physiological processes with
emotional and cognitive events (Myers et al. 2017; Rinaman 2010; Sawchenko and Swanson
1981; 1982). Thus, the presence of ARBs in psychiatric disorders and abnormal stress-reactivity
response by adgrl3.1 zebrafish seems to have complex interactions with multiple
neurotransmitter systems (e.g., DA, NE, and 5-HT system).
Overall, adgrl3.1 show increased anxiety-like behaviour and disrupted stress response,
by showing lower baseline cortisol levels but increased response to stress when exposed to CAS.
In terms of defensive response, animal's knockout for the adgrl3.1 gene show a normal response
to CAS in a risk-taking task, however, celling effects seems to be interfering in the analysis of
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anxiety-like behaviour in front of CAS exposure when looking at the novel tank diving task.
Finally, adgrl3.1 animals show increased ARB and decline in cognitive flexibility, which is
potentiated when animals are acutely exposed to CAS, leading to a decline in working memory
as well. Further studies evaluating the role of DA, NE and 5-HT in adgrl3.1 knockout after CAS
exposure, as well as, stress-related markers (HPA axis and SAM-related genes) targeting
specific brain areas may help to elucidate the different stress-reactivity responses for zebrafish
depending on genotype.

3.3. General discussion and conclusions
Stress reactivity is relevant for long-term health and disease outcomes; for example,
exaggerated and blunted HPA axis response to acute stressors predicted distinct physical and
mental health outcomes over time (Turner et al. 2020). In zebrafish, CAS and net chasing are
often used as acute stressors to evaluate individual stress reactivity due to its strong effects on
cortisol levels 15 min after stress exposure (Mezzomo et al. 2019; Ramsay et al. 2009). Although
the behavioural responses of acutely stressed zebrafish are widely known in terms of social and
anxiety-like behaviour, little is known about the working memory, cognitive flexibility, and
repetitive behaviour. During this chapter, we have characterized the behaviour of animals
acutely stressed to net chasing or CAS in a memory and cognition test, then anxiety behaviour
and stress-reactivity response of adgrl3.1 knockout were further evaluated.
Here, we have shown that the acute exposure to CAS and net chasing significantly
decline cognitive flexibility also affecting animals’ frequency of choice increasing repetitivelike behaviour. Stress increasing repetitive behaviour is known as coping system of animals to
acute stress exposure (Langen et al. 2011). Indeed, CAS had a higher effect on the increase of
cortisol levels 15 min after stress exposure which correlated to an increase in ARBs resulting in
a deficit in working memory as well, an effect that was not observed for net chasing which had
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a lower size effect for cortisol increase. We also found that the pretreatment with a DRD1/DRD5
agonist here significantly decreased the presence of ARBs being also able to prevent increased
cortisol responses after CAS exposure. Experimental stress downregulating the DA system was
previously suggested as a neurobiological pathway for stress inducing stereotypical behaviours
(Antelman et al. 1980; Cabib and Bonaventura 1997). Therefore, suggesting that the DA system,
especially DRD1/DRD5 receptors may play an essential role in zebrafish stress response to
CAS.
In adgrl3.1 knockout, the presence of ARB was observed together with a decline in
cognitive flexibility. Zebrafish knockout for the adgrl3.1 gene show decreased levels of
DOPAC/DA ratios, which could impact the increased presence of ARBs and suggesting that
stress-reactivity could be altered due to dysregulation of the DA system. Controversially, when
looking at qPCR analysis, no differences were observed for DAT and DRD4 (DA-related genes
most correlated to ADHD), however no information regarding the brain expression of other DArelated genes in adgrl3.1 knockout was assessed in this work (e.g., DRD1, DRD5) being a
limitation of this study. The analysis of DA-related genes through qPCR was also performed in
zebrafish whole-brain and it could be that DAT and DRD4 could be differently expressed in
adgrl3.1 knockout depending on the brain region. Importantly, because NE and 5-HT also play
a role in the neurobiological pathways involved in repetitive behaviour (Lustberg et al. 2020;
McDougle et al. 2000) and adgrl3.1 knockout show upregulation of NET and downregulation
of 5-HTT (Experiment 2.1), the role of NE and 5-HT in adgrl3.1 knockout should not be
discarded as discussed in Experiment 3.1.
When looking at adgrl3.1 response to stress, adgrl3.1 animals showed abnormal lower
levels of baseline cortisol, however, when stressed the adgrl3.1 + CAS reached the highest
values among the groups. Although speculative at present, because ARBs can be a coping
mechanism when faced with stressful events, similarly to the cortisol response, the presence of
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ARBs reached the highest values in adgrl3.1 + CAS. The adgrl3.1 + CAS being the only group
in which working memory was also lowered due to the increased usage of other searching
strategies such as LLLL or RRRR, rather than alternations (LRLR + RLRL). In terms of anxietylike behaviour, adgrl3.1 behavioural phenotypes in the novel tank diving task also support the
hypothesis that knockout animals have dysregulated stress-responses showing an anxiogeniclike behaviour in a new environment. Defensive responses of both groups were also increased
when looking at risk-taking when exposed to CAS. However, when stressed, no differences
were observed since both groups adgrl3.1 and adgrl3.1 + CAS show extremely high ‘anxious’
behaviour and celling effects may interfere in the data analysis. Dysregulated hormonal
responses to stress are also found in patients with ADHD, where patients with high post-stress
cortisol levels are positively correlated to the presence of ADHD or/and increased impulsivity
also reporting more symptoms of anxiety and depression in their lives (Hirvikoski et al. 2009).
Altogether, in this Chapter, we have shown that acute stressors significantly increase
repetitive behaviour and the DA system plays an essential role in individuals’ stress response
and coping systems. Knockout zebrafish for adgrl3.1 showed lower baseline cortisol levels and
increased anxiety-like behaviour with increased cortisol responses and behavioural responses
after stress. Thus, suggesting that the ADGRL3 protein plays an essential role in stress responses
and may play a potential role in ADHD subtypes that show increased anxiety and repetitive
behaviours as comorbidities. During later chapters, the behavioural response of adgrl3.1
knockout will be further investigated in interaction with other environmental factors (e.g., ELS,
EE and social isolation) focusing on ADHD-like phenotypes and anxiety-like behaviour, based
on the current findings that adgrl3.1 show increased anxiety. However, ELS in zebrafish has
not been characterized and during Chapter 4, the different effects of ELS depending on age,
stress-intensity and duration is discussed with the aim of further investigating the impacts of
early-adversities in adgrl3.1 knockout.
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4
Characterization of an early-life stress model
Published/Submitted in part as:
-

Fontana et al. (2020): Chronic unpredictable early-life stress (CUELS) protocol: Earlylife stress changes anxiety levels of adult zebrafish, Prog Neuropsychopharmacol Biol
Psychiatry, doi: 10.1016/j.pnpbp.2020.110087

-

Fontana et al. (2021): Moderate early life stress improves adult zebrafish (Danio rerio)
working memory but does not affect social and anxiety-like responses, Dev Psychobiol.,
doi: 10.1002/dev.21986.

-

Fontana et al. (2021): Chronic unpredictable early-life stress (CUELS) affects boldness
depending on context and differently modulates stress-reactivity depending on stress
duration, Physiol Behav., doi: 10.1016/j.physbeh.2021.113526.

In the Chapter 3, we saw that acute stressors differently modulate behaviour in adgrl3.1.
compared with non-mutant zebrafish. Early-life experiences are another environmental factor
that can modulate the development of diseases. Early life stress (ELS) modulates adult
behaviour in two different ways, by increasing susceptibility to diseases or building ‘resilience’
to stress. Although ELS effects in different species is well-characterized, because in zebrafish a
lack of protocols for ELS exist, during this chapter the characterization of a novel and robust
ELS protocol is discussed, having as an aim the further assessment of factors impacting on
behaviour in adgrl3.1. mutants.
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4.1. Experiment 4.1: Juvenile early-life stress effect on adult behaviour
4.1.1. Overview
As previous discussed, ELS is often linked to changes in cognitive and behavioural
aspects across different species having two main outcomes as an adaptative response: 1) build
‘resilience’ to stress and 2) increase vulnerability to disease (Pechtel and Pizzagalli 2011). For
example, predictable chronic stress protocols can increase ‘resilience’ (i.e. positive outcomes in
spite of adversity environmental or experiences) in rats by increasing hippocampal neurogenesis
and memory (Parihar et al. 2011), whereas unpredictable chronic stress may impair learning
and memory processes (Rice et al. 2008). In animal models, ELS is shown to directly cause
long-term changes in several brain functions (Molet et al. 2014; Nishi et al. 2013; Spinelli et al.
2009). In rodents, ELS can be assessed behaviourally and biologically by using protocols such
as maternal separation, post‐weaning social isolation and peripubertal stress (Dunphy-Doherty
et al. 2018; Lyons et al. 2010; Ouchi et al. 2018; Tsuda et al. 2011).
Zebrafish are widely utilized as a translational and complementary model to better
understand the role of stress in behavioural neurosciences (Sakai et al. 2018); however, little is
known about how ELS can affect their adult behaviour and physiology. Although there are
several differences between human and zebrafish stress-regulating systems, there is
conservation of organization and functioning in terms of anatomy, connectivity, and molecular
constituents, making zebrafish an important model to study stress-related responses (Alsop and
Vijayan 2009a; Alsop and Vijayan 2008; 2009b; Grunwald and Eisen 2002). Like mammals,
zebrafish respond to a variety of stressors such as handling, social isolation, rapid temperature
changes, overcrowding and novel environments, operationally defined through increases in
abnormal behaviours such as decreased locomotion and social interactions (Fulcher et al. 2017;
Pavlidis et al. 2013; Piato et al. 2011).
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Overall, zebrafish have great potential as a translational model for studying ELS. Here,
we investigated the effects of moderate ELS by exposing young animals (six weeks postfertilization) for three consecutive days, to three stressors, and analyzing the impact of this on
adult zebrafish behaviour (sixteen weeks post-fertilization) through analysis of performance on
tests of unconditioned memory (free movement pattern (FMP) Y-maze test), exploratory and
anxiety-related task (novel tank diving test) and social cohesion (shoaling test).

4.1.2. Methods
4.1.2.1. Animals, blinding and randomization
Experiments were carried out using Tubingen (TU) zebrafish bred in house following
breeding from multiple pairs of fish. Fish were sorted into groups of 30-40 and grown to 6weeks post fertilization in a recirculating nursery system (Tecniplast). At this point, the ELS
protocol was carried out (see below for details). All fish were then grown to four-months post
fertilization in groups of ~20 and were housed in groups according to stress protocol (ELS vs
handling control; 5 x groups of each condition). The experimental and technical teams were
blind as to treatment allocation during rearing. Adult (4-months post fertilization) animals were
tested on one of the three behavioural procedures to ascertain perseveration/working memory
(FMP Y-maze test), exploratory and anxiety-related task (novel tank diving test) and sociability
(shoaling test) (Figure 4.1). The behavioural protocols were performed as described in
Experiment 3.1 (FMP Y-maze) and Experiment 3.2. (novel tank diving test), except for the
FMP Y-maze that only 15 min of behavioural assessment was performed due to the fact that
this behavioural experiment was performed before FMP Y-maze characterization. Animals
were maintained on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), pH 7.1, at ∼28.5 °C
(±1 °C) and were fed three times/day with a mixture of live brine shrimp and flake food, except
during the weekend, when they were fed once/day. Each animal was tested in only one
129

behavioural protocol to avoid potential effects of multiple testing. Animals were euthanized by
using 2-phenoxyethanol (Aqua-Sed™, Vetark, Winchester, UK) and all experiments were
carried out following scrutiny by the University of Portsmouth Animal Welfare and Ethical
Review Board and under license from the UK Home Office (Animals (Scientific Procedures)
Act, 1986) [PPL: P9D87106F]. All stressors and behavioural tasks were carried out in a fully
blinded manner and once all data were collected and screened for extreme outliers (e.g., fish
freezing and returning values of ‘0’ for behavioural parameters indicating non-engagement),
group allocation (control or ELS) was revealed and data analyzed in full. Final sample sizes for
all behavioural tests were established following power analyses calculated with pilot
experiments/prior publications from our group.

Figure 4.1. Schematic representation of the (A) stressors and (B) behavioural tasks used to assess ELS in adult
zebrafish.
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4.1.2.2. Short-term ELS protocol
The stressors were applied each day for three consecutive days. During this time, the
fish were exposed to one of three stressors on each day. These included ‘water change’ (water
from tank house changed 3 times), ‘shallow water’ (2 min in shallow water; 60% of body
covered by water), and ‘overcrowding’ (10 fish/well in a 6 well-plate for 45 min) (Figure 4.1A).
The three stressors used here were adapted from previous studies where water change, shallow
water and overcrowding induced behavioural and cortisol changes (Clark et al. 2011a; Ramsay
et al. 2006). Furthermore, all the three stressors were separately tested to investigate if they were
able to modulate cortisol levels in animals with 6 weeks old. The randomization schedule for
exposure to stressors is displayed in Table 4.1.

Table 4.1. Procedure of the mild stress protocol in larvae zebrafish
Group
N
Day 1
Day 2
S1
30
O,S,W
S,O,W
S2
30
W,O,S
O,S,W
S3
30
S,O,W
W,O,S
C1
30
C2
30
C3
30
Abbreviations: Overcrowding (O); Shallow Water (S); Water change (W).

Day 3
W,O,S
S,O,W
O,S,W
-

4.1.2.3. Shoaling test
Zebrafish is a social species that presents a natural preference for conspecifics in neutral
and mildly stressful situations (de Polavieja and Orger 2018; Paull et al. 2010; Saverino and
Gerlai 2008). Social cohesion (n=80, organized into 16 groups of n= 5) was tested in a shoaling
assay. Sixteen groups of n = 5 fish from each treatment (ELS vs no stress) were placed in a
white opaque tank (49 cm length x 15 cm height x 42 cm width) filled with 6L of aquarium
treated water (Figure 4.1B). Animals were left to habituate for 5 mins, then filmed for 10-min
from above by using a webcam. The unit of replication was shoal (i.e., group of 5 fish) nested
131

in housing group (n =8 shoals per treatment). Data analysis was based on previous work (Parker
et al. 2014a; Parker et al. 2013). Briefly, the arena was split into 8 equal sections and the number
of fish in each square (as a function of total number of squares occupied) at any one time was
ascertained every 10-seconds to calculate a dispersion index. If a fish was between squares, the
square containing >50% of the fish was recorded as the occupied square. Shoaling behaviour
was measured by using the automated video-tracking software (EthoVision, Noldus Information
Technology Inc., Leesburg, VA - USA) at a rate of 60 frames/s.

4.1.2.4. Statistics
Data were analyzed in IBM SPSS® Statistics and results were expressed as means ±
standard error of the mean (S.E.M). To assess whether there were any effects of stress on total
turns, alternations (lrlr + rlrl), repetitions (rrrr + llll), right turns, left turns, distance traveled,
time at the bottom and shoaling ratio, we used Student’s T-Tests. Additionally, to investigate
the stress effects on behavioural tetragrams we fitted a generalized linear mixed effects model
(Poisson distribution, log link), with stress and block choice as fixed factors, and ID as a random
effect (to account for non-independence of replicates). Cortisol levels were analyzed by using
one-way ANOVA. When appropriate, Tukey’s test was used as post-hoc analysis, and results
were considered significant when p ≤ 0.05.

4.1.3. Results
4.1.3.1. Cortisol levels are increased in stressed young animals
Initially, we exposed small groups of 6-week-old fish to the three stressors (shallow
water, water change, and overcrowding) and examined the cortisol response to the exposures.
A one-way ANOVA confirmed that the treatments were all invoking a stress response, with a
significant difference between groups for cortisol levels (F (3, 8) = 10.67; p = 0.0036). Post-hoc
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tests revealed that cortisol levels were significantly increased when acutely exposing 6 weeks
animals to each of the three stressors as compared to no treatment controls: control < shallow
water (p< 0.005), control < water change (p< 0.05) and control < overcrowding (p< 0.05)
(Figure 4.2). All samples were run in duplicate and the inter- and intra-assay coefficients of
variation were <4 %.

Figure 4.2. Cortisol levels for non-stressed (control) and stressed animals. Data were represented as mean ± S.E.M
and analyzed by one-way ANOVA, followed by Tukey’s test multiple comparison test. Asterisks indicates
statistical differences compared to control group (*p < 0.05 and **p <0.01, n = 3 -4 per group).

4.1.3.2. Anxiety and social-related phenotypes are not modulated by short-term ELS
We examined the effects of ELS on anxiety using the novel tank test, and social
behaviour using a social cohesion assay. Student's t-tests (two-tailed) were performed for the
analyses of anxiety-like behaviour and shoal responses. We observed that ELS did not change
any locomotor nor anxiety-related patterns such as distance travelled (t(54) = 0.868; p = 0.388)
and time spent in the bottom section (t(54) = 0.166; p = 0.86) (Figure 4.3A). There was also no
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difference in the social cohesion ratio (t(54) = 0.060; p = 0.952) observed for animals exposed to
ELS compared to the control group (Figure 4.3B).

Figure 4.3. Effects of ELS in stress-reactivity and social responses. (A) ELS do not change distance traveled and
time spent in bottom in the novel tank diving task (n = 11 – 12 per group). (B) Shoal cohesion is not affected by
three-days of ELS in adult zebrafish (n = 8 per group). Data were represented as mean ± S.E.M. and analyzed by
Student’s T-Test.

4.1.3.3. Working memory is enhanced in adult zebrafish exposed to ELS
Finally, we examined the effects of ELS on working memory by examining turn choices
in the FMP Y-maze exploration task. Through analysis of overall turn choices, we found that
ELS affected FMP Y-maze performance. Figure 4.4 depicts the behavioural 16 choice
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tetragrams for control vs ELS exposed animals. There was no main effect of ELS on tetragram
analysis (F (1, 336) = 0.00; p > 0.999).

Figure 4.4. Y-maze tetragrams showing the behavioural phenotype of control and ELS groups. Data were
represented as mean ± S.E.M. and analyzed by linear mixed effects, followed by Tukey’s multiple comparison test.
Asterisks indicates statistical differences compared to non-biased group or between biased groups (*p < 0.05, **p
<0.01, ***p <0.001 and *p<0.0001, n = 24 per group).

There was, however, a main effect of block choice (F (15, 336) = 54.75; p < 0.0001), and a
treatment * block-choice interaction (F

(15, 336)

= 8.724; p < 0.0001). Post-hoc Tukey tests

revealed that ELS significantly increased the rlrl (p< 0.0001) and lrlr (p< 0.0001) block choices.
Examining alternations and repetitions in turn-direction in more detail revealed that ELS
significantly decreased the number of total turns (t(21) = 2.846; p = 0.009), and number of
repetitions (t(21) = 3.055; p = 0.006) while increasing the number of alternations (t(21) = 3.055; p
= 0.0012) in the FMP Y-maze test (Figure 4.5). ELS did not alter animals preference for left
(t(21) = 0.533; p = 0.599) or right turns (t(21) = 0.533; p = 0.599).
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Figure 4.5. ELS increase alternations and decrease repetition in turn-direction without change left or right
preference of adult zebrafish. Data were represented as mean ± S.E.M. and analyzed by Student’s T-Test. Asterisks
indicates statistical differences compared to control group (*p < 0.05 and **p <0.01, n = 24 per group).

4.1.4. Discussion & Partial Conclusions
In this study we evaluated the effects of exposing young zebrafish (16 days old) to
unpredictable moderate stress for three days on adult behaviour (four months old), through the
analysis of three different domains: locomotor and anxiety (novel tank diving test), sociality
(shoal cohesion test) and memory (FMP Y-maze test). We showed, for the first time, that three
days of ELS improves zebrafish working memory by increasing alternations and decreasing
repetitions in turn-direction in the FMP Y-maze test. Although learning and memory process
were affected by short-term ELS, stress did not modulate social behaviour and anxiety-like
behaviour in adult zebrafish. Collectively, this data supports previous evidence that early-life
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exposure to moderate stress can build resilience and have an important adaptive role for different
species, including humans. Our study has highlighted that zebrafish is an important animal
model for elucidating the developmental processes underlying ELS, and how this impacts adult
behaviour.
Early-life experiences regulate individual differences through both neural plasticity and
epigenetic modifications, and these modifications later determine the capacity for flexible and
adaptive behaviours in adulthood (McEwen et al. 2015a; McEwen et al. 2015b). Stressful
stimuli can exert both positive and negative impacts on neurophysiological aspects being
balanced to give the best fitness outcome (Bogdan and Pizzagalli 2006; Gluckman et al. 2007;
Maier et al. 2006; Zannas and West 2014). To confirm if shallow water, water changes and
overcrowding changed zebrafish stress-regulating systems, we analyzed the effects of these
three stressors separately in 6-week-old animals. As previously observed in adults (Pavlidis et
al. 2013; Song et al. 2018), the acute stressors increased cortisol levels in young animals.
The impact on adult life of ELS follows an inverted U-shaped curve, where exposure to
mild/moderate stress during development results in positive/beneficial outcomes such as
resilience, and either too little or too much stress exposure (or too high an intensity) leads to
negative outcomes (Russo et al. 2012; Sapolsky 2015). Concerning this, chronic ELS is related
to different behavioural outcomes in different species, including enhanced emotional- and
stress-reactivity, which is frequently linked to anxiety disorders (Coplan et al. 1996; Nugent et
al. 2011a), aggressiveness (Veenema 2009; Veenema et al. 2006), impulsiveness (Lovallo 2013)
and antisocial behaviour (Haller et al. 2014; Kohl et al. 2015). Meanwhile, adolescents exposed
to moderately severe ELS events showed blunted depressive symptom responses to changes in
proximal stressful events in the previous 9 months, compared to those with fewer ELS events
(Shapero et al. 2015). Here, we showed that short-term ELS did not affect adult zebrafish
anxiety-like profile nor social cohesion in both the novel tank diving test and shoal cohesion
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test. However, ELS increased the number of alternations in turn-direction, and decreased the
number of repetitions, in the FMP Y-maze task.
The FMP Y-maze task comprises three identical arms, where the animal is introduced to
the center of the maze and allowed to freely explore. In this task, over the course of multiple
arm entries, animals have a natural tendency to enter the recently visited arm less frequently,
thus increasing the number of alternations in turn-direction across the test (Drew et al. 1973;
Hughes 2004; Kokkinidis and Anisman 1976; Swonger and Rech 1972). In general, various
configurations of the Y-maze task have been used to study learning and processes in animal
models, including rodents (Fu et al. 2017; Ghafouri et al. 2016; Luine 2015) and fish (Aoki et
al. 2015; Cleal and Parker 2018; Cognato Gde et al. 2012). Both decreased alternations and
increased repetitions are affected pharmacologically by muscarinic and nitrosodimethylamine
(NMDA)-receptor antagonists, and additionally by β-amyloid peptides in rodents (Cunha et al.
2008; Hiramatsu and Inoue 2000; Park et al. 2010; Walker and Gold 1992). Recently, we also
observed that zebrafish presented decreased alternations in turn-direction when exposed to
moderate alcohol at early stages of development (Cleal and Parker 2018). Although the FMP
Y-maze responses can be influenced by novelty-seeking (Fontana et al. 2019a), we observed
here that ELS did not change exploratory responses of animals on the novel tank diving task.
Thus, it seems likely that increased alternations in turn-direction and a coincidental decrease in
repetitions are indicative that the ELS animals may have an improvement in learning and
memory adaptive flexibility, suggesting increased ‘resilience’ as a result of the ELS exposure.
Memory is a highly dynamic process that is built from initial encoding, to the new and
fragile memory trace that is stabilized during consolidation and reactivated during memory
retrieval (Abel and Lattal 2001; Bisaz et al. 2014). Memory can also return to an unstable state
in which reconsolidation is needed to stabilize it (Dudai 2006; Lv 2015). Stress has been shown
to affect all phases of memory (encoding, consolidation, memory retrieval and reconsolidation);
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however, how stress influences memory depends on when an individual is stressed, and what
frequency and intensity of that stress is (Schwabe and Wolf 2012). When looking at resilience
induced by stress, it seems that recovery from stress-inducing changes in neural architecture is
not simply a reversal, but instead is a form of neuroplastic adaptation (McEwen et al. 2015b).
Although neural plasticity and epigenetic factors are known to underlie the mechanisms
responsible for ELS inducing resilience in adults (Cadet 2016; Kentner et al. 2018; McEwen et
al. 2015b), there remains no clear understanding of the mechanisms involved in these processes
and how they are functionally associated.
As partial conclusions, we show for the first time that adult zebrafish exposed to
moderate ELS can build resilience as evidenced by increases in working memory, but without
changing anxiety-like behaviour or social behaviour patterns. This first evidence of ELS in
zebrafish provides further directions for the characterization of a behavioural protocol for
inducing resilience in zebrafish, therefore during the next experiment of this chapter, we created
and characterized a chronic unpredictable early-life stress (CUELS) protocol.

4.2. Experiment 4.2: Chronic Unpredictable Early-Life Stress (CUELS) characterization
4.2.1. Overview
The negative consequences of ELS are well recognized in contemporary perspectives on
mental health. Childhood seems to be particularly sensitive to environmental disturbances that
are linked to changes in adult behaviour, such as development of mood, anger, anxiety, and
substance abuse disorders (Anda et al. 2006; Heim et al. 2008; Repetti et al. 2002; Turner and
Lloyd 2003). For example, there is a strong dose–response relationship between the frequency
of childhood adversities (sexual abuse, physical abuse, witnessing paternal violence) and
general mental health problems in adulthood (Edwards et al. 2003). Although ELS experiences
are generally associated with negative impacts in adulthood, ELS can also have positive impacts
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in later life by building resilience (i.e. adapting well in the face of adversity, trauma, tragedy,
threats or even significant sources of stress) (Russo et al. 2012; Sapolsky 2015). Changes in
physiology and behavioural responses (e.g. increased or decreased anxiety-like phenotypes) are
also observed in animal models of ELS (Goldman-Mellor et al. 2012; Maniam et al. 2014;
O'Mahony et al. 2009).
In adult zebrafish, unpredictable chronic stress (UCS) impairs both cognitive responses
and anxiety levels, and increases the level of cortisol (Piato et al. 2011). Moreover, we have
shown in the previous section that young zebrafish have an immediate elevation of cortisol
levels after stressful manipulations, and exposure to short-term stress in 1-month old animals
can affect behaviour later in life (Fontana et al. 2021b). Although prolonged stress in early life
is strongly associated with the increased risk of developing psychiatric disorders (Schiavone et
al. 2015) and that UCS protocols for adults have been described in literature (Piato et al. 2011),
an unpredictable stress protocol in larvae has never been performed and could be used as a valid
model for ELS. Zebrafish have high-throughput screening potential and share the autonomic
stress-response (i.e. cortisol-release), and the use of zebrafish to understand the impacts of ELS
from a translational perspective can benefit the discovery of new alternative treatments and
ultimately help to understand the mechanisms underlying how ELS impacts later-life. Thus,
here we designed a chronic unpredictable early-life stress (CUELS) for zebrafish larvae (7 dpf)
and investigated the effects of this protocol on 4-month-old adult animals. We also investigated
changes to basal cortisol levels as a marker of physiological stress.

4.2.2. Methods
4.2.2.1. Animal husbandry and experimental design
Larval AB wild-type zebrafish were bred in-house from multiple tanks (5 tanks per
batch) by adding a small container with marbles, the eggs were then collected and kept in a petri
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dish until 5 dpf. Animals were kept in an incubator (28.5°C), dead animals were removed and
50% of the water was replaced daily to keep ideal oxygen levels. At larval stage animals were
transferred to a small plastic container (15×8×2 cm length x height x water depth) until they
reach 14 dpf. Animals were introduced to the re-circulating (Aquaneering, USA) system at 15
dpf in groups of 40 animals per 1.4 L. Zebrafish larvae (5 to 10 dpf) were fed twice a day with
rotifers during the mornings and fry food (ZM-000, ZM Ltd.) at noon. Young zebrafish were
fed three times a day with ZM-100 (10 – 20 dpf; ZM Ltd.) and ZM-200 (20 – 28 dpf; ZM Ltd.)
and small brine shrimp in the mornings. Adult animals (>28dpf) were fed with flake food (ZMflake and ZM-300, ZM Ltd.) three times and adult brine shrimp during the mornings. The sex
of adult zebrafish was determined visually by the experimenter and independently verified by a
trained zebrafish technician. The sex of the animals was determined blind to the experimental
groups.
Adult animals were kept in the re-circulating system on a 14/10-hour light/dark cycle
(lights on at 9:00 a.m.), pH 8.4, at 28 °C (±1 °C) in groups of 10 animals per 2.8 L until 4 months
fertilization (adult age). All behavioural tests were performed between 10:00 and 16:00 h. Adult
zebrafish were submitted to a shoal task and immediately transferred to the novel tank task or
light-dark task (anxiety-related tasks, as described in Experiment 3.2.1). 24 h later fish were
randomly selected (see below) from one of four housing tanks and tested individually in the free
movement pattern (FMP) Y-maze (as described in Experiment 3.1) or Pavlovian fear
conditioning task (memory and cognition related-tasks). After behavioural recording fish were
killed using rapid cooling (submersion in 2°C water) and their bodies were collected and
immediately frozen in liquid nitrogen for further cortisol assessment as described in
Experiment 3.1 (Figure 4.6 contains the experimental design timeline). Samples were kept at
-80 °C for further analysis. Animals used in the Pavlovian fear conditioning were not used for
sample collection and were euthanized using 2-phenoxyethanol from Aqua-Sed (Aqua-Sed™,
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Vetark, Winchester, UK). To ensure data reliability, two independent batches were tested (n =
8 per task and per group in each batch).

Figure 4.6. Timeline showing the CUELS protocol. Zebrafish larvae were exposed to different durations of CUELS
protocol depending on the group. Open field was tested at 21 dpf. At 4 months old, adult zebrafish were tested for
shoaling (social behaviour) followed by the novel tank diving task or light-dark preference test. One day later,
animals were exposed to either the FMP Y-maze or Pavlovian fear conditioning task. After all behavioural
protocols, whole-body was collect for further cortisol analysis.

4.2.2.2. Chronic unpredictable early-life stress (CUELS)
Animals were subjected to a variety of chronic stressors, including changes in light/dark
cycle; social isolation; overcrowding; water changes; water cooling; mechanical stirring; water
heating; and immersion in shallow water. The CUELS protocol and stressors were chosen based
upon previous experiments using adult zebrafish (Piato et al. 2011). The protocol was performed
for 1, 3, 7 or 14 days of stress using young animals (7 days post-fertilization (dpf)) and the
experiment schedule is described in Table 4.2. The stressors were administered as follows:
individually transferring the animal to a well in a white 96-well plate for 45 minutes (social
isolation – Figure 4.7A); transferring 40 animals to a well in a 12-well plate for 45 minutes
(overcrowding – Figure 4.7B); light/dark cycle changes for 60 minutes (light/dark cycle –
Figure 4.7C); moving the animal to a new tank with new water 3 times (water change – Figure
4.7D); transferring animal tanks to an incubator until the water temperature reaches 23 ºC for
30 minutes (water cooling – Figure 4.7E); transferring to an incubator until the water reaches
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33 ºC for 30 minutes (water heating – Figure 4.7F); stirring the water for 5 minutes using a
Pasteur pipette (mechanical stirring – Figure 4.7G); transferring the animal to tanks with water
removed so that the body is exposed, and leave in this condition for 2 minutes (immersion in
shallow water – Figure 4.7H).
Table 4.2. Procedure of the unpredictable chronic early life stress protocol in zebrafish larvae (7 dpf).

Day

1st Stressor

2nd Stressor

Day 1

10 h Heating 33 ºC (30 min)

16 h Mechanical stirring (5 min)

Day 2

7 h Lights on (60 min)

14 h Social isolation (45 min)

Day 3

11 h Overcrowding (45 min)

16 h Cooling 23ºC (30 min)

Day 4

9 h Shallow water (2 min)

13 h Water change (3 times)

Day 5

12 h Mechanical stirring (5 min)

14 h Heating 33ºC (30 min)

Day 6

11 h Lights off (60 min)

12 h Water change (3 times)

Day 7

9 h Cooling 23ºC (30 min)

15 h Social isolation (45 min)

Day 8

11 h Shallow water (2 min)

16 h Overcrowding (45 min)

Day 9

9 h Mechanical stirring (5 min)

13 h Water change (3 times)

Day 10

10 h Heating 33ºC (30 min)

15 h Overcrowding (45 min)

Day 11

8 h Lights on (60 min)

16 h Shallow water (2 min)

Day 12

10 h Cooling 23ºC (60 min)

12 h Social isolation (45 min)

Day 13

12 h Mechanical stirring (5 min)

13 h Lights off (60 min)

Day 14

11 h Water change (3 times)

15 h Heating 33ºC (30 min)
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Figure 4.7. Schematic representation of the CUELS stressors. (A) Social isolation, animals individually transferred
to well in a white 96-well plate for 45 min. (B) Overcrowding, 40 zebrafish larvae transferred to a well in a 12-well
plate for 45 minutes. (C) Light/dark cycle changes change animals’ tanks for a totally dark or light environment
depending on the time of the day. (D) Water change, change animals to a new environment 3 times. (E) Cooling,
transfer tanks to an incubator until the water reaches 23 ºC for 30 minutes. (F) Heating, transfer tanks to an incubator
until the water reaches 33 ºC for 30 minutes. (G) Mechanical stirring, stir the water with a Pasteur pipette for 5
minutes. (H) Shallow water, remove water from the tank until body exposure and leave in the condition for 2
minutes.

Importantly, we predicted medium to large effect sizes (d = 0.35, power = 0.8, alpha =
0.05) following extensive published work from our laboratory and considering our primary
outcomes. Thus, the initial number of animals per group and primary outcome for each task
were: open field test (n=24/per group; thigmotaxis), novel tank test (n = 18/group; time spent in
the top), light/dark test (n = 16/group; time spent in the dark), Pavlovian conditioning (n =
16/group; preference for conditioned stimulus) and FMP Y-maze (n = 16/group; alternations).
The sample size for the juvenile open field was 120 and no animal was excluded. Initial sample
size used for the novel tank test was n = 92 (final sample size n = 84 following removal of nonresponders/outliers [see below]). For the light/dark test, an initial sample of n = 80 was recruited
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(final sample size n = 75). For the Pavlovian conditioning n = 80 was recruited and 4 animals
were excluded (final sample size n=76). For the FMP Y Maze, we initially recruited n = 80 and
13 were excluded leaving n = 67. Finally, we predicted a medium effect size for the shoaling
test and calculated that we required n = 8 shoals/group (primary outcome: shoal area) based on
extensive previous published work from our group and others using this test. No shoals were
excluded meaning that a total of n = 160 fish was used for the shoaling assay.
To avoid biased handling, the researchers and technical staff were blind to the
experimental groups while performing the behavioural tasks. All behavioural testing was carried
out in a pseudo-randomized order, with fish randomly tested from one of four group housing
tanks. Randomization was achieved by selecting one fish from each tank in a different order
each time (ie A, B, C, D; B, C, D, A; etc). Once all data was collected and screened for aberrant
data value (ie, values of ‘0’ or extreme values [>3* interquartile range – IQR] for behavioural
parameters indicate non-engagement with the task or software/tracking problems, and are
therefore excluded), the data was analyzed in full (< 1% of the dataset). All experiments were
carried out following approval from the University of Portsmouth Animal Welfare and Ethical
Review Board, and under license from the UK Home Office (Animals (Scientific Procedures)
Act, 1986) [PPL: P9D87106F]. Importantly, all experiments performed in this experiment differ
from the previous one, the novel tank dimensions used in this experiment, duration of the FMP
Y-maze and method used to analyze the social behaviour data due to the fact that further
characterizations in our lab slightly adapted protocols aiming towards their optimization.

4.2.2.3. Open field and survival rates of young animals
To investigate whether the ELS affected young animals, locomotion patterns were
analyzed when animals were 22 days-old (one-day after the 14-day stress protocol for all groups)
by using the Zantiks MWP automated tracking system for larval zebrafish (Zantiks Ltd.,
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Cambridge, UK). Animals were individually transferred to a 6-well plate (well diameter 34.8
mm) and their locomotion and anxiety-related behaviour was recorded for 5 minutes as
described in (Ingebretson and Masino 2013). The distance traveled was used to investigate
changes in locomotion; meanwhile, time in outer zone (5.5 mm) was used to assess any anxietyrelated changes (thigmotaxis). After the behavioural protocol, animals were transferred back to
their home tanks and grown to 4 months old to analyze impact of the stress protocol in
adulthood. The survival rates were also analyzed to investigate if the CUELS protocol was
affecting the animals’ survival during the 21 dpf.

4.2.2.4. Shoaling test
Differently from the protocol described in Experiment 4.1, here, fish (4-fish per shoal)
were simultaneously placed in the test tank (25×15×10 cm length x height x width) and group
behaviour was analyzed for 5 minutes (Canzian et al. 2017b; Green et al. 2012; Muller et al.
2017; Schmidel et al. 2014). The Zantiks automatic AD unit (Zantiks Ltd., Cambridge, UK) was
used to record the fish behaviour, and the distance between fish and shoal area was analyzed
using 15s screenshots during 5 min trials (20 screenshots per trial) in the Image J 1.49 software
(Green et al. 2012; Schmidel et al. 2014). All screenshots were calibrated proportionally to the
size of the tank (Figure 4.1B).

4.2.2.5. Pavlovian fear conditioning
Pavlovian fear conditioning is a behavioural task used to investigate learning and
memory in which animal organisms learn to predict aversive event (Maren 2001). Zebrafish (n
=14 - 16) were individually placed in one of four lanes of a tank (25 cm length x 15 cm, 1 L of
water) for 1 hour (Brock et al. 2017; Cleal and Parker 2018; Valente et al. 2012). Fish were
habituated for 30-min in the test environment, which comprised a half check and half grey base
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screen (position switched every 5-min). Baseline preference was established using the last 10min baseline preference by assessing the time spent in the tank areas. Baseline was followed by
a conditioning phase in which a conditioned stimulus (CS+; full screen of “check” or “grey”,
randomized between each batch) was presented for 1.5-s and followed by a brief mild shock (9
V DC, 80ms; unconditioned stimulus (US)). Subsequently, an 8.5-s of inter-trial interval (ITI)
of the non-CS (CS−) exemplar was presented at the bottom of the tank. The CS+/US was
repeated eight times. Finally, avoidance of CS+ was assessed by presenting the baseline screen
(CS+ and CS− simultaneously) for 1-min, and switching positions after 30-s. The retention
index was calculated by the following formula: 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 = (𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝑝𝑟𝑜𝑏𝑒) − 1.

4.2.2.6. Statistics
Data from the Y-maze protocol was obtained as number of entries into each arm (1, 2, 3
and middle section 4) across a 1-hour trial. To analyze the data according to left and right turns
in 10-minute time bins, raw data was processed using the Zantiks Y-maze Analysis Script
created

specifically

for

this

purpose

(available

/github.com/thejamesclay/ZANTIKS_YMaze_Analysis_Script).

from:

Subsequently,

https:/
data

was

analyzed in IBM SPSS® Statistics and normality of data and homogeneity of variances were
analyzed by Kolmogorov-Smirnov and Bartlett’s tests, respectively. The results were expressed
as means ± standard error of the mean (S.E.M). To assess whether there were any effects of
stress in FPM Y-maze analysis, total turns, alternations and repetitions were analyzed using
generalized linear models (Poisson distribution and log link) with stress (five levels – 0, 1, 3, 7
and 14 days of stress) and time (six levels – 10 min time bins) as the fixed factors and ID as
random effect (to account for non-independence of replicate). To analyze the effects of the stress
in locomotion (young and adult animals), anxiety-related parameters and Pavlovian fear
conditioning one-way ANOVA was used. Two-way ANOVA was used to investigate sex
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differences in the time spent in top and dark zone using sex and stress as factors. Tukey’s test
was used as post-hoc analysis, and results were considered significant when p ≤ 0.05. Because
more than 2 survival curves were investigated, the survival rate analysis was assessed by using
the Log-rank (Mantel-Cox) test.

4.2.3. Results
4.2.3.1. CUELS does not affect survival rates and changes behavioural patterns at 21 dpf
The CUELS protocol had no significant effect on the survival of larval zebrafish (Chi
square= 3.432; df=4; p=0.4884) (Figure 4.8A). To assess whether these animals had any change
in locomotion or anxiety-like behaviour we analyzed the behavioural patterns of 21 dpf animals
in the open field for 5 minutes (Figure 4.8B). We detected a significant effect on total distance
traveled (F (4, 115) = 4.172; p=0.0034**) and thigmotaxis (F (4, 115) = 3.173; p=0.0164*). Post-hoc
analysis showed decreased distance traveled in animals stressed for only 7 days compared to
fish that has been stressed for 3 and 14 days. Finally, thigmotaxis was decreased in animals that
were stressed for 7 days compared to control animals and those subjected to 14 days of UCS
stress.

Figure 4.8. Effects of CUELS at early stages. (A) Survival rates are not affected by CUELS protocol. (B)
Locomotion and thigmotaxis are decreased in animals submitted to 7 days of CUELS at early stages (22 dpf). Data
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were represented as mean ± S.E.M and analyzed by one-way ANOVA, followed by Tukey’s test multiple
comparison test. Different letters indicate statistical differences between groups (*p < 0.05; n = 23 - 24).

4.2.3.2. CUELS affects anxiety-related parameters in adult zebrafish
Regarding total distance traveled, ANOVA did not show any significant effect between
groups (F (4, 79) = 1.601; p=0.1823). For time spent in top, a significant effect of CUELS was
observed (F (4, 79) = 6.690; p****<0.0001), where animals submitted to CUELS for 7 days
showed decreased time spent in top compared to control (p**=0.0093) and 14 days
(p***=0.0002) of ELS. A significant decrease of time spent in top was also observed for animals
submitted to 14 days of CUELS compared to 3 days of CUELS (p**=0.0022) (Figure 4.9A).
Similarly, a significant effect of CUELS was observed on the time spent in the dark (F (4, 70) =
5.237; p***<0.0010). Post-hoc analysis yielded a significant decrease of time spent in the dark
for the 7 days ELS group compared to control (p*=0.0464) and 14 days (p***=0.0004). 14 days
of CUELS also significantly increased time spent in the dark compartment compared to 3 days
(p*=0.0412) (Figure 4.9B). Two-way ANOVA, using sex and stress as factors, showed a
significant effect for stress time spent in top (F (4, 74) = 29.90; p****<0.0001) and time spent in
dark zone (F (4, 65) = 23.16; p***=0.006). Although no sex difference was observed (F (1, 74) =
0.8056; p=0.3386; F (1, 65) = 2.052; p=0.1646) a significant interaction between stress*sex was
observed for time spent in top (F (4, 74) = 9.054; p=0.0424). No post-hoc significant difference
was found when comparing female vs. male of each stressor group.
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Figure 4.9. Effects of CUELS in anxiety-like behaviour of adult zebrafish. (A) Time spent in top zone was
increased in animals exposed to 7 days of CUELS (n = 16 – 17 per group). (B) Animals submitted to a CUELS
protocol when larvae showed a decreased time spent in the dark zone when adults (n = 15 – 16 per group). Data
were represented as mean ± S.E.M and analyzed by one-way ANOVA, followed by Tukey’s test multiple
comparison test. Asterisks indicates statistical differences between groups (*p < 0.05, **p <0.01, ***p <0.001).
Significant difference above each bar plot indicate difference compared to control (0 days) and significant
difference between group 14 days and the group 3 and 7 days are indicated in the figure.

4.2.3.3. Social behaviour and cognitive-related tasks are not changed after CUELS
To investigate whether CUELS affected social behaviour or learning and cognitiverelated tasks, we submitted the animals to the shoal behaviour task, FPM Y-maze and Pavlovian
fear conditioning (Figure 4.10). No significant effect of stress or interaction stress*time were
observed for total turns (F (4, 63) = 2.028; p=0.101 and F (20, 315) = 1.189; p=0.262), alternations
(F (4, 63) = 0.688; p=0.603 and F (20, 315) = 0.743; p=0.781) or repetitions (F (4, 63) = 1.105; p=0.362
and F (20, 315) = 0.921; p=0.560) in the FPM Y-maze. However, a significant time effect for
alternations (rlrl + lrlr) (F (5, 315) = 5.768; p****<0.0001) and repetitions (rrrr + llll) ) (F (5, 315) =
2.990; p=0.012) patterns indicating a variation in the alternation profile across time that was
not dependent on the ELS exposure (Figure 4.10A). Furthermore, in the fear conditioning task,
no significant effect (F (4, 71) = 1.466; p=0.2218) was observed (Figure 4.10B). When looking at
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social behaviour, neither shoal area (F (4, 35) = 1.245; p=0.3111) nor inter-fish distance (F (4, 35) =
0.7491; p=0.5657) was affected in adult animals submitted to CUELS (Figure 4.10C).

Figure 4.10. Effects of CUELS in memory and cognition, and social behaviour. (A) CUELS do not change FMP
Y-maze patterns (n = 12 per group). (B) Preference for the conditioned stimulus was not affected by CUELS (n =
14 – 16 per group). (C) Social behaviour parameters, such as shoal area and inter-fish distance were not changed
by CUELS (n = 7 - 8 shoals per group). Data were represented as mean ± S.E.M and analyzed by one-way
ANOVA, followed by Tukey’s test multiple comparison test.

4.2.3.4. Basal cortisol levels of adult zebrafish submitted to CUELS
To assess if CUELS caused any hypothalamic-pituitary-interrenal (HPI) axis-related
changes in adult animals, cortisol levels were measured. Although significant changes were
observed for anxiety-related responses, no significant difference for cortisol levels were
observed between groups (F (4, 33) = 2.036; p=0.1121) (Figure 4.11).
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Figure 4.11. Baseline cortisol levels for adult animals previous exposed to CUELS protocol. Data were represented
as mean ± S.E.M and analyzed by one-way ANOVA, followed by Tukey’s test multiple comparison test (n = 7 –
8 per group).

4.2.4. Discussion & Partial Conclusions
For the first time, we have created a CUELS protocol that can be applied to zebrafish
larvae that does not increase mortality, but significantly decreased anxiety-like behaviour and
exploratory activity in animals stressed for 7 days. We also find that CUELS exposure affects
behaviour later in life by decreasing anxiety-like behaviour in animals exposed for 7 days, but
has no effect on social interactions, memory and cognition. When looking at adult physiological
responses, no change was observed for cortisol levels which suggests that the reduced anxiety
displayed following CUELS is not necessarily caused by changes in stress axis activity.
Early adverse experiences can enhance stress responsiveness and lead to greater
susceptibility to psychopathology in adulthood such as anxiety-related disorders and depression
(Carr et al. 2013; Heim et al. 2008; Syed and Nemeroff 2017). However, the impact of ELS in
adulthood follows an inverted U-shape response, where mild/moderate stressors can impact in
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a beneficial way building resilience and severe acute or prolonged chronic exposure can lead to
negative outcomes (Russo et al. 2012; Sapolsky 2015). Thus, the behavioural and physiological
effects of ELS will depend on intensity and duration. We previously investigated the role of a
3 days mild stress protocol of young zebrafish (6 weeks old) and its impact on 4-month-old adult
animals (Fontana et al 2020). Mild ELS improved adult zebrafish working memory, thus
apparently building resilience; however, no change in anxiety levels was previously observed.
Based on these findings, we adapted an unpredictable chronic stress protocol (Piato et al. 2011),
that has been shown to have a negative impact upon adult animals after 7 or 14 days of
application, aiming to observe any negative effects of early adverse experiences.
We found that in larvae, the CUELS protocol decreased anxiety after 7 days of stress at
both periods of life: 21 dpf and 4 months old without causing changes in the cortisol levels.
Indeed, early-life adversities can prepare animals to better cope with a challenging adult
environment without necessarily affecting glucocorticoid receptors and the functionality of the
hypothalamic-pituitary-adrenal axis (Santarelli et al. 2017). Usually, anxiety-related tasks in
zebrafish evaluate the behavioural responses of animals in a novel environment (Stewart et al.
2012b); animals that are less anxious tend to explore more “dangerous” areas such as the top
part of the tank and lit areas. Here animals exposed to 7 days of CUELS significantly decreased
the time spent in the dark zone and significantly explored more the top zone compared to both
control and 14 days stressed animals. This data indicates that those animals had decreased
anxiety-levels. While decreased anxiety could be regarded as a positive effect, from a
translational perspective (e.g., in presence of a psychiatric condition or in everyday life
challenges), the increased exploration of “dangerous” areas can, in fact, negatively affect animal
survival in nature by increasing their chances of being predated. From a translational
perspective, increased risk-taking is related to several psychiatric conditions such as addiction,
ADHD and other impulse-control or compulsive disorders (Dayan et al., 2010; Humphreys et
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al., 2011). In both novel tank and light-dark preference task no eminent danger is presented,
therefore future studies should be performed to evaluate if this lower anxious phenotype is
associated to increased risk-taking in dangerous situations. In addition, it would be worthwhile
to examine other behavioural domains, such as impulse control and drug seeking, to examine
the extent effects of ELS on these parameters.
Sex differences are known to have a role in behaviour of several species (Mowrey and
Portman 2012; Rose and Rudolph 2006), affecting phenotypes and levels of expression for a
variety of psychiatric disorders (Bekker and van Mens-Verhulst 2007; Laurin et al. 2007; Mandy
et al. 2012). We have previously shown that female zebrafish have increased anxiety-like
phenotypes (Fontana et al. 2020), and here we investigated if sex had a role in the anxietyrelated outputs. Although no overall sex difference (female vs male) was observed, the analysis
was likely to be underpowered due to the small size of following splitting the stress groups.
Interestingly a significant interaction (stress*sex) effect was observed for time spent in top
suggesting that there may be differential effects of male/female in this context, although follow
up tests were inconclusive. Future studies should be performed to analyze if sex is differently
affecting the decreased anxious phenotype observed for animals exposed for 7 days of CUELS.
Regarding working memory, our previous work demonstrated that mild ELS positively
affected zebrafish working memory (Fontana et al. 2021b); however, here, we found no effects
of CUELS on working memory performance. In our previous work the ELS was applied to 6week-old animals (for 3 days) and here we use 1-week old animals. Although both forms of
early life stress may be indicative of increased resilience, the lack of replication of differences
across the behavioural domains further demonstrates that there is a difference in the way ELS
can build resilience depending on zebrafish age and time of stress, which was previously
described in other species (Heim and Binder 2012).
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The negative impacts of ELS are widely investigated, and it is known that ELS can
increase vulnerability to the development of psychiatric (Carr et al. 2013) and metabolic
disorders (Vargas et al. 2016). However, in two independent studies applying ELS to zebrafish
we have found that the protocol either improved working memory or decreased anxiety, rather
than having a clear negative impact. One possible hypothesis as to why ELS has positive impacts
in zebrafish is that positive and negative adaptation occurs as a result of the animal’s growing
environment. Thus, if the environment is neutral or positive animals will improve its ability to
cope with stressful situations building resilience (Clark et al. 1997; Grissom and Bhatnagar
2009; Kant et al. 1985). Meanwhile, if adaptation is inadequate, maladaptive, or future
environment differs from the naturalistic phenotype, animals will be more likely to develop
vulnerability to diseases (Daskalakis et al. 2013; Gluckman et al. 2007; Maniam et al. 2014;
McEwen 1998; Schmidt et al. 2011). Interestingly, animals exposed to 14 days of CUELS had
the lowest exploration to the top and spent most of their time in the dark zone. Although there
is no significant difference between this group and the control for anxiety-related parameters,
there is a tendency for these animals to have higher anxiety levels. This raises the possibility
that an even longer exposure to CUELS may have continued the trend towards negative effects.
Further studies should be performed increasing CUELS duration and considering adverse
environments (e.g. abnormal water conditions) to evaluate whether this protocol can have a
negative impact upon the behavioural phenotype of zebrafish.
Regarding physiology, cortisol levels were measured to observe whether the CUELS
protocol affects the stress axis activity in adulthood. Previous works have shown that after acute
and chronic stress protocols, young and adult animals have significantly higher cortisol levels
(Fontana et al. 2021b; Ghisleni et al. 2012; Piato et al. 2011; Ramsay et al. 2009). ELS causing
resilience is linked to different metabolic adaptations, such as different cortisol reactivity levels.
For example, patients that experienced ELS had blunted cortisol reactivity but a greater total
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cortisol production (Goldman-Mellor et al. 2012). Here, no cortisol differences were observed
when looking at their adult baseline levels and the cortisol reactivity was not assessed. Indeed,
the investigation of stress reactivity of CUELS exposed adult zebrafish could reveal a different
pattern of behaviour and physiological aspects. However, we suggest that the low anxiety levels
observed for animals exposed to CUELS for 7 days are not linked to changes in cortisol levels.
In summary, here we present a novel CUELS protocol for larval zebrafish which has an
impact on adult behaviour, decreasing their anxiety in the novel tank diving test. No differences
in the baseline cortisol levels were observed. The pathway between ELS causing resilience or
vulnerability to disease was previous linked to the environment in which the organism is
growing after the stress. Thus, here animals grown in a naturalistic environment and CUELS
decreased anxiety in adult zebrafish. In the future, the CUELS protocol can be a useful model
to study resilience in zebrafish and the mechanisms underlying it, however further studies are
necessary to investigate if CUELS decreasing anxiety is associated to increased risk-taking.
Moreover, ELS can also be used to investigate the combined effect of environment and genotype
in zebrafish models of psychiatric and neurodevelopmental disorders. However, decreasedanxiety related behaviours can be also associated to impulse control and risk-taking behaviour.
Therefore, in the next experiment, we aimed to replicate the results found here in anxiety but
also test two hypotheses: 1) if the decreased anxiety caused by CUELS was due to disrupted
stress reactivity response, we would see a blunted cortisol response and decreased CAS response
in the novel tank test; 2) however, if CUELS was related to boldness we predicted that there
would be no difference in the CAS responses, but that there would be increased exploration in
the novel object test and increased exploration in the novel tank test.

4.3. Experiment 4.3: CUELS protocol: effects on boldness and stress-reactivity
4.3.1. Overview
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The long-term outcomes of ELS have been previously described in zebrafish: stress
differently affects adult behaviour depending on the animal’s developmental stage and the
stressors type/intensity/duration (Fontana et al. 2021a; Fontana et al. 2021b; Shams et al. 2018).
For example, social isolation at early-life stages results in isolated zebrafish showing decreased
shoal cohesion but also decreased anxiety-like phenotypes in the open-field task (Shams et al.
2018). The evidence, therefore, for development of resilience following early-life stress in
zebrafish appears clear: stress “positively” affects two different behavioural domains by
increasing working memory (Fontana et al. 2021b) and decreasing anxiety (Fontana et al. 2021a;
Shams et al. 2018). However, the extent to which the measured behavioural endpoints represent
‘positive’ behavioural change is a matter of some debate. For example, although the increased
time spent in the top and lit zones are often linked to decreased anxiety in zebrafish (Blaser and
Rosemberg 2012; Egan et al. 2009; Kalueff et al. 2013; Levin et al. 2007; Wong et al. 2010),
these behavioural phenotypes can be associated to increase risk-taking due to animals’ higher
predation exposure (Thornqvist et al. 2019). Therefore, it may be that the observed ‘positive’
effects are indicative of impairment of impulse control, with the exposed animals being more
‘risk prone’. This may have implications for the development of impulse control disorders and
the role of early-life stress.
In this experiment, we investigated whether the effects of ELS on decreased anxiety is
linked to increased risk-taking or ‘boldness’, or on stress reactivity. In order to test this, we
exposed larval zebrafish to either 7 or 14 days of chronic unpredictable early life stress
(CUELS), using a previously described protocol (Fontana et al. 2021a) and reared them to
adulthood. We then analyzed boldness and stress-reactivity responses as adults. Adult behaviour
was analyzed in the novel object boldness task and compared to the novel tank task. Stress
reactivity was induced by exposing the animals to conspecific alarm substance (CAS) (Hall and
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Suboski 1995; Speedie and Gerlai 2008). As well as behavioural endpoints, cortisol was
examined to investigate the physiological responses to CAS following CUELS.

4.3.2. Methods
4.3.2.1. Animal husbandry and experimental design
Larval AB wild-type zebrafish were bred in-house from multiple tanks (3 tanks per
batch) by adding a small box with marbles to the breeding tank, then eggs were collected and
kept in a petri dish (100 x 15 mm) until 7 days post fertilization (dpf). Afterwards, animals were
transferred to a small plastic container (15×8×2 cm length x height x water depth) until they
reach 14 dpf when animals were introduced to the re-circulating (Aquaneering, USA) system in
groups of 40 animals per 1.4L. Juvenile animals (>30dpf) were kept in the re-circulating system
in groups of 10 animals per 2.8 L until 7 months when fish were test behaviourally. During all
life-stages animals were kept on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), pH 8.4,
at 28 °C (±1 °C). Animals were fed twice a day during 5 to 10 dpf with rotifers during mornings
and fry food (ZM-000, ZM Ltd.) at noon, meanwhile juvenile animals were fed with small brine
shrimp in the mornings and three times with dry food depending on their age (10 – 20 dpf; ZM100 and 20 – 28 dpf; ZM-200). Adult animals were fed with flake food (ZM-flake and ZM-300,
ZM Ltd.) three times a day and adult brine shrimp during the mornings.
All behavioural tests were performed between 10:00 and 16:00 h. Animals took part in
two different experimental designs: 1) novel object boldness task to analyze the boldness of fish
exposed to the CUELS protocol; 2) exposure to CAS for 5 min and then novel-tank diving task
to analyze the anxiety-like phenotype after acute stress exposure. For cortisol analysis (protocol
described in Experiment 3.1), fish were exposed to AS for 5 min, then fish were transferred to
a new tank containing only system water for 15 min, the peak time for cortisol response after
stressful situations in adult zebrafish (Ramsay et al. 2009). Fish were killed using rapid cooling
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(submersion in 2°C water), their bodies were collected and immediately frozen in liquid
nitrogen. Samples were kept at -80 °C for further analysis. Animals used in the novel object
boldness task and novel-tank diving test were not used for sample collection and were
euthanized using 2-phenoxyethanol from Aqua-Sed (Aqua-Sed™, Vetark, Winchester, UK). To
ensure data reliability, two independent batches/replicates were tested (n = 6 – 7 per task and
per group in each batch). Animals from each batch were ELS at different times, within a 2 weeks
interval between batches. Researchers and technical staff were blind to the experimental
conditions to avoid biased handling during the behavioural sessions and animals were randomly
selected from one of four tanks for each experimental design. The novel object boldness task
and novel tank diving response, as well as CAS exposure were performed as described in
Experiment 2.1 and Experiment 3.2. The protocol for CUELS in zebrafish was performed as
described in previous work (Fontana et al. 2021a) and the experiment schedule is replicated as
described in Experiment 4.2. – Table 4.2.
The number of animals per group were calculated a prior (d = 0.35, power = 0.8, alpha
= 0.05) following extensive published work from our laboratory and considering our primary
outcomes. Thus, the initial number of animals per group and primary outcome for each task
were: novel object boldness task (n = 12/group; time spent close to the object) and novel-tank
diving test (n=14/per group; time spent in the bottom zone). For the behavioural response, no
animal was excluded from the statistical analysis. For cortisol analysis, 1 animal were excluded
in total (1 detected as outlier due extreme values [>3*IQR]). All experiments were carried out
following approval from the University of Portsmouth Animal Welfare and Ethical Review
Board, and under license from the UK Home Office (Animals (Scientific Procedures) Act, 1986)
[PPL: P9D87106F].
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4.3.2.2. Statistics
Data were analyzed in IBM SPSS® Statistics and the results were expressed as means ±
standard error of the mean (S.E.M). One-way ANOVA was used to analyze the effects of the
CUELS in the novel object boldness test. Furthermore, the interaction between CUELS and
CAS in the novel tank-diving test and cortisol levels was assessed using two-way ANOVA with
CUELS (three levels – 0, 7 and 14 days of CUELS) and CAS (two levels – control vs. stress) as
the fixed factors. Tukey’s test was used as post-hoc analysis, and results were considered
significant when p ≤ 0.05.

4.3.3. Results
4.3.3.1. Behavioural effects of CUELS in a novel object boldness test and stress-reactivity
response
Figure 4.12B shows the effects of CUELS in the novel object boldness task. No
significant effect was observed between groups for the time spent close to the object (F (2,33) =
0.4734; p= 0.6270).
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Figure 4.12. Effects of CUELS in new object boldness task. (A) New object boldness task illustration. (B) Novel
object boldness task is not altered in animals previously exposed to 7 or 14 days of CUELS. Data were represented
as mean ± S.E.M and analyzed by one-way ANOVA, followed by Tukey’s test multiple comparison test (n = 12
per group)

Regarding the response of early-life stressed animals to CAS in the novel tank diving
task (Figure 4.13B), no significant interaction (CUELS vs. CAS) (F (2,78) = 0.998; p= 0.9060),
CUELS (F (2,78) = 0.4589; p = 0.6337) or effect of CAS (F (1,78) = 0.2129; p= 0.6458) was
observed. However, two-way ANOVA yielded a significant interaction (CUELS vs. CAS) (F
(2,78)

= 7.447; p**= 0.0011), CUELS (F (2,78) = 10.78; p****< 0.001) and effect of CAS (F (1,78) =

14.38; p***= 0.003) for the time spent in the bottom zone. A significant decrease in time spent
in bottom was observed for animals exposed to CUELS for 7 days compared to control nonstressed (p** = 0.0056) and 14 days CUELS (p*** = 0.0009). CAS significantly increased the
time spent in bottom compared to two non-stressed groups, 0 (p* = 0.0149) and 7 days of CUELS
(p**** < 0.0001), except when compared to 14 days CUELS (p = 0.0669). Importantly, only
animals exposed to 14 days of CUELS + CAS had a significant decrease in the time spent in the
bottom zone when compared to 0 days of CUELS + CAS (p* < 0.0046).

Figure 4.13. Behavioural response of adult animals acutely stressed to CAS and previously exposed to CUELS
protocol for 7 or 14 days in the novel tank diving task. (A) Novel tank diving test illustration. (B) Increased anxiety-
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like behaviour after CAS exposure is attenuated in animals previously exposed to CUELS. Data were represented
as mean ± S.E.M and analyzed by two-way ANOVA (CAS and CUELS as factors), followed by Tukey’s test
multiple comparison test (n = 14 per group).

4.3.3.2. Stress-reactivity and cortisol response in animals previously exposed to CUELS
The cortisol response of animals exposed to early-life stress, and their stress-reactivity
response is displayed in Figure 4.14. Although no significant effect was observed for interaction
(CUELS vs. CAS; F (2,25) = 0.7612; p= 0.4776) or CUELS (F (2,25) = 0.8889; p= 0.4237) through
two-way ANOVA analysis, a significant effect of CAS (F (1,25) = 52.69; p****< 0.0001) was
observed. A post-hoc Tukey’s test showed that a significant effect was observed comparing nonstressed groups (0, 7 and 14 days of CUELS; p*= 0.0189, p***= 0.0002 and p**= 0.0028,
respectively) to 0 days of CUELS + CAS. No significant difference was observed between nonstress animals or between CAS exposed animals.

Figure 4.14. Control vs. CAS cortisol levels for adult animals previously exposed to CUELS protocol. Data were
represented as mean ± S.E.M and analyzed by two-way ANOVA (CAS and CUELS as factors), followed by
Tukey’s test multiple comparison test (n = 5 – 6 per group).
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4.3.4. Discussion & Partial Conclusions
In this study we aimed to investigate the impact of early-life stress on stress reactivity
and boldness. We found that there were no differences between controls and 7 or 14-day CUELS
exposure in approach to a novel object, suggesting that boldness is differently expressed by 7
and 14-days CUELS animals depending on context. In addition, we found that fish exposed to
7 days CUELS showed increased exploration in the novel tank test, when exposed to CAS
although there is a significant response compared to their own group, fear/anxiety-related
behaviour were not similar to control response. Regarding zebrafish exposed to 14 days of
CUELS, when animals were exposed to CAS no behavioural change was observed, indicating
that both groups may have a disrupted stress-reactivity response in terms of behavioural
analysis. However, in terms of cortisol-responses after exposure to an acute stressor (CAS) no
significant differences were found in ELS animals. Overall, it appeared that 7 days of CUELS
building resilience and 14 days of CUELS (Fontana et al., 2021) also affect stress-reactivity
responses showing decreased response to CAS compared to controls. Thus, for the first time,
we showed that 7 and 14 days of CUELS may have a negative impact on the animal’s response
to fear cues.
Boldness and risk-taking can be assessed by several tasks (e.g. the shelter task, novel
tank diving test, new object boldness test and light/dark test) in zebrafish and the choice of test
has a large impact on boldness-related behaviour. The interpretation of this behaviour can be
highly contextual varying between environment, conditions, and individuals (Burns 2008;
Moretz et al. 2007; Ólafsdóttir and Magellan 2016; Toms et al. 2010). Here, we used the novel
tank and novel object boldness test to investigate the boldness of fish previously exposed to a
CUELS protocol for different durations (7 and 14 days of CUELS starting from 7 dpf). As
previously shown (Fontana et al., 2018), animals subjected to CUELS for 7 days showed
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decreased time spent in bottom which can reflect in animals decreased anxiety-like behaviour.
The decreased time spent in bottom can be also directly correlated to boldness (Gerlai et al.
2000); however, in the novel object boldness test, ELS fish did not show any difference in the
time spent approaching the object. Bold individuals are usually explorative and ‘risk-taking’,
while shy individuals are characterized by low exploration and a passive response (Sih et al.
2004). The differences between boldness patterns were previously explored in zebrafish, and
there is considerable variation in behavioural phenotypes on different tasks (Mustafa et al.
2019). The animals exposed to CUELS for 7 days were previously measured in two behavioural
tasks to assess anxiety/boldness responses, and we saw consistency in their behavioural patterns
across tasks were animals showed increased boldness and decreased anxiety-like behaviour
(Fontana et al. 2021a). It remains unclear, however, whether these responses are linked
predominantly to the animals’ boldness or risk-taking behaviour, as no increased boldness was
observed in the novel object task, suggesting that animals exposed to CUELS show different
patterns of behaviour depending on context.
To further evaluate if those fish would have increased risk-taking, we exposed fish to
CAS for 5 minutes, a treatment that is known to induce increased fear and anxiety-related
responses including increasing the time that fish spend in the bottom and decreasing their
activity. When a fear-cue (CAS) is presented, fish exposed to CUELS for 7 days have a normal
anxiogenic response compared to control fish. CAS is an effective acute stressor which is
produced and stored in the epidermal “club” cells, and released into the water after skin injuries
provoked by predator attacks (Chivers and Smith 1994; Korpi and Wisenden 2001). The
different concentrations and effects of this molecule in zebrafish fear and anxiety-related
behaviour was first described by Speedie and Gerlai (2008). For example, in the light-dark test
zebrafish exposed to CAS for 5 minutes increased scototaxis (preference for dark areas)(Abreu
et al. 2016; Quadros et al. 2016) which is a behavioural change often observed after the exposure
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to anxiogenic drugs (Stewart et al. 2011a). CAS also affects fish social behaviour, increasing
zebrafish cohesion in a shoal test (Canzian et al. 2017b), which is known to confer multiple
advantages in reducing predation and facilitating foraging in other fish species (Krause et al.
2000a). These data support CAS as being efficient for inducing fear-related responses.
As previously discussed, early-life stress protocols have produced ‘resilient’ effects in
adults, showing no clear negative effects later in life (Fontana et al. 2021a; Fontana et al. 2021b;
Shams et al. 2018). This has included data from animals exposed to 7 and 14 days of CUELS
and tested later at adult stages. However, here for the first time we saw evidence that adult
animals exposed to the CUELS protocol for 7 and 14 days may have a disrupted behavioural
response to stress, when comparing time spent in the bottom of 7 and 14 days stressed animals
to the control stressed group. Blunted responses to stress stimuli have previously been observed
in children that experienced ELS and the underlying mechanism is related to inhibition of
hypothalamic–pituitary–adrenal axis (HPA) axis reactivity (Hengesch et al. 2018; OuelletMorin et al. 2011). Although the mechanisms in which ELS alter HPA activity still unknown,
hypothesis involving altered amygdala activity to different responses to threats later in life have
been proposed as a potential mechanisms underlying lack of stress-reactivity in mice and
humans (Malter Cohen et al. 2013). Thus, the mechanisms underlying decreased stress
responses after CUELS exposure may have association with alterations in the zebrafish pallial
amygdala, however further investigation looking at other HPI associated pathways and brain
activity are still necessary.
Here, however, we saw no difference from controls in the cortisol response for 7- and
14-day CUELS animals exposed to CAS. It therefore appears that although the physiological
response to the stressor was normal (no different to controls) CUELS animals show a blunted
behavioural response to CAS. This is potentially very interesting, as it indicates a negative
impact of CUELS that could be psychological in nature, and potentially more complex than a
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simple alteration in HPI activation. Additionally, it may be that the CAS represents a strong
stressor that may cause a physiological ceiling effect. Overall, as partial conclusions, these data
suggest that CUELS can positively or negatively modulate behaviour depending on context,
where all groups showed blunted increased anxiety-like behaviour in the novel tank diving test.

4.4. General Discussion and Conclusions
This chapter provides evidence that the zebrafish is a reliable model to evaluate the
impacts of early-life experiences and ELS modulating behaviour later in life. Because both
unpredictable stress models affected different behavioural domains depending on the age in
which the animals were exposed to stress, our data suggests that ELS affecting behaviour
depends on developmental stage and duration of stress. For example, 3 days of ELS at juvenile
stages significantly increased adult working memory in the FMP Y-maze, meanwhile the 7 days
of CUELS at larval stages significantly decreased animals’ anxiety-like behaviour in two
behavioural tasks and disrupted stress-reactivity response.
Initially, the first exposure to ELS in juvenile animals showed that even short-term
protocols can significantly increase adult working memory without changing anxiety-like
behaviour or social behaviour patterns. As the first characterization of ELS in zebrafish, we
suggest that this protocol could serve as a useful model to understand: a) translational genetic
and physiological aspects are associated with memory adaptive flexibility; b) the evolutionary
and conserved characteristics that are common between zebrafish and humans that correspond
to stress-induced changes in memory and learning.
Alternatively, when exposing zebrafish to ELS at younger stages (larval stages – 7 dpf),
we did not observe any differences in memory and cognition in two behavioural tasks, Pavlovian
fear conditioning and FMP Y-maze. This second protocol aimed to investigate the animal’s
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response to ELS at even younger stages, which resulted in the creation of the CUELS protocol.
Although no differences in memory and cognition or social behaviour were observed in adult
animals, we found a significant decrease in anxiety-like behaviours in two behavioural tasks,
the light-dark preference and tank diving response. This behavioural response of animals in both
novelty tasks is often observed in drugs with an anxiolytic effect (Egan et al. 2009; Kalueff et
al. 2013; Levin et al. 2007; Wong et al. 2010), which would support the hypothesis of CUELS
protocol building resilience at adult stages which could potentially be used to evaluate the
positive effects of ELS in the brain. Altogether, these data lead us to the first hypothesis as to
why ELS has positive impacts in zebrafish, which is that positive and negative adaptation occurs
depending on animal’s growing environment. Thus, is known that if the environment is positive,
animals will improve its ability to cope with stressful situations building resilience (Clark et al.
1997; Grissom and Bhatnagar 2009; Kant et al. 1985). Meanwhile, if adaptation is inadequate,
maladaptive, or future environment differs from the naturalistic phenotype, zebrafish could be
more susceptible to developing neuropsychiatric disorders (Daskalakis et al. 2013; Gluckman
et al. 2007; Maniam et al. 2014; McEwen 1998).
However, increased time exploring the top zone of the tank or decreased time in the dark
area can also be associated with increased boldness in zebrafish due to the fact that these zones
would be ‘more dangerous’ in a natural environment and animals would be willing to take more
risks by exploring these areas (Ariyomo et al. 2013; Dahlbom et al. 2011a; Mustafa et al. 2019;
Ólafsdóttir and Magellan 2016; Wright et al. 2003). The hypothesis that the decreased anxiety
observed after CUELS protocol could be negatively impacting animal’s behaviour rather than
building resilience resulted in the second CUELS experiment. In this experiment, we reported,
for the first time, that ELS-induced decreases in anxiety-like behaviour (7 days CUELS) may
relate to boldness in zebrafish and can vary depending on the task. These conclusions are based
on two pieces of evidence: 1) although increased time spent in the top of a tank can be associated
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with increased boldness, no significant difference was found in the novel object boldness test;
2) bold animals tend to have increased risk-taking behaviour, and after alarm pheromone
exposure, less anxious fish showed heightened anxiety in response to the fear cue but abnormal
response compared to controls. Thus, a potential negative impact of CUELS for 7 and 14 days
was observed, where animals showed a blunted behavioural response after being exposed to an
acute stressor. However, animals ELS for 7 or 14 days showed normal increased cortisol
response to CAS exposure indicates a negative impact of CUELS that could be psychological
in nature, and potentially more complex than a simple alteration in HPI activation. Further
studies looking at other behavioural tasks when presented with an array of stress challenges,
coupled with a more in-depth analysis of molecular markers, would help researchers to
understand the mechanisms underlying the positive and negative effects of CUELS. Overall,
these data support the use of zebrafish as a translational model to study the broad range of ELSinduced permanent changes in behaviour. The model could also be used to investigate the
mechanisms underlying both the positive and the negative effects of early-life adversity in
neuropsychiatric disorders. During the next chapter, the CUELS protocol is used as an
environmental factor to explore the effects of ELS in adgrl3.1 knockout.
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5
The adgrl3.1 gene-environment interactions

Although it is recognized that the environment plays a critical role in the development of
psychiatric disorders and related neuropsychiatric phenotypes, little is known specifically about
the interactions between the adgrl3.1 gene and the environment. During our validation of the
CUELS protocol in Chapter 4, we observed that animals stressed for 7 days of CUELS have
decreased anxiety when adults. adgrl3 mutants show increased anxiety-related phenotypes in
the novel tank, small open tank, and light-dark test.

The adgrl3.1 mutant also showed

differences from wild types in their stress-reactivity responses. Therefore, here, we aimed to
evaluate three different environmental factors in adgrl3.1 knockout: 1) CUELS, 2)
Environmental Enrichment (EE) and 3) Social isolation, in terms of their impact on ADHDrelated phenotypes.
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5.1. Experiment 5.1: CUELS effects in knockout animals for the adgrl3.1 gene
5.1.1. Overview
ELS was shown to contribute to the ADHD etiology negatively affecting brain function
(Boecker et al. 2014). Indeed, the repeated exposure to ELS leads to hyperactivity and attention
deficits in healthy rodents which were reversed by a classical ADHD treatment,
methylphenidate (inhibitor of DA and NE reuptake)(Bock et al. 2017). Studies with humans
have also shown that early (< 5 years) and later (≥ 6 years) experience of ELS are associated
with increased levels of ADHD-related symptoms (Humphreys et al. 2019). However, as
previously discussed, and as we demonstrated in Chapter 4 (Experiment 4.1 and Experiment
4.2), early-life experiences can not only cause negative impacts on brain function and behaviour
but also have the potential to build ‘resilience’, depending on animals growing environment
(Clark et al. 1997; Grissom and Bhatnagar 2009; Kant et al. 1985). Although the negative
effects of ELS are widely reported in ADHD (Humphreys et al. 2019; Ronald et al. 2010), little
is known whether ELS building resilience (e.g., CUELS protocol in zebrafish) can have positive
or negative effects on ADHD etiology and severity of symptoms.
In previous chapters, we characterized zebrafish both as a model of ADHD-related
symptoms (discussed in Chapter 2) and the impacts of ELS in adulthood (discussed in Chapter
4) (Fontana et al. 2021a). As a model of ADHD-related phenotypes, the absence of the adgrl3.1
was shown to induce hyperactivity depending on environment and lead to increased risk-taking
behaviour and impulsivity. Moreover, attention deficits were also found in adgrl3.1 mutant
having a reduced number of correct choices in the 5-CSRTT. Other alterations in behaviour,
that can be often found as ADHD comorbidities such as anxiety disorders(Blazer 1982; Fayyad
et al. 2017; Heim et al. 2008; Levy et al. 2020) and memory/cognition deficits (Castellanos et
al. 2006; Kofler et al. 2011) were also found in the adgrl3.1 knockout animals’ (data previously
showed in this thesis – Chapter 2 and 3).
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Here, we aimed to investigate the behavioural impacts of CUELS protocol in zebrafish
knockout for adgrl3.1 gene in adult zebrafish by focusing on two behavioural domains, anxiety
and risk-taking behaviour through the analysis of the novel tank diving task and novel object
boldness task. Previously, 7 days of CUELS was shown to significantly decrease anxiety-related
behaviours in adult zebrafish meanwhile adgrl3.1 showed increased anxious behaviour in a
novel environment. Therefore, we hypothesized that the CUELS protocol may decrease
‘anxious’ behaviour of adgrl3.1 mutant without affecting increased boldness behaviour
observed in this line. Considering that 14 days of CUELS may have a negative impact on
zebrafish stress-reactivity, we also included this group to evaluate whether an increase in ADHD
symptoms severity can be observed in adgrl3.1 knockout.

5.1.2. Methods
5.1.2.1. Animal husbandry and experimental design
Larval AB wild-type or adgrl3.1 knockout zebrafish were bred in-house from multiple
tanks (2 tanks per batch) using the marbling method, then collecting eggs into a petri dish (100
x 15 mm) where the animals started to be fed twice a day during 5 to 10 dpf with rotifers during
mornings and fry food (ZM-000, ZM Ltd.) at noon. When animals reached 10 dpf they were
transferred to a small plastic container (15×8×2 cm length x height x water depth; one container
per group). At 14 dpf animals were introduced to the re-circulating (Aquaneering, USA) system
in groups of 40 animals per 1.4L. From 10 to 30 dpf animals were fed with small brine shrimp
in the mornings and three times with dry food depending on their age (10 – 20 dpf; ZM-100 and
20 – 30 dpf; ZM-200). Juvenile animals (>30dpf) were kept in the re-circulating system in
groups of 10 animals per 2.8 L until 5 months when fish were tested behaviourally. During all
life-stages animals were kept on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), pH 8.4,
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at 28 °C (±1 °C). Adult animals were fed with flake food (ZM-flake and ZM-300, ZM Ltd.)
three times a day and adult brine shrimp during the mornings.
Regarding the experimental design, animals were divided into groups depending on two
factors, genotype (adgrl3.1 vs. WT) and CUELS (0, 7 or 14 days of CUELS), having a total of
six groups for this experiment. Adult animals (5 mpf) were tested in two behavioural tasks, the
novel tank diving task (as described in Experiment 3.2.1), and the novel object boldness task
(as described in Experiment 2.1), having the aim to test if CUELS protocol influenced
locomotion, anxiety, or risk-taking behaviour. Briefly, animals were ELS at 7 dpf to 14 or 21
dpf (7 days and 14 days of CUELS) as described in Experiment 4.2. All behavioural tests were
performed between 10:00 and 16:00 h. For the novel tank diving task, Zantiks automatic system
(Zantiks Ltd., Cambridge, UK) was used, meanwhile for the novel object boldness task, animals
were recorded with a webcam and the time spent close to the object was further analyzed using
ANY-maze behavioural tracking software. After each behavioural task, animals were
immediately euthanized using 2-phenoxyethanol from Aqua-Sed (Aqua-Sed™, Vetark,
Winchester, UK). To ensure data reliability, two independent batches were tested (n = 6 – 7 per
task and per group in each batch).
The number of animals used per group was calculated a priori (d = 0.35, power = 0.8,
alpha = 0.05) following extensive published work from our laboratory and considering our
primary outcomes. Thus, the initial number of animals per group and primary outcome for each
task were: novel object boldness task (n = 12/group; time spent close to the object) and noveltank diving test (n= 14/per group; time spent in the bottom zone). No animal was excluded from
the statistical analysis. All experiments were carried out following approval from the University
of Portsmouth Animal Welfare and Ethical Review Board, and under license from the UK Home
Office (Animals (Scientific Procedures) Act, 1986) [PPL: P9D87106F].
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5.1.2.2 Statistics
Data were analyzed in IBM SPSS® Statistics and the results were expressed as means ±
standard error of the mean (S.E.M). Two-way ANOVA was used to analyze the interactions
between genotype adgrl3.1 and CUELS in both behavioural tasks. CUELS (three levels – 0, 7
and 14 days of CUELS) and genotype (two levels – control vs. adgrl3.1) were used as the fixed
factors. Tukey’s test was used as post-hoc analysis, and results were considered significant when
p ≤ 0.05.

5.1.3. Results
5.1.3.1. CUELS building resilience attenuate adgrl3.1 anxious phenotype
Regarding locomotor analysis, no interaction (CUELS vs. adgrl3.1 genotype; F (2, 78) =
0.2933; p = 0.7466) or CUELS (F (2, 78) = 0.7138; p = 0.4930) effect was observed for distance
traveled. However, a significant effect for adgrl3.1 genotype (F (1, 78) = 49.47; p****< 0.0001)
was observed, where significant decrease of locomotion was observed between WT controls (0
days of CUELS) compared to adgrl3.1-/- 0 (p*** = 0.0004), 7 (p** = 0.0020) and 14 days (p*
= 0.0303) of CUELS. A significant interaction (CUELS vs adgrl3.1 genotype; F (2, 78) = 3.124;
p* = 0.0495), CUELS (F (2, 78) = 7.448; p** = 0.0011) and adgrl3.1 genotype (F (1, 78) = 45.57;
p**** < 0.0001) effect were observed for time spent in bottom. Briefly, CUELS for 7 days
significantly decreased time spent in bottom compared to WT control (p* = 0.0108) and 14 days
of CUELS (p** = 0.0020). The adgrl3.1-/- genotype had a significant increase in the time spent
in bottom compared to WT controls (p** = 0.0042). adgrl3.1 + 7 or14 days of CUELS
attenuated the time spent in bottom having a p effect of 0.223 and 0.0832 compared to WT
controls (Figure 5.1)
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Figure 5.1. Behavioural response of adult WT vs. adgrl3.1 previously exposed to CUELS protocol for 7 or 14 days
in the novel tank diving task. Data were represented as mean ± S.E.M and analyzed by two-way ANOVA (genotype
vs. CUELS as factors), followed by Tukey’s test multiple comparison test (n = 14 per group).

5.1.3.2. CUELS does not affect adgrl3.1 increased risk-taking behaviour
Figure 5.2 shows the effects of CUELS and adgrl3.1 in the novel object boldness
task. Although no interaction (CUELS vs. adgrl3.1 genotype; F (2, 60) = 0.1898; p = 0.8276) or
CUELS (F (2, 60) = 0.3001; p = 0.7418) effect was observed, adgrl3.1 genotype have a significant
role in the time spent close to the novel object (F (2, 60) = 15.07; p*** = 0.0003). No significant
effects were observed between groups following Tukey’s post-hoc analysis.
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Figure 5.2. Novel object boldness task response of WT vs. adgrl3.1 animal previously exposed to 7 or 14 days of
CUELS. Data were represented as mean ± S.E.M and analyzed by two-way ANOVA (genotype vs. CUELS as
factors), followed by Tukey’s test multiple comparison test (n = 12 per group).

5.1.4. Discussion & Partial Conclusions
In this experiment, for the first time, we observed that CUELS does not affect adgrl3.1
increased risk-taking in front of the novel object; however an interaction effect was observed
for time spent in the bottom, indicating that ELS can modulate affective behaviour such as
anxiety in adgrl3.1 knockout. CUELS protocol showed a reliable method to decrease anxietylike behaviour at 7 days of exposure and both groups 7 and 14 days of CUELS + adgrl3.1-/attenuated time spent in the bottom.
ELS can exert a programming effect in stress-related brain networks depending on the
developmental period which will result in later hyper- or hypo activation of the glucocorticoid
signaling (van Bodegom et al. 2017). Additionally, changes in emotional and autonomic
reactivity are also observed after ELS which also results in the dysregulation of circadian
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rhythm, functional/structural changes in the brain, immune and metabolic dysregulation being
the main mechanism underlying ELS increasing vulnerability to disease (Agorastos et al. 2019).
ELS is known for not only for affecting an individual’s physiology but also behaviour; for
example, adolescents that have experienced ELS show impaired cognitive control (Mueller et
al., 2010). In ADHD patients, these early-life adversities can increase clinical symptoms such
as impulsive and hyperactive behaviour, meanwhile, in rodent models, ELS was shown to
contribute to the ADHD etiology (Bock et al. 2017; Humphreys et al. 2019).
Controversially, ELS has also been linked to resilience later in life. First reported in the
mid-1950s, Levine (1957) showed that short-term intermittent exposure to ELS decreased
indications of subsequent emotionality in rats. Similarly, other researchers have been showing
that ELS can decrease anxiety-related parameters and promote the development of arousal
regulation and resilience in different species such as rats (Santarelli et al. 2017) and squirrel
monkeys (Lyons et al., 2010). In humans, the variability of ELS affecting physiology and
behaviour also depends on genetic background and epigenetic modifications of stress-related
genes explaining individual variation in vulnerability and resilience to stress (Jiang et al. 2019).
Although evidence shows the effects of ELS in ‘healthy’ individuals, little is known about how
ELS could promote resilience in psychiatric disorders such as ADHD. Here, we used the
CUELS model to evaluate the impact of ELS in a potential ADHD model using knockout
zebrafish for the adgrl3.1 gene. Although the CUELS protocol decreases anxiety-like behaviour
in zebrafish, its role in building resilience or having a negative impact on behaviour is still
controversial (discussed in Chapter 4).
We found that adgrl3.1 behavioural phenotype in novel tank diving task is consistent,
where animals tend to move less showing decreased distance traveled across 6 min and tend to
spend more time in the bottom zone of the tank suggesting increased anxiety-like behaviour
showed by adgrl3.1 knockout. As observed in Chapter 2, there was a significant genotype
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effect for adgrl3.1 risk-taking in front of a new object where all groups had an overall increased
approach to the new object, although no significant difference was observed in the post-hoc
analysis. When looking at the genotype vs. ELS interaction, only time spent in the bottom was
impacted by the CUELS exposure where ELS attenuated the increased time spent in bottom
observed for adgrl3.1 knockout. The ADGRL3 in humans is known for having high sensitivity
to environmental factors. For example, starvation significantly decreases the expression of
ADGRL3, and nicotine exposure significantly increases the expression of this protein being
different SNPs responsible for the interactions between ADGRL3 vs. environment (McNeill et
al. 2020).
Although the mechanisms of ELS building resilience in adgrl3.1 knockout zebrafish are
not clear, a study with rodents that found similar results for anxiety studied the mechanisms
underlying resilience using in-situ hybridization and RNA sequencing. Briefly, the authors
found that GR expression was reduced by early-life adversity and that animals with a supportive
life history were the only ones affected by chronic stress later on in life (Santarelli et al. 2017).
Similarly, rats with augmented maternal care show upregulation of the GR gene in the
hippocampus and repression of CRH (Avishai-Eliner et al. 2001). Altogether, suggesting that
the HPA-axis plays an important role in ELS building resilience and could be potentially
involved in early-life adversities building resilience in different species, including adgrl3.1
knockout zebrafish.
The persistent changes in the abnormal gene expression in resilient vs. vulnerable animal
models are likely maintained via epigenetic mechanisms (Singh-Taylor et al. 2015). Because
zebrafish knockout for the adgrl3.1 gene showed lower baseline cortisol levels with increased
response to stress and abnormal anxiety-related responses (Chapter 3), it may be that CUELS
decreasing anxiety is associated with epigenetic modulation of GR and other stress-related
markers. However, although genetic markers such as GR could be importantly involved in the
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effects of CUELS attenuating abnormal anxiety responses, in this work we did not assess GR
expression of either CUELS only or adgrl3.1 + CUELS animals being a limitation of this work.
In partial conclusion, the CUELS protocol is once again, a reliable protocol to decrease
‘anxious’ phenotypes in zebrafish. Moreover, adgrl3.1 knockout showed high sensitivity to
gene vs. environment interactions where CUELS can attenuate increased anxiety-like behaviour.
Overall, showing that CUELS can be used as a protocol to understand ELS building resilience
in health and disease (e.g. ADHD). However, further studies looking at GR and other stressrelated genes could uncover the mechanisms in which CUELS is responsible for building
resilience in zebrafish anxiety-related phenotypes.

5.2. Experiment 5.2: The role of Environmental Enrichment (EE) in adgrl3.1 mutant
5.2.1. Overview
Genotype and environment have a strong relationship in modulating the severity of
different psychiatric and neurological disorders (Emberti Gialloreti et al. 2019; Grizenko et al.
2008; Ronald et al. 2010). Meanwhile negative environment and stress can increase the severity
of symptoms for different disorders (e.g. anxiety and depression) (Nugent et al. 2011b), positive
environment can reduce stress and improve cognition in humans (Babin and Boles 1996;
Whitehouse et al. 2001), rodents (Chauvet et al. 2009; Laviola et al. 2004) and zebrafish
(Collymore et al. 2015; Marcon et al. 2018). ADHD is a neurodevelopmental disorder and
because its symptoms can be highly affected by the growing environment (Pressman et al. 2006;
Schroeder and Kelley 2009), a positive environment has a strong role in helping patients to have
better inclusion in social contexts and improve learning aspects (Halperin and Healey 2011).
The etiology of ADHD is also linked to genetic and environmental interactions, where
genes such as ADGRL3 have a strong association with ADHD phenotypes. As previously
shown, in this thesis we characterized a model for ADHD phenotypes in adult zebrafish by
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knocking out the adgrl3.1 gene. Zebrafish are found in Northern India, Bangladesh, and parts
of Southern Nepal as wild fish, living in well-vegetated pools and rice paddies adjacent to slowmoving streams (Engeszer et al. 2007). Meanwhile, laboratory housing systems have often been
designed based on economic and ergonomic aspects (Council 2011), EE research has shown
that the enrichment with plants and gravel subtract has decreased stress-reactivity and anxiety
patterns (Marcon et al. 2018). EE has been studied in multiple species and similarly to humans
(Farah et al. 2008), EE can improve disease affecting anxiety and, memory and cognition
(DePasquale et al. 2016), which are important aspects of ADHD pathophysiology. Therefore,
here, we aimed to investigate the interactions between adgrl3.1 genotype and EE in zebrafish
by using the addition of plastic plants and gravel from developmental stages to adulthood. Later
(at 4 mpf), animals were tested in the open field task and 5-CSRTT to investigate locomotion,
anxiety, attention and impulsive behaviour.

5.2.2. Methods
5.2.2.1. Animal husbandry and experimental design
Homozygous zebrafish (adgrl3.1-/-) generated by CRISPR-Cas9 technology (previously
characterized in Chapter 2) were bred in-house and kept in a re-circulating system on a 14/10hour light/dark cycle (lights on at 9:00 a.m.), pH 8.4, at 28 °C (±1 °C) in groups of 10 animals
per 2.8 L until they reached 4 months post fertilization (adult age). Zebrafish were fed with flake
food (ZM-flake and ZM-300, ZM Ltd.) three times a day and adult brine shrimp during the
mornings. With the aim of evaluating if EE affects mutant’s attention deficits, impulsivity and
anxiety-related patterns, animals were split into groups considering two factors, 1) genotype
(adgrl3.1. vs. WT) and 2) environment (no-enrichment and EE) (Figure 5.3). For the EE, when
added to the re-circulating system (at 15 dpf) the addition of gravel substratum and plastic
leaves/grass into the tank was used, considering their positive effects in affecting survivorship,
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growth and behaviour in laboratory-maintained zebrafish (Lee et al. 2019). The non-enriched
group were reared in the same re-circulating system, but in standard laboratory conditions. This
comprised an image of a gravel bed on the bottom of the tank, but without the addition of plants
or gravel substratum. When adults (4 months), zebrafish were tested in the open field task and
then moved to a pair-housed system, with or without the addition of enrichment depending on
the group, for the training of the 5-CSRTT and further evaluation of attention and impulsive
behaviour. After 5-CSRTT, fish were euthanized using 2-phenoxyethanol from Aqua-Sed
(Aqua-Sed™, Vetark, Winchester, UK). For the open field task (described in Experiment 2.1),
animals (n= 48) were placed individually in the small open field tank (20 cm length x 15 cm
width, 10 cm water column depth), however behaviour was analyzed using the data provided by
Zantiks automated AD system. The 5-CSRTT, a continuous performance test, used to evaluate
sustained attention and impulsivity (Everitt et al. 1983) was performed in five steps, as
previously described in Experiment 2.1. All behavioural tests were performed between 10:00
and 15:00 h. Animal Welfare and Ethical Review Board, and under license from the UK Home
Office (Animals (Scientific Procedures) Act, 1986) [PPL: P9D87106F].
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Figure 5.3. Animals (not-enriched vs. enriched environment) pair-housed for the 5-CSRTT. Only two tanks out of
twelve had close contact with the other group's enriched environment.

5.2.2.2. Statistics
Data were analyzed by using GraphPad Prism and the results were expressed as means
± standard error of the mean (S.E.M). Normality assessed a priori and samples with normal
distribution were tested as follows. Two-way ANOVA was used to evaluate the effects of
genotype (two levels – WT vs. adgrl3.1) vs. environment (two levels – non-enriched vs. EE) in
the open field and in the 5-CSRTT. Tukey`s test was used as post-hoc analysis. Results were
considered significant when p ≤ 0.05.

5.2.3. Results
5.2.3.1. EE decreases adgrl3.1 disrupted behaviour in open field task
Figure 5.4 depicts the interactions between adgrl3.1 genotype and environment
(enriched vs. non-enriched). A significant effect for interaction (environment vs. adgrl3.1
genotype; F (1, 44) = 5.392; p*= 0.0249) and adgrl3.1 genotype (F (1, 44) = 4.393; p*= 0.0419) was
observed. No difference was observed for environment per se (F (1, 44) = 1.1441; p = 0.2364). A
significant decrease of locomotion was observed comparing adgrl3.1 non-enriched to all groups
(p < 0.05). Meanwhile, adgrl3.1 + enrichment did not have any differences in locomotion when
comparing to control. Regarding thigmotaxis behaviour, two-way ANOVA yielded a significant
effect for interaction between environment and adgrl3.1 genotype (F (1, 44) = 6.180; p* = 0.0168).
Neither EE (F (1, 44) = 3.835; p = 0.0566) nor genotype adgrl3.1 genotype (F (1, 44) = 0.78998; p
= 0.3790) showed differences for thigmotaxis behaviour. A significant increase in thigmotaxis
was observed for adgrl3.1 compared to WT controls (non-enriched) (p* = 0.0153). When grown
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in presence of environmental enriched, adgrl3.1 mutant did not showed differences in
thigmotaxis behaviour (p = 0.8735).

Figure 5.4. Locomotion and anxiety-like behaviour of WT vs. adgrl3.1-/- grown in different environments in the
open field tank. Tukey’s test was used as post-hoc analysis and different letters indicate significant statistical
difference (p < 0.05; n = 12). The data is represented as mean ± S.E.M.

5.2.3.2. Impulsivity is not affected by EE, but positive effects are observed for attention deficits
Regarding attention and impulsive behaviour, a significant adgrl3.1 genotype effect was
observed in accuracy (F (1, 33) = 8.883; p** = 0.0054) with no interaction (environment vs.
adgrl3.1 genotype; F (1, 33) = 0.1694; p = 0.6833) or environment effect (F (1, 33) = 1.933; p =
0.1737). Tukey’s post-hoc analysis showed a significant effect for WT non-enriched and
enriched vs. adgrl3.1 non-enriched (p < 0.05). When looking at impulsive behaviour, a
significant adgrl3.1 genotype was observed for anticipatory responses (F (1, 33) = 39.58; p**** <
0.0001) with an increase of responses for both adgrl3.1 groups compared to WT animals,
independently of environment (p < 0.05). No significance was detected for interaction
(environment vs. adgrl3.1 genotype; F (1, 33) = 1.442; p = 0.2382) or environment (F (1, 33) =
0.04303; p = 0.8369) in the anticipatory responses. No significant interaction (environment vs.
adgrl3.1 genotype; F (1, 33) = 0.09278; p = 0.7626), environment (F (1, 33) = 0.08638; p = 0.9265)
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or adgrl3.1 genotype (F (1, 33) = 0.5973; p = 0.4451) effect was observed for the omissions
(Figure 5.5).

Figure 5.5. Behavioural response of WT vs. adgrl3.1-/- grown in different environments in the 5-CSRTT. Tukey’s
test was used as post-hoc analysis and different letters indicate significant statistical difference (p < 0.05; n = 9 –
10). The data is represented as mean ± S.E.M.

5.2.4. Discussion & Partial Conclusions
We have shown, for the first time, that EE can effectively reduce changes in anxiety-like
behaviour and locomotion caused by the absence of the adgrl3.1 gene. When looking at attention
deficits and impulsivity, the environment also affected fish attention, where no significant
differences were observed between WT vs. adgrl3.1 mutant when they grow in an enriched
environment. In the other view, impulsivity was not affected by the environment and is a
behavioural phenotype kept across different contexts. Suggesting that the benefits of EE on
attenuation of ADHD-like behaviour is limited by behavioural domain.
Environmental factors in humans, such as behavioural intervention (cognitive
stimulation and physical activity) and lifestyle (education level, work position, frequency of
cognitive and social activities) have shown important benefits in front of cognitive impairment
induced by dementia and brain injuries (Sampedro-Piquero and Begega 2017). In zebrafish, EE
is known for its positive effects on anxiety and cognition, being able to decrease anxiety-like
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behaviour similarly to anxiolytic drugs (Giacomini et al. 2016b). For example, EE (DePasquale
et al. 2016) and anxiolytic drugs, such as diazepam and fluoxetine (Gebauer et al. 2011;
Giacomini et al. 2016a), reduce animals time spent in the bottom in the novel tank diving task,
which demonstrates that EE can be used as an approach to reduce stress in those fish. EE also
can promote blunted response to stress, where animals are less stress-reactive in front of
stressors (Giacomini et al. 2016b). These blunted responses to stress could potentially explain
how EE is able to reduce anxiety in a novel environment by animals increased resilience and a
lower response in front of stressful stimuli.
Here, we used EE to evaluate the role of a positive environment for adgrl3.1 mutant.
The adgrl3.1 gene is a homolog to the ADGRL3 human gene, which was previously linked to
ADHD in humans and the mutation of this gene was previously used as a translational model
for disorder in rodents (Regan et al. 2020; Regan et al. 2019) and zebrafish (Lange et al. 2012).
Although the core symptoms of ADHD involve attention deficits, impulsivity and hyperactivity,
ADHD is often comorbid with anxiety disorders (Blazer 1982; Fayyad et al. 2017; Heim et al.
2008; Levy et al. 2020). Previously, we have shown that adgrl3.1 knockout zebrafish show
increased anxiety-like behaviour in the open field tank by spending more time close to the walls.
These animals also showed decreased locomotion in smaller tanks, meanwhile, hyperactive
phenotypes are observed in big tanks indicating a strong influence of environment in their
locomotor patterns. In this study, using the small tank, we observed that EE can prevent anxietyrelated alterations by decreasing animal's time spent close to the walls and increasing animal's
distance traveled. Interestingly, because not only thigmotaxis but also distance traveled were
reversed, movement in a smaller tank could not be an effect of locomotion per se but could be
related to increased immobility time which is an anxiety-related outcome. Indicating that the
smaller tank is better for investigating anxiety-related outcomes of adgrl3.1 knockout zebrafish
rather than the big tank, where hyperactive phenotypes were observed. The role of EE
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preventing disease negative impacts in zebrafish was also previously observed for unpredictable
chronic stress by attenuating anxiogenic behaviours and normalizing stress-induced cortisol
levels (Marcon et al. 2018). Meanwhile, the mechanisms in which EE may prevent the negative
impact of disease in zebrafish are unknown. In rats, for example, EE is shown to significantly
reduce anxiety in the open field test leading to decreased depressive-like behaviour and
increased serotonin concentrations in the prefrontal cortex (Brenes et al. 2008). Similarly, a
study with gilthead seabream (Sparus aurata) showed that individuals reared in EE show
reduced 5-HT and DA-related activity under higher social stress conditions (Batzina et al. 2014).
Thus, decreased 5-HT and DA activity after acute stressor could be a possible mechanism
underlying EE protector effects in a zebrafish model of ADHD and should be further explored.
In Chapter 2, we observed that the knockout animals for this gene have attention deficits
and impulsivity which are core symptoms of ADHD in humans (Halperin et al. 1992; Spencer
et al. 2007; Wolraich et al. 1996). Most studies that evaluated the effects of EE in zebrafish have
been focused on aggression, memory and anxiety-related behaviour, however, a study using
male Sprague-Dawley rats showed that EE decreases impulsive choice and moderates the effect
of psychostimulants on impulsive choice (Perry et al. 2008). Here, EE WT impulsive behaviour
was lower than the animals that are grown in a non-enriched environment, however, no
significant effect was observed. Similarly, animals with the adgrl3.1 genotype did not show
differences in impulsivity with or without the addition of EE. This data indicates that EE does
not influence impulsive choice. Considering that CUELS also had no impact in risk-taking
behaviour, adgrl3.1 knockout behavioural phenotypes associated to core ADHD-like
behaviours such as impulsive behaviour seems to have weaker interactions with environmental
factors.
Regarding attention deficits in adgrl3.1 knockout, although the EE did not have a strong
role in increasing accuracy in adgrl3.1 compared to adgrl3.1 + EE, no significant effects were
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observed for adgrl3.1 + enrichment compared to both WT groups. Therefore, indicating that the
EE could attenuate attention deficits in zebrafish knockout for the adgrl3.1 gene. Similarly, in
a rodent model for ADHD, EE was shown to EE improved animal's performance in open field
habituation, water maze spatial reference, social and object recognition task, which are
cognitive-related traits (Pamplona et al. 2009). Reviews in ADHD and EE also show in detail
the importance of the environment in clinics, having long-lasting effects in cognition and
helping many aspects of ADHD lives, such as better insertion in social contexts and learning
improvements (Halperin and Healey 2011). Thus, supporting the relevance of the environment
interacting with ADHD symptoms caused by ADGRL3 absence specifically when looking at
attention and anxiety-like behaviour, where environment played no role in impulsive behaviour.
Overall, we saw that environment can significantly influence anxiety-related phenotypes
and locomotion of adgrl3.1 mutant, an animal model for ADHD-like behaviour. Although
impulsivity still higher in knockouts for the adgrl3.1 in the 5-CSRTT, when in an enriched
environment, no difference was observed for accuracy of adgrl3.1 compared to controls. These
data suggest that an enriched environment can positively reverse or/and attenuate ADHD-related
behaviours in animals with a mutation for the protein ADGRL3. Altogether, these data will be
useful to better understand the translational aspects of how environment can affect the severity
of ADHD symptoms and that, as in humans, positive familial and school environments can help
avoid patients developing of more severe symptoms of ADHD, and related phenotypes (e.g.,
anxiety).

5.3. Experiment 5.3: Social isolation effects in adgrl3.1 knockout
5.3.1. Overview
ADHD is a neurodevelopmental disorder characterized by several behavioural
symptoms such as hyperactivity, impulsivity and/or attention deficits. An important factor that
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affects ADHD patient’s life quality is regarding their social interactions and inclusion in society
(Meßler et al. 2016; Shaw-Zirt et al. 2005). These patients often experience social difficulties
and rejection because of their inattention, impulsivity and hyperactivity, and rejection is
associated with increased aggression and lower IQ in ADHD children (Carpenter Rich et al.
2009). The rejection and social exclusion then leads to a vicious cycle, where these patients'
lack of social contact or rejection will be highly associated with other comorbidities increasing
ADHD severity and becoming more difficult to treat this disorder (Hoza 2007). Social exclusion
or isolation can not only affect children with ADHD but can also cause negative effects on
immunity, stress-related pathways and behaviour across species (Forsatkar et al. 2017; Ieraci et
al. 2016; Tuchscherer et al. 2004; Zlatković et al. 2014). For example, social isolation was found
associated with premature death by being also highly linked to increased smoking, obesity and
sedentarism (Pantell et al. 2013).
Therefore, here, we focused on studying the effects of social isolation in a wellcharacterized model of ADHD-related phenotypes, using zebrafish knockout for adgrl3.1 gene.
For this, zebrafish were isolated for 14 days with no visual or olfactory contact to conspecifics
and then tested in several behavioural tasks such as shoal test, novel tank diving test, novel
object boldness task and FMP Y-maze. Our hypothesis is that social isolation will significantly
exacerbate ADHD symptom-severity and that the environment plays an important role in the
association between ADGRL3 protein and ADHD etiology. Lastly, for the first time, we show
baseline behaviour of adgrl3.1 compared to WT in a social behaviour task.

5.3.2. Methods
5.3.2.1. Animal husbandry and isolation protocol
adgrl3.1-/- were generated by CRISPR-Cas9 technology comparing with wild-type (WT)
zebrafish. Animals were bred in-house and fed with flake food (ZM-flake and ZM-300, ZM
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Ltd.) three times a day and adult brine shrimp during the mornings. These animals are grown in
a re-circulating system on a 14/10-hour light/dark cycle (lights on at 9:00 a.m.), pH 8.4, at 28
°C (±1 °C). Zebrafish were kept in groups of 10 animals per 2.8 L until 4 months fertilization
(adult age) when they were divided into four groups (WT group-housed; WT social isolated;
adgrl3.1 group-housed; adgrl3.1 social isolated).
Group housed fish were grown and kept at 2.8 L tanks with 10 animals per tank until the
experiment day when they were behaviourally tested. Meanwhile, individually housed fish were
kept in smaller tanks (1 L of water) with no visual or olfactory cues to their conspecifics for two
weeks before being behaviourally tested. On the first experimental day, fish were tested in either
the novel tank diving test or the small open field task (as described in Experiment 3.2 and
Experiment 2.1). After, fish were immediately transferred to the FMP Y-maze (as described in
Experiment 3.1) or novel object boldness task (as described in Experiment 2.1) and then
returned to their previous social context. 24 h later, fish were tested in the shoal test (as described
in Experiment 4.2) and then culled. Animals were tested at the shoal test on the second day of
the experiment to avoid any kind of social interactions prior to the assessment of other
behavioural domains. Once the experiment was over fish were euthanized using 2phenoxyethanol from Aqua-Sed (Aqua-Sed™, Vetark, Winchester, UK). All behavioural tests
were performed between 09:00 and 15:00 h. Animal Welfare and Ethical Review Board, and
under license from the UK Home Office (Animals (Scientific Procedures) Act, 1986) [PPL:
P9D87106F].
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Figure 5.6. (A) Social isolation vs. (B) group-housed tanks (10 - 12 fish per tank). A white opaque paper was used
between tanks to avoid visual stimuli, allowing animals the visualization of shadows only without decrease the
amount of light in the tanks.

5.3.2.2. Statistics
Data from novel tank diving test, open field test and shoal behaviour was analyzed using
two-way ANOVA having genotype (two levels – WT vs. adgrl3.1) and social context (two
levels – group house vs. social isolation) as fixed factors. Generalized mixed models was used
to analyze data across time in the FMP Y-maze using time (six levels – time bins) and group
(four levels – WT, WT + CAS, adgrl3.1-/- and adgrl3.1-/- + CAS) as fixed factors and ID as
random factor. Tukey’s test was used as post-hoc analysis, data were represented as mean and
error of the mean (SEM), and results were considered significant when p ≤ 0.05.

5.3.3. Results
5.3.3.1. Social isolation differently affects anxiety-like behaviour depending on genotype
Fig. 5.7 depicts the behavioural phenotypes of WT and adgrl3.1 zebrafish social isolated
in two anxiety-related tasks. No isolation (F (1, 56) = 0.4072; p = 0.5260) or interaction effect
(isolation vs. genotype; F (1, 56) = 1.917; p = 0.1716) were observed in animals’ locomotion
(distance traveled), however a genotype effect (F (1, 56) = 7.205; p** = 0.0095) was observed
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where adgrl3.1-/- animals had a decreased distance traveled compared to WT (p* = 0.0169).
Genotype had also a significant effect on time spent immobile (F (1, 56) = 31.68; p**** < 0.0001)
where both adgrl3.1-/- (p*** = 0.0003) and adgrl3.1-/- + social isolation (p*** = 0.0006) spent
more time immobile compared to controls. Although no social isolation effect was observed
for time spent in bottom (F (1, 56) = 1.543; p = 0.2194), both genotype (F (1, 56) = 84.40; p**** <
0.0001) and interaction between factors (F (1, 56) = 8.754; p** = 0.0045) was observed for this
parameter. Post-hoc analysis yielded a significant increase in the time spent bottom for adgrl3.1/-

(p*** = 0.0003) and adgrl3.1-/- + social isolation (p**** < 0.0001) compared to controls.

Moreover, WT social isolated animals showed a significant decrease in the time spent in bottom
compared to WT group housed (p* = 0.0194) (Figure 5.7A).
Regarding data from the open field test (Figure 5.7B) similar genotype effect was
observed for distance traveled (F (1, 56) = 13.72; p*** = 0.0005) and time spent immobile (F (1, 56)
= 30.39; p**** < 0.0001). Two-way ANOVA yielded a significant genotype (F (1, 56) = 41.30;
p**** < 0.0001) and interaction effect (F (1, 56) = 11.61; p** = 0.0012) for thigmotaxis were
significant decrease of time spent in the peripheral area was observed for social isolated WT
compared to their controls (p** = 0.0039). A significant increase in thigmotaxis was observed
for adgrl3.1-/- + social isolation vs. WT controls (p** = 0.0061).
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Figure 5.7. Effects of social isolation on locomotor and anxiety-related parameters in two behavioural tasks: (A)
Novel tank diving task and (B) Open field test. Data were represented as mean ± S.E.M and analyzed by two-way
ANOVA (social isolation vs. genotype), followed by Tukey’s test multiple comparison test between groups.
Different letters indicate statistical differences between groups (p < 0.05; n = 14 – 16).

5.3.3.2. Risk-taking behaviour is not affected by social isolation
Risk taking behaviour was evaluated through the novel object boldness task and the
results can be observed in Figure 5.8. Only a genotype effect (F (1, 62) = 5.02; p* =0.0286) was
observed for time spent close to the object, with no social isolation (F (1, 62) = 0.5250; p = 0.4714)
or interaction between factors effect (F (1, 62) = 0.4913; p = 0.4860).
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Figure 5.8. Effects of social isolation on risk taking behaviour. Data were represented as mean ± S.E.M and
analyzed by two-way ANOVA (social isolation vs. genotype), followed by Tukey’s test multiple comparison test
between groups (n = 16 – 18).

5.3.3.3. Working memory and cognitive flexibility of adgrl3.1-/- zebrafish after social isolation
Social isolation (F (1, 75) = 17.78; p**** < 0.0001) significantly affected exploratory
activity of animals when looking at average turns, with no genotype (F (1, 75) = 0.3177; p =
0.5746) or interaction effect (F (1, 75) = 2.080; p = 0.1534). A decrease in the average turns were
observed for WT isolated compared to their own group housed controls (p*** = 0.0010). When
looking at alternations and repetitions, no social isolation effect (F (1, 75) = 0.5297; p = 0.4690
and F (1, 75) = 3.182; p = 0.0786) nor interaction between factors (F (1, 75) = 0.09410; p = 0.7599
and F (1, 75) = 0.133; p = 0.7164) was observed. However, a genotype effect was observed in both
alternations (F (1, 75) = 11.17; p** = 0.0013) and repetitions (F (1, 75) = 12.12; p*** = 0.0008).
Briefly, alternations were only decreased in adgrl3.1 knockout and social isolated (p* = 0.0263)
compared to WT group housed. Meanwhile, for repetitions, both mutant groups group housed
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(p* = 0.0417) and social isolated (p** = 0.0023) had a significant increase in repetitions
compared to WT group housed (Figure 5.9A).
Figure 5.9B shows the effects of social isolation on knockout animals for the adgrl3.1
gene when looking at cognitive flexibility analysis. Although no effect was observed for the
different groups (F (3, 389) = 1.280; p = 0.2807) and for interaction between factors (F (15, 389) =
1.466; p = 0.1136), a significant time effect was observed for alternations across time (F (5, 389)
= 3.972; p** = 0.0016). Only the WT group housed had a peak on alternations at 40 min
compared to 10 min time bin (p**** < 0.0001). For repetitions across time, a significant effect
for time (F (5, 389) = 4.325; p*** = 0.0008) and difference between groups (F (3, 389) = 5.056; p**
= 0.0019), with no interaction effect (F (15, 389) = 1.022; p = 0.4310). Zebrafish knockout for
adgrl3.1 gene and social isolated had an increase in repetitions at 60 min time bin compared to
WT group housed (p* = 0.0185).

Figure 5.9. Social isolation effects on the FMP Y-maze. (A) Zebrafish knockout for adgrl3.1 gene show decreased
alternation when socially isolated. (B) Alterations in cognitive flexibility are observed in all social isolated and
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adgrl3.1 group, meanwhile, repetitions are significantly higher at 60-time bin for adgrl3.1-/- + social isolation
compared to WT group-housed. Data were represented as mean ± S.E.M and analyzed by two-way ANOVA (social
isolation vs. genotype or time vs. group), followed by Tukey’s test multiple comparison test between groups.
Different letters indicate statistical differences between groups (p < 0.05), asterisk indicate significant difference
compared to 10 min time bin (p**** < 0.0001) and octothorp means significant difference compared to WT grouphoused for the same time bin (p# < 0.05 ; n = 18).

Behavioural tetragram showing the frequency of choice were also analyzed to show indepth analysis of the different behavioural phenotypes in the FMP Y-maze (Figure. 5.10).
Although no group effect (F (3, 1200) = 0.1468; p = 0.9318) was observed, a significant effect for
the frequency of choice (F (15, 1200) = 27.28; p**** < 0.0001) and interaction effect were observed
(F (45, 1200) = 1.508; p* = 0.0177). A decrease in the LRLR (p** = 0.0017) and RLRL (p**** <
0.0001) were observed only for adgrl3.1-/- social isolated group in comparison to WT group
housed. Similarly, an increase in the LLLL were observed for adgrl3.1-/- social isolated
compared to WT group housed (p** = 0.0020).

Figure 5.10. Behavioural tetragram of WT and adgrl3.1 knockout animals social isolated for 14 days. Data were
represented as mean ± S.E.M and analyzed by two-way ANOVA (group effect vs. frequency of choice), followed
by Tukey’s test multiple comparison test between groups. Asterisk indicate statistical differences compared to WT
+ group-housed (p** < 0.005 and p**** < 0.0001; n = 18).
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5.3.3.4. adgrl3.1 knockout animal show disrupted shoal behaviour
Shoal behaviour was analyzed for 5 min and the effects of social isolation in animals’
knockout for the adgrl3.1 gene can be observed in Figure. 5.11. Although no effect was
observed for the social isolation per se (F

(1, 27)

= 0.3548; p = 0.5564), a genotype (F

(1, 27)

=

11.94; p** = 0.0018) and interaction effect between factors (F (1, 27) = 6.471; p* = 0.0170) were
observed for shoal area. Shoal area was increased for adgrl3.1-/- group (p** = 0.0010) with no
effect for adgrl3.1-/- + social isolation (p = 0.2171) when comparing these groups to WT group
housed. No significant differences were observed for the WT vs. WT social isolated. Similarly,
a genotype (F (1, 27) = 13.87; p*** = 0.0009) and interaction effect (F (1, 27) = 4.367; p* = 0.0462)
were observed for inter-fish distance with no effect for social isolation (F

(1, 27)

= 0.2190; p =

0.6436). Tukey’s post-hoc analysis showed a significant effect for adgrl3.1-/- when compared
to WT group housed (p** = 0.0015). No significant differences were observed for both social
isolated groups, WT (p = 0.6522) and adgrl3.1-/- (p = 0.1320), compared to WT group housed.

Figure 5.11. Shoal behaviour of social isolated animals knockout for the adgrl3.1 gene. Data were represented as
mean ± S.E.M and analyzed by two-way ANOVA (genotype vs. social isolation), followed by Tukey’s test multiple
comparison test between groups. Different letters indicate statistical differences between groups (p < 0.05; n = 7 –
8).
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5.3.4. Discussion & Partial Conclusions
Here, we showed that social isolation has a strong interaction with the adgrl3.1 gene,
where knockout animals showed stronger or weaker ADHD-related phenotypes depending on
the task. For example, time spent in the bottom and thigmotaxis behaviour were both affected
by social isolation, where isolation potentiated increased anxiety-like behaviour in adgrl3.1
knockout. A similar effect was observed for the FMP Y-maze, where the adgrl3.1 group per se
only had changes in terms of repetitive behaviour and cognitive flexibility. Meanwhile, adgrl3.1
knockout that was socially isolated also had decreased working memory together with the other
behavioural changes observed in the FMP Y-maze. For the first time, we also have analyzed
shoal behaviour in the adgrl3.1 knockout, where increased shoal area and inter-fish distance
were observed suggesting disrupted social behaviour in the absence of ADGRL3 protein. Social
isolation also affected disrupted social behaviour showed by adgrl3.1 knockout by attenuating
those effects in terms of shoal area and inter-fish distance. Interestingly, effects of social
isolation in WT such as decreased social behaviour and anxiety-like behaviour were observed
as an opposite trend for adgrl3.1 knockout, showing that social isolation affects animals
differently depending on the phenotype. No effects were observed for risk-taking behaviour of
WT vs. adgrl3.1 knockout when animals were social isolated.
Social

disruption

throughout

life

can

alter

physiological,

neurochemical,

neuroendocrine, and behavioural functions (Matthews and Tye 2019; Mumtaz et al. 2018).
These pronounced changes in brain function after social isolation (Fabricius et al. 2010; Lapiz
et al. 2003; Schoenfeld and Gould 2012; Westenbroek et al. 2004) and the activation of the
hypothalamic-pituitary-adrenal (HPA) axis (Cacioppo et al. 2000; Serra et al. 2005) are also
reported in both developmentally- and adult-isolated rodents. In zebrafish affective behaviour,
socially isolated animals can often show blunted cortisol response to acute stressors (Giacomini
et al. 2015) together with decreased anxiety-like behaviour and lower cortisol levels compared
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to group-housed animals (Parker et al. 2012b). Here we also observed a decreased time spent in
bottom and thigmotaxis behaviour when comparing WT group-housed vs. WT social isolated.
However, when looking at the adgrl3.1 knockout, adgrl3.1 increased anxiety was shown
to reach higher effects when animals were socially isolated. For example, when looking at
thigmotaxis, only the group adgrl3.1-/- + social isolation had increased anxiety when compared
to WT group-housed, with no differences between adgrl3.1 mutants social isolated compared
to group housed. Children with ADHD symptoms at age 5 years had an elevated risk of
becoming more socially isolated at age 12 (Matthews et al. 2015). This social isolation also
often affects ADHD adults, wherein a clinical study the majority of participants (63%) reported
being financially less-well-off, had lower educational achievement, job performance, and
greater social isolation due to their ADHD (Brod et al. 2012). Because anxiety disorders are the
main comorbidity found in ADHD (Blazer 1982; Fayyad et al. 2017; Heim et al. 2008; Levy et
al. 2020) and social isolation in adolescents can predict increased anxiety disorders (Butler et
al. 2016a) the study of adgrl3.1 vs. social isolation role in anxious behaviour is important to
understand how this gene can interact with environment and modulate different ADHD
subtypes. Thus, here, social isolation may show a negative impact on a zebrafish model for
ADHD, where mutants for the adgrl3.1 gene presented higher levels of anxiety when socially
isolated being the only group with significant effect for thigmotaxis. Importantly, as previous
discussed, core ADHD-like behaviours such as risk-taking behaviour was not affected by social
isolation, indicating that impulsive-related phenotypes may not be affected by environmental
factors.
Social isolation is known for altering memory and cognition in healthy individuals where
older adults that report loneliness show lower cognitive function after 4 years compared to those
that had a better social environment (Cacioppo and Cacioppo 2014). In zebrafish, the effects of
social isolation in early- and later-life in terms of social and anxiety-like behaviour are well197

known (Giacomini et al. 2015; Parker et al. 2012b; Shams et al. 2018; Shams et al. 2015);
however, the effects of the 14 days isolation protocol in adult memory and cognition still poorly
explored. Although we did not find any differences in working memory or repetitive behaviour,
WT animals exposed to social isolation had a decline in their cognitive flexibility by not
reaching a peak in their alternations at 40 min compared to controls and showed decreased
exploration in terms of the number of total turns. Interestingly, similar to the anxiety-related
findings, social isolation had a greater negative impact on memory and cognition where adgrl3.1
+ social isolated was the only group to show decreased working memory compared to WT
group-housed. Moreover, both adgrl3.1-/- groups showed increased repetitive behaviour, with
greater effects for socially isolated animals. The presence of abnormal repetitive behaviours
(ARBs) is a strategy often observed as a coping mechanism when individuals are stressed
(Langen et al. 2011). The mechanisms underlying the presence of ARBs may also involve the
DA system, where the exposure to the D1 antagonist (SCH-23390 at 1.5 mg/L) increases the
number of repetitions (Cleal et al, 2020) and the pretreatment with a DRD1/DRD5 agonist
prevents increased repetitive behaviour induced by CAS (Experiment 3.1) in adult zebrafish
submitted to the same behavioural task. Previously (Experiment 3.2), we have shown that
adgrl3.1-/- show increased repetitive behaviour which could be linked to dysregulated response
to stress (lower baseline cortisol and increased stress-response), lower levels of DOPAC/DA or
increased habit formation (e.g., automatic behaviours). When social isolating adgrl3.1 knockout
the presence of ARBs was increased and when analyzing the tetragram data only adgrl3.1 +
social isolation increased LLLL pattern indicating that social disruption can increase the
negative effects of ADGRL3 absence in terms ARBs. Is known that acute (24-h) and chronic
(6-month) isolation decrease the brain levels of dopamine, DOPAC and 5-HIAA in adult
zebrafish, with lower whole-body cortisol levels in chronically isolated animals (Shams et al.
2017). Therefore, although the mechanisms underlying social isolation increasing ARB in
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adgrl3.1 knockout are not yet clear, we hypothesize that the DA system could be involved due
to the amount of evidence linking social isolation to lower levels of DA and that increased ARBs
in adgrl3.1 knockout may be derivate from abnormal DA system activity. Importantly, the
involvement of 5-HT in those behaviours should not be discarded, due to the fact that adgrl3.1
shows higher 5-HIAA/5HT ratios at diencephalon and hindbrain and lower 5-HIAA/5HT ratios
at optic tectum having a valuable role in different behaviours. For example, the habenula (part
of the diencephalon) is known for being an important brain region for value-based decisionmaking (Yamaguchi et al. 2013), the anticipation of future events (Hikosaka 2010) and
emotional regulation (Bromberg-Martin et al. 2010; Jesuthasan 2012; Okamoto et al. 2012).
However, further evidence is still necessary to understand the relationships between the DA and
5-HT system, ADGRL3 absence and social isolation in ARBs and working memory.
Adult fish submitted to chronic 3–5-day social isolation also show reduced shoaling,
similar to the effects of an excitotoxic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)induced dopamine ablation, supporting the dopaminergic role in aquatic social deprivation
models (Saszik and Smith 2018). However, here no significant effect for social isolation in shoal
behaviour was observed by the two-way ANOVA analysis with only a small trend of reduced
shoaling for animals from WT groups. Due to the fact that a small sample size was used for the
shoal behaviour, a lack of statistical power may affect the data results for the WT group. When
looking at adgrl3.1 knockout, social isolation had an opposite effect, where adgrl3.1 grouphoused show reduced shoaling and adgrl3.1 + socially isolated animals have no significant
difference compared to all groups. Children who have high rates of ADHD characteristics were
shown to be 5-6 times more likely to have significant deficits in social skills compared to
children that rated low ADHD characteristics (Merrell and Wolfe 1998). Impaired social
function in ADHD patients has been widely reported since then being a result of patients being
unable to maintain a focus of attention on information within working memory while
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simultaneously dividing attention among multiple, on-going events and social cues occurring
within the environment (Kofler et al. 2011). We have shown that adgrl3.1 knockout shows
inattentive behavioural phenotype in the 5-CSRTT task showing decreased accuracy response
at the test week (Experiment 2.1). Thus, the deficits in social behaviour observed here, such as
higher shoal area and distance inter-fish could be a result of animals being unable to divide
attention amount social cues when animals are submitted to a new environment in the shoal test.
As a result of social isolation, adgrl3.1 knockout submitted to social isolation showed a
strong gene-environment interaction, where social isolation decreased social deficits showed by
adgrl3.1 knockout. The main hypothesis underlying this behavioural phenotype would involve
anxiety-like phenotypes, where although social isolation is correlated with blunted stress
responses (Giacomini et al. 2015; Parker et al. 2012b), acute stressors (e.g. CAS) increase
anxiety-like behaviour and individuals social interactions as a defensive response to a
‘dangerous’ environment (Canzian et al. 2017b). Acute social deprivation is also known for
evoking midbrain craving similar to hunger in humans, supporting the hypothesis that acute
isolation causes social craving (Tomova et al. 2020), where after two weeks of social isolation
adgrl3.1 may have increased attention focus on social cues due lack of social interaction or
increased levels of defensive behaviour. However, the ‘social craving’ hypothesis may be
conflicting with previous data found for WT zebrafish, which have decreased shoaling after
social isolation (Saszik and Smith 2018).
Overall, when zebrafish knockout for the adgrl3.1 was socially isolated, an opposite
effect in anxiety-like behaviour, ARBs, working memory and shoaling was observed compared
to socially isolated WT. Collectively, these data, suggest that social isolation differently affects
behaviour depending on genotype and social isolation negatively impacting adgrl3.1 knockout,
and this can potentiate negative ADHD comorbid phenotypes such as increased anxiety-like
behaviour and ARBs, and decreasing working memory. Moreover, social isolation did not have
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any impact in core ADHD-like phenotypes such as risk taking. Social isolation for 2 weeks was
also shown to be an effective method to evaluate the negative impacts of environment in an
ADHD model using zebrafish as translational species.

5.4. General discussion and conclusions
The environment plays an important role in the development of a human disorder, where
70 to 90% of disease risks can be attributed to environmental factors such as lifestyle and stress
(Rappaport and Smith 2010). Environmental factors are also correlated to ADHD etiology,
where they may act either independently of the genetic background or more likely in gene vs.
environment interactions (Palladino et al. 2019). These environmental factors can also act
through epigenetic mechanisms; for example, homeobox genes essential for neurodevelopment
were strongly linked to ADHD samples by both highly differential methylation profiles and by
expression in discordant brain structures (Chen et al. 2018). Thus, during Chapter 5, we
investigated how knockout zebrafish for the gene adgrl3.1 respond to different environments
through the analysis of different behavioural domains such as affective behaviour (e.g., anxiety),
risk-taking, memory and cognition, and social behaviour. The environmental factors used to
analyze the adgrl3.1 gene vs. environmental interactions are illustrated in Figure 5.12.
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Figure 5.12. Origins and trajectories of ADHD and a summary of environmental factors used to study geneenvironment interactions adgrl3.1 knockout zebrafish and environmental factors. Adapted from “Attention deficit
hyperactivity disorder” by Thapar and Cooper, 2016, The Lancet, v. 387 (10024), p 1240 – 1250.

Briefly, adgrl3.1 knockout ELS using the CUELS protocol, showed a resilient-like
phenotype post-stress by attenuating increased anxious behaviour of adgrl3.1 knockout
(Experiment 5.1). Similarly, environmental enrichment also decreased adgrl3.1 increased
anxiety-like behaviours, suggesting that a positive environment may positively decrease anxiety
as an ADHD comorbidity when correlated to the ADGRL3 gene (Experiment 5.2). Both
environmental factors did not affect main ADHD-related phenotypes such as inattention,
increased impulsive and risk-taking behaviour. However, CUELS protocol was shown to also
disrupt stress-reactivity where animals submitted to 7 and 14 days of CUELS show decreased
response to a fear pheromone in the novel tank diving task. Because adgrl3.1 showed disrupted
stress-reactivity response through both behavioural and physiological analysis (e.g., cortisol)
and in this study, we did not assess it when animals are exposed to CUELS, further analysis still
necessary to understand if CUELS effects may help to build resilience in adgrl3.1 increased
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anxious behaviour or if there are negative effects associated to other parameters such as their
physiological response.
Social isolation for two weeks differently modulated adgrl3.1 behaviour compared to
WT animals. Specifically, WT animals tend to show decreased anxiety-like behaviour and
shoaling, meanwhile, adgrl3.1 knockout showed high levels of ‘anxious’ behaviour and
increased shoaling. For the first time here, we also showed that WT animals show decreased
exploration and declined cognitive flexibility in the FMP Y-maze, which can negatively impact
the memory and cognition of WT animals. In fact, social isolation negatively increased the
presence of ARBs and the decline in cognitive flexibility in adgrl3.1 knockout, where an effect
in working memory was only observed in the adgrl3.1 socially isolated. Pronounced changes in
brain function after social isolation (Fabricius et al. 2010; Lapiz et al. 2003; Schoenfeld and
Gould 2012; Westenbroek et al. 2004) and the activation of the hypothalamic-pituitary-adrenal
(HPA) axis (Cacioppo et al. 2000; Serra et al. 2005) are often correlated with the behavioural
response observed for developmentally- and adult-isolated rodents. Because social disruption
throughout life is known for altering several physiological, neurochemical, neuroendocrine, and
behavioural functions (Matthews and Tye 2019; Mumtaz et al. 2018) it is difficult to know the
exact mechanisms underlying the behavioural responses observed for adgrl3.1 knockout and
why there are different behavioural responses occurring depending on the genetic line. Still, our
limited knowledge about zebrafish and social isolation indicates that disruptions in the DA and
5-HT system may play an important role in the behaviours observed as well as dysregulation of
the zebrafish HPI-axis (Shams et al. 2017). Zebrafish knockout for adgrl3.1 did show altered
NE, DA and 5-HT regulation and altered response to stress acute stressor (CAS), therefore it
could be that the dysregulation of those systems contributes to the different behavioural profiles
observed for WT vs. adgrl3.1 knockout in response to social isolation. However, whether the
NE, DA, 5-HT, and HPI systems are correlated or not with the different responses to
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environmental factors in adgrl3.1 still unknown. Thus, further studies assessing the mechanisms
underlying adgrl3.1 vs. environment interactions would help researchers to understand the
physiological and neurochemical pathways involved in the behavioural phenotype presented by
adgrl3.1 knockout.
Overall, the adgrl3.1 gene in zebrafish is sensitive to environmental alterations and may
show different interactions with environment compared to WT. Specifically, when exposed to
ELS or growing in an enriched environment, mutants tend to show a positive interaction with
environment, for example, by decreasing abnormal anxiety-like behaviour in the open field or
novel tank diving task. However, no changes in risk-taking behaviour or impulsivity were
changed when animals were exposed to different environmental factors, indicating that core
ADHD-like behaviours may not be modulated by those environments. In the other view, social
isolation negatively impacted adgrl3.1 behavioural phenotype in terms of ARB, cognitive
flexibility and working memory. No clear behavioural difference in terms of anxiety-like
behaviour or risk-taking was observed in WT and adgrl3.1 knockout exposed to social isolation
for two weeks. Altogether, these results support the use of zebrafish knockout for the adgrl3.1
gene not only for studying ADHD-like phenotypes, but also the interactions of behaviour with
environment.
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6

General Discussion
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6.1. Purpose of the thesis
The overarching aims of this project were to behaviourally and molecularly characterize
a model of ADHD-like behaviour in adult zebrafish, and to assess the role of environmental
factors in the classical and non-classical ADHD phenotypes in knockout animals for the
adgrl3.1 gene, a homologous gene to the human gene ADGRL3. Translational models are
essential to understand the mechanisms underlying normal and abnormal behaviour, including
complex human psychiatric disorders (Ellenbroek and Youn 2016; Mench 1998; Stewart et al.
2014). Animal models have been used successfully to investigate the pathophysiological
processes involved in psychiatric and neurological disorders, such as ADHD (Arime et al. 2011;
de la Pena et al. 2018). ADHD patients often display comorbidities with other psychiatric
disorders, such as oppositional defiant and conduct disorders (Breyer et al. 2009; Sebastian et
al. 2013), substance use disorder (Anastopoulos et al. 2018; Kessler et al. 2006; Marraccini et
al. 2017), and anxiety and depression disorders (Blazer 1982; Heim et al. 2008; Levy et al.
2020). This suggests that common genetic or neurobiological signaling pathways may be shared
across these diseases. In fact, variants in ADGRL3 have been identified in diverse populations,
and can predispose humans to ADHD, as well as increase the susceptibility for substance abuse
disorder and autism (Arcos-Burgos et al., 2019; Kappel et al., 2019). This GPCR plays an
essential role involved in cell adhesion, signal transduction and synaptic signalling(ArcosBurgos et al. 2010; McMillan et al. 2002; Scholz et al. 2015) and is widely expressed throughout
the brain, including the thalamus (Martinez et al. 2016).
Numerous rodent models have been developed to investigate the pathobiology of ADHD
(Kostrzewa et al. 2008; Sagvolden et al. 2005a; van der Kooij and Glennon 2007). However, it
is difficult, if not impossible, to fully recreate such a complex human disease in an animal model.
An ideal model should express alterations in core ADHD-like behaviours (hyperactivity,
206

inattention, and impulsivity). It should also be based upon the mechanisms that underlie human
ADHD and be able provide novel insights into the disease, including the development of novel
treatments. To date, few of the models that have been created fulfil all these criteria (Sontag et
al. 2010).
The zebrafish (Danio rerio) is an increasingly popular animal model for behavioural
neuroscience (Meshalkina et al. 2017; Orger and de Polavieja 2017) due to the availability of
robust behavioural tests and a well-described behavioural repertoire (Kalueff et al. 2013; Parker
et al. 2013a; Parker et al. 2012a). Zebrafish have been used to study developmental biology for
decades because of their rapid external development and transparency at embryonic stages. Over
the past years, tools have been established to manipulate genes, ablate cells and both visualize
and manipulate neural activity using light (e.g. optogenetics) (Albadri et al. 2017; Curado et al.
2007). Moreover, the ability to apply water soluble chemical compounds by immersion, rather
than injection, makes the zebrafish a good choice for non-invasive drug screens. They have
previously been used to screen for drugs that can modify aggression, sleep and feeding
(Gutierrez et al. 2020; Jordi et al. 2018; Rihel et al. 2010a; Rihel et al. 2010b). Thus, due to the
advantages of zebrafish as a translational organism, the aims of this thesis were met via several
objectives:
•

Behavioural characterization of adgrl3.1 knockout locomotor and exploratory activity,
and to evaluate risk-taking behaviour, impulsivity, and attention.

•

Evaluation of the protective role of atomoxetine (NE reuptake inhibitor) in ADHDrelated phenotypes.

•

Assessment of the role of DA, NE and 5-HT related markers in adgrl3.1 knockout to
measure potential mechanisms underlying altered behavioural phenotypes.
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•

Characterization of common ADHD comorbidity behaviours such as anxiety, social
behaviour, memory and cognition in adgrl3.1 knockout.

•

Zebrafish knockout for the adgrl3.1 assessment of stress-reactivity response to CAS
exposure through behavioural and cortisol level analysis.

•

Characterization of an ELS protocol with the aim to further understand the role of early
adversity in ADHD-related phenotypes.

•

Evaluation of the interactions between environment vs. adgrl3.1 gene using three
different environmental conditions: ELS, environmental enrichment and social isolation.

To accomplish these objectives several experiments were performed using a variety of
behavioural protocols and environmental settings. During this chapter, the general findings from
these studies are discussed, as well as the limitations, and directions for research that will follow
this project.

6.2. Using adgrl3.1 knockout zebrafish as a translational model for ADHD-like phenotypes
The ADGRL3 protein has been widely correlated with human ADHD and rodent
impulsive and hyperactive phenotypes. In zebrafish, the adgrl3.1 was previously associated with
a range of behavioural aberrations in larvae, converging on the role of the DA system in
behavioural perturbations (Lange et al. 2018; Lange et al. 2012). However, from this work, little
was derived about other core ADHD behaviours (e.g., attention deficits) and other brain
mechanisms (e.g., 5-HT and NE) in adult animals. In humans, as patients grow older, ADHD
symptoms such as hyperactivity can be replaced by restlessness, difficulty in relaxing and
settling down, and dysphoria when inactive depending on ADHD subtype (Asherson 2012),
reinforcing the importance of understanding complex behavioural phenotypes at different life
stages.
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In this thesis, we showed that by knocking out the adgrl3.1 gene in zebrafish, adult
individuals show different ADHD-related phenotypes such as increased impulsivity, risk-taking
behaviour, hyperactivity and attention deficits (Experiment 2.1). Although we have observed
a typical pattern of behaviour that is related to attention deficits in the 5-CSRTT, it is important
to emphasize that deficits in the task performance may also decrease accuracy in the task.
Therefore, because we did not investigate attention deficits by using different attentional set
challenges, the decreased accuracy observed here must be carefully linked to attention deficits
and is a limitation of this study. Regarding the behavioural characterization, the presence of
other ADHD comorbidities such as ARBs, cognitive flexibility deficits, decrease in social
behaviour and increased anxiety were also found for adult zebrafish knockout for adgrl3.1
compared to WT animals (Experiment 3.2 and 5.3). Due to the fact that ADHD commonly
co-occurs with other conditions (e.g. autism spectrum disorder, developmental coordination
disorder (dyspraxia), substance abuse disorder, anxiety and depression) (Asherson 2012) the
abnormal phenotypes observed here may help to understand different ADHD subtypes
comorbidity with altered anxiety, stereotypy, social behaviour and cognition. Altogether,
supporting the use of zebrafish as a translational model for ADHD-related phenotypes and its
comorbidities. Figure 6.1 summarizes the behavioural alterations observed for adgrl3.1
knockout.
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Figure 6.1. Summary of the behavioural phenotypes showed by adgrl3.1 knockout. Boxes with dotted lines are
behavioural phenotypes that still need further investigation.

As part of our aims, the role of the DA, NE and 5-HT system in an adult zebrafish model
of ADHD was also accomplished through qPCR and HPLC analysis combined to the use of
atomoxetine (NE reuptake inhibitor) to further understand the role of NE in ADHD. DA is the
most studied system in ADHD-like models using ADGRL3 protein knockout rodents and
zebrafish (Lange et al. 2012; Mortimer et al. 2019); however, it is well-recognized that NE and
5-HT also play an essential role in ADHD symptoms (Lesch et al. 2008; Zhang et al. 2012).
Here, we found that NET is upregulated and 5-HTT is downregulated in the adgrl3.1 knockout
zebrafish brain; moreover, a dysregulation of DOPAC/DA and 5-HIAA/5-HT ratios were
altered depending on brain region. Collectively, these data suggest, for the first time, that not
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only of DA, but also the NE and 5-HT systems play an important role in ADHD-like phenotypes
caused by the absence of the ADGRL3 protein.
However, a limitation of Experiment 2.1 is that just few receptors and genes correlated
to these systems were investigated here. Here, we targeted neurotransmitter systems and
receptors that are strongly related to ADHD based on our review article (Fontana et al. 2019b);
however, other DA receptors such as DRD1/DRD5 were not explored. Because in our ADHDlike phenotype model we observed the increased presence of ARBs, which were correlated to
both DRD1 and DRD5 receptors in Experiment 3.1, it may be that adults knockout for the
adgrl3.1 gene show altered expression of the genes that code these receptors. Therefore, the
lack of knowledge regarding other ADHD-related receptors associated to DA, NE and 5-HT
pathways are a limitation of this study. We have also performed qPCR analysis in zebrafish
using only the whole-brain, and how the expression of DA, NE and 5-TH-related receptors are
modulated in different brain regions is still unknown. Importantly, to confirm the role of NE in
ADHD-like behaviours, we also pretreated animals with atomoxetine priori the open field task,
novel object boldness test and 5-CSRTT. In this last part of the characterization, we found that
atomoxetine significantly protected against increased risk-taking, impulsivity, hyperactivity (in
the big tank), and thigmotaxis and immobility (in the small tank). These data confirm that the
NE system plays an essential role in ADHD-like phenotypes of adult zebrafish harbouring the
adgrl3.1 knockout.

6.3. Gene vs. Environment Interaction: The adgrl3.1 response to stress and to chronic
environmental factors
ADGRL3 expression in humans has been shown to be significantly affected by the
external environment where, for example, nicotine exposure and starvation differently modulate
ADGRL3 expression in humans (McNeill et al. 2020). In general, environment plays an
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important role in the manifestation of clinical symptoms of different psychiatric disorders
(Emberti Gialloreti et al. 2019; Grizenko et al. 2008; Ronald et al. 2010) where, in ADHD,
external factors such as social support or social exclusion have an impact in the disorder severity
(Carpenter Rich et al. 2009). Other gene-environment interactions include individuals’ response
and adaptability to stressful situations, which are often differently observed in patients with
neurodevelopmental disorders such as ADHD (Raz and Leykin 2015). Based on this evidence,
one of our first objectives was to characterize animals’ response to an acute stressor (CAS).
Here, we found that adgrl3.1 knockout show a decreased baseline cortisol level reaching the
highest levels of cortisol after CAS exposure, suggesting that these animals have disrupted
stress-reactivity compared to WT (Experiment 3.2). In terms of behaviour, the acute stress
stimuli increased fear-related responses and exacerbated ADHD-comorbidity behaviours such
as ARBs, cognitive flexibility deficits, and working memory deficits in the FMP Y-maze.
However, because acute stressors increase fear-related responses (Abreu et al. 2016; Quadros et
al. 2016; Wong et al. 2010), acute exposure to CAS decreased shoal behaviour alterations and
abnormal risk-taking behaviour. As a limitation of the acute stress response characterization, we
only investigated the animals’ response to one acute stressor; therefore, whether these animals
will show similar behavioural and physiological alterations after other stressful stimuli (e.g., net
chasing or spatial restriction) or if the response observed here is specific to CAS exposure is
still unknown. This is important, because CAS is a substance produced by zebrafish after
predatory attacks and the understanding of additional stress-related responses can increase the
translational value of this findings when comparing adgrl3.1 gene in zebrafish to alterations in
the ADGRL3 in humans. We have also characterized the acute stress response in the FMP Ymaze in WT zebrafish when challenged to acute stressors and found that ARBs are exacerbated
in animals exposed to CAS, and this was accompanied with an increased cortisol response. The
presence of ARBs was also shown to be correlated with the DA system, with a DRD1/DRD5
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agonist decreasing the stress-related responses induced by CAS (Experiment 3.2). The
summary of behavioural and physiological phenotypes after CAS exposure in adgrl3.1 and WT
animals, and potential mechanisms underlying are summarized in Figure 6.2. In sum,
suggesting that the ADGRL3 protein plays an essential role in regulating stress responses and
have can increase abnormal phenotypes linked to ADHD comorbidities such as ARBs, cognitive
flexibility and working memory.

Figure 6.2. Summary of the CAS effects in WT and adgrl3.1 knockout zebrafish (inside the red box). The baseline
behaviour for animals’ knockout for the adgrl3.1 gene is also illustrated. We have found that DRD1/DRD5 agonist
can protect against CAS inducing ARBs and increased cortisol levels. (1) In adgrl3.1 knockout there are an
imbalance of DOPAC/DA ratios in telencephalon, however the activity of DRD1/DRD5 receptors is still unknown
bringing the hypothesis that DA system may be involved in the abnormal stress-response showed by these mutants.

213

We had as a further objective, the goal to investigate the role of different chronic
environmental factors in the severity of ADHD-related phenotypes, with focus on three
environmental factors: ELS, EE and social isolation. However, in zebrafish research, protocols
for ELS were, as far as our knowledge goes, inexistent. Based on this, we initially characterized
ELS in wild type juveniles (3 days of ELS – Experiment 4.1) and larvae (1, 3, 7 and 14 days
of CUELS – Experiment 4.2), during which we found different adult behavioural phenotypes
were affected depending on age of ELS. For example, ELS for 3 days at juvenile stages resulted
in an increased working memory and 7 days of CUELS at larval stages were shown to decrease
anxiety-like behaviour in two behavioural tasks, the novel tank diving test and light/dark
preference test. We reasoned that the observed decreased anxiety-like behaviour may be
correlated to boldness in zebrafish, making animals more exposed to a highly predatory area
(top – potentially dangerous zone) (Ariyomo et al. 2013; Dahlbom et al. 2011a; Mustafa et al.
2019; Ólafsdóttir and Magellan 2016; Wright et al. 2003). This therefore raised the question: Is
the CUELS protocol in zebrafish increasing vulnerability to disease or building resilience? It is
widely agreed in previous literature that ELS can increase vulnerability to the development of
psychiatric disorders (Carr et al. 2013); however, there are several studies that also indicate that
ELS may contribute for building resilience rather than vulnerability to disease depending on
individual or stress intensity (McFarlane et al. 1997; Morris and Rao 2013; Wadsworth et al.
2019). When we further investigated stress-reactivity of animals exposed to CUELS, we found
that animals exposure to CUELS showed an abnormal stress response, by not increasing fearrelated phenotypes such as increased time spent in the bottom after CAS exposure (Experiment
4.3). At odds from what we expected, animals exposed to ELS for 7 or 14 days showed normal
increased cortisol response to CAS exposure, indicating a negative impact of CUELS that could
be psychological in nature, and potentially more complex than a simple alteration in HPI
activation.
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Although there is a clear effect of the CUELS protocol causing permanent changes in
zebrafish behaviour, there are still limitations in our understanding regarding its ‘negative’ or
‘positive’ effects. First, the analysis of behavioural responses during CAS exposure is often used
to evaluate differences in stress response being complementary to the animals’ response to CAS
in the novel tank (Quadros et al. 2016). Because here we did not evaluate this behavioural
response (which was a limitation of our study), future analysis during CAS exposure could help
to elucidate if CUELS may have negative or positive effects on adult phenotypes. Second,
another limitation of this study was that only two behavioural tasks were used to evaluate
boldness-like behaviour (novel tank and novel object boldness task) using different animals in
each test, limiting the correlational analysis between tasks in animals exposed to CUELS
protocol. Moreover, further studies looking at other behavioural tasks in an unfamiliar
environment with no shelter (open field) and in the presence of a shelter (Dahlbom et al. 2011b),
combined to analysis of behaviour in ‘dangerous’ situations in the presence of a predator
(Dugatkin et al. 2005) may have helped to better understand the full complexity of boldness,
risk-taking and anxious behaviour in zebrafish exposed to CUELS. Although there were some
limitations to this study, it is important to emphasize that a strength was the hypothesis that
boldness and anxiety-like behaviour may be differently modulated depending on environment,
which was indeed consistent in animals exposed to CUELS. In addition, the novel tank diving
task is a reliable behavioural task to assess decreased anxiety-like behaviour in animals exposed
to 7 days of CUELS and to evaluate zebrafish response to acute stress increasing anxiety. To
further investigate whether this protocol may negatively or positively modulate behaviour in
disease (ADHD-like behaviour), the assessment of adgrl3.1 mutants after CUELS protocol was
assessed as our next objective.
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Figure 6.3. Illustration of the ELS effects in adult zebrafish. In both of our first experiments, potential ‘positive’
effects were observed in terms of memory and cognition (3 days of ELS) and decreased anxiety-like behaviour (7
days of CUELS) in the novel tank test (NTT) and light-dark test (LDT). However, decreased anxiety can also be
related to decreased boldness in zebrafish, increasing the exposure of WT animals to ‘dangerous’ zones such as the
top area of the tank or lit zones. Although no differences were observed for the novel object boldness test, animals
exposed to CUELS had a decreased response to CAS in terms of anxiety-like behaviour. Showing that ELS can
indeed cause permanent behavioural changes in zebrafish, however whether these changes are associated to ELS
building resilience or negative effects (e.g., dysregulation of stress-related responses) still not fully clear.

Children can be exposed to life adversities (e.g., maltreatment and violence, loss events,
intra-familial problems, school, and interpersonal problems) during the early stages of life,
affecting development and causing permanent changes in physiology and behaviour (Milojevich
et al. 2020; Pechtel and Pizzagalli 2011). Research has shown that the greater the exposure to
threat and parental difficulties, the greater the problems with emotion regulation, and this, in
turn, is correlated with poorer emotion regulation in children (Milojevich et al. 2020). In ADHD,
early adversities were shown to contribute for the ADHD etiology, having a negative impact
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later on in the disorder severity (Boecker et al. 2014). However, depending on stress intensity
and duration, ELS can also contribute to the development of ‘resilience’ (Clark et al. 1997;
Grissom and Bhatnagar 2009; Kant et al. 1985). Here, the CUELS protocol resulted in a positive
effect by attenuating anxiety-like behaviour in adgrl3.1 knockout (Experiment 5.1). Although
is not clear the molecular mechanisms underlying it, we have showed that adgrl3.1 knockout
have high stress-reactivity after being exposed to a fear pheromone and lower baseline cortisol
levels compared to WT animals. Because ELS for 7 and 14 days were shown to dysregulate
stress-related responses in terms of behaviour, it could be that CUELS protocol specifically for
adgrl3.1 knockout could play a positive role by decreasing the abnormal responses to stress
presented by this mutant line.
Positive environments can also attenuate different disorder symptoms by reducing stress
and improving cognition in humans (Babin and Boles 1996; Whitehouse et al. 2001), rodents
(Chauvet et al. 2009; Laviola et al. 2004) and zebrafish (Collymore et al. 2015; Marcon et al.
2018). Here, using EE, we found that adgrl3.1 anxiety-like behaviour is significantly improved
following exposure to an enriched tank, and also attenuating deficits in 5-CSRTT accuracy
(Experiment 5.2). As a limitation, we have not further investigated mechanisms on how EE can
affect zebrafish behaviour and previous studies using zebrafish have also not looked at potential
neurological mechanisms involved in EE decreasing anxiety. However, EE was shown to
significantly reduce anxiety in the open field test by increasing serotonin concentrations in the
prefrontal cortex of rats (Brenes et al. 2008). In other fish species, reduced levels of 5-HT and
DA were shown to be the mechanisms underlying animals response in social stress conditions
(Batzina et al. 2014). Altogether, these findings indicate that both systems (DA and 5-HT),
which are altered in adgrl3.1 knockout, may play a role in the behavioural outputs observed
here. Importantly, core ADHD-like behaviours were not modulated by environment in both
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conditions, CUELS and EE, where behaviours such as risk-taking in the novel object boldness
task and impulsivity in the 5-CSRTT were not affected by growing environment.
Loneliness and social isolation are another environmental factor that have been linked
to increased risks of disease and mortality (Xia and Li 2018). For example, during the 2019-21
novel coronavirus (COVID-19) pandemic, many countries adopted isolation as a strategy to
avoid spreading the virus. However, the lack of usual social interactions has dramatically
increased stress, affecting mental health on a scale unprecedented in recent history. Increased
levels of anxiety, depression and alcohol consumption have been observed in humans subjected
to lockdown conditions, especially with limited face-to-face contacts (Clay 2020; Onyeaka et
al. 2020; Pancani et al. 2020; Roy et al. 2020). These findings reinforce the critical importance
of social factors in health and wellbeing, but also bring the attention for how social isolation can
affect patients with psychiatric and neurodevelopmental disorders such as ADHD. Thus, social
isolation was also used as a chronic environmental factor by keeping each individual fish
without visual or olfactory cues with other conspecifics for 2 weeks before behavioural testing
(Experiment 5.3). We found that adgrl3.1 knockout fish showed different behavioural patterns
to WT. For example, mutant animals tend to have higher anxiety-like behaviour after 2 weeks
of social isolation meanwhile WT tend to show blunted stress-related response by decreasing
anxiety-like response in the novel tank and open field test. Social isolation had also other
negative effects in terms of ADHD-related symptoms, such as the presence of ARBs, which
were increased when adgrl3.1 knockouts were kept isolated, and working memory deficits. In
terms of social behaviour, the lack of social interactions for 2 weeks resulted in a trend to
increase social behaviour. Social deprivation is known for evoking midbrain craving similar to
hunger in humans (Tomova et al. 2020); therefore, it could be that the increased social behaviour
after social isolation is a result of ‘craving’ for social interactions. ADHD patients have been
strongly correlated to increased antisocial behaviours and a higher number of negative social
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behaviour interactions (Merrell and Boelter 2001), suggesting that ADHD patients have
dysregulated social behaviour which could justify alterations in the social behaviour patterns
showed by adgrl3.1 knockout. However, the effects were not significant comparing adgrl3.1 vs.
adgrl3.1 + social isolation. In terms of social behaviour, here we have only evaluated social
behaviour through shoal analysis, but several protocols are well-characterized and widely used
to study zebrafish social behaviour such as the social preference task (Dreosti et al. 2015). Future
studies aiming for the analysis of additional social-related parameters may help to elucidate the
differences of knockout animals and WT after social isolation for 2 weeks. Altogether, these
results support the use of zebrafish knockout for the adgrl3.1 gene not only for studying ADHDlike phenotypes, but also how different genetic backgrounds can interact with environment.
Summary of all the behavioural effects observed for adgrl3.1 knockout exposed to different
environmental factors are illustrated in Figure 6.4.

Figure 6.4. (A) The effects of CUELS in WT and adgrl3.1 knockout. CUELS for 7 and 14 days decrease the
alterations in anxiety-like behaviour but have no impact on risk-taking behaviour. (B) Growing in an enriched
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environment can decrease anxiety-like behaviour of adgrl3.1 knockout and attenuate attention deficits, meanwhile
impulsivity is not affected by this environmental factor. (C) Social isolation increases ADHD-related phenotypes
such as increased anxiety and ARBs, also leading to deficits in working memory. Importantly, deficits in social
behaviour are decreased when animals are reintroduced to conspecifics in the shoal behaviour test. Red boxes
indicate different behavioural response of adgrl3.1 in front of different environments compared to WT.

6.4. Future directions
In addition to many important advantages of using adgrl3.1 knockout as a model to
ADHD-like phenotypes, is important to discuss that the use of zebrafish models in
neuropsychiatric disorders presents some additional limitations (Stewart et al. 2014), including
species differences in brain development (Ito and Yamamoto 2009) and anatomy vs. mammals
(Aoki et al. 2013), as well as genome duplication in teleost fishes (Lu et al. 2012). Because of
this, many zebrafish genes have two copies, where mammals have only one copy (Lu et al.
2012). The resulting genetic difference can complicate the analysis of specific genes associated
with diseases, particularly if the effect of a mutated gene is masked by an unaltered paralogous
gene (Stewart et al. 2015). Indeed, zebrafish codes two different genes for the ADGRL3 protein,
the adgrl3.1. (71% of homology rate) and adgrl3.2. (unmapped). In adults, adgrl3.1 is highly
expressed in telencephalic midline, meanwhile there is no information about the expression
patterns of the adgrl3. (Lange et al. 2012). Although we have analyzed the presence of ADGRL3
in zebrafish brain using the human antibody for this protein, it is still unknown whether the
product of the adgrl3.2 gene can be detected through similar analysis and if it could interfere
with the results obtained here. Thus, future studies looking at brain differences and similarities
affected by the absence of the adgrl3.1, combined to an in-depth characterization of the adgrl3.1
vs. adgrl3.2 in zebrafish can provide additional information regarding the construct and face
validity of this model. We looked at a very limited number of neurotransmitter systems and
receptors. Because other receptors or modulators related to the DA, NE and 5-HT system may
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also be affected by the absence of adgrl3.1 gene and the analysis of these systems may be refined
by using more molecular approaches (e.g., qPCR). Indeed, future studies using additional
techniques such as RNA sequencing can provide more detailed information regarding brain
genes affected in this model. Additionally, the use of different classical ADHD treatments such
as methylphenidate and the use of agonist and antagonist for specific altered pathways (e.g., 5HTT and NET) can contribute for the predictive validity of this model.
In terms of interactions with environment and stress-reactivity, there are several
limitations in the current study regarding the species used and additional analysis that could be
performed to better understand the mechanisms involved in the behaviours observed here. For
example, here we used CAS, a fish pheromone to induce stress and evaluate stress-reactivity of
adgrl3.1 knockout. Although CAS is well-characterized as an acute stressor and is known that
hypoxanthine-3-N-oxide (H3NO) is the active component responsible for few fear-related
responses in zebrafish (Parra et al. 2009), the full understanding of how this molecule and its
compounds act in brain to induce fear responses still unknown. Moreover, because this is a fish
pheromone released in water after skin injuries (Chivers and Smith 1994; Korpi and Wisenden
2001), its translational relevance is still rather limited, particularly in terms of extending to
human physical and psychological stressors. To date, these gaps in knowledge remain unsolved
and future studies looking at the mechanisms underlying CAS response in zebrafish, such as the
role of DA, NE and 5-HT systems, may help to elucidate the differences between WT and
adgrl3.1 response to this stressor. Similarly, the differences between WT and adgrl3.1 exposed
to CUELS, social isolation or growth in an EE represent relevant data on the interactions
between gene vs. environment, however there are still several selected open questions originated
from this work. A summary of all the selected open questions that can be used as a guideline for
future research are shown in Table 6.1.
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Table 6.1. Selected open questions originating from this work and from the field of zebrafish research as a
translational model for ADHD-like phenotypes that can be used as a guideline for future research.
Open questions
Conceptual and mechanistic
• How is adgrl3.2 expressed through the adult brain and how far could it affect the results observed
here?
• Is the 5-HT system linked to attention deficits in adgrl3.1 knockout?
• What are the interactions between NE and DA in adgrl3.1 knockout brain and how do they affect
behaviour?
• Which other NE, DA and 5-HT related genes could be involved in the altered behavioural
phenotypes observed for adults knockout for the adgrl3.1 gene?
• Does methylphenidate and other ADHD classical drugs affect adgrl3.1 behaviour?
• Is the adgrl3.1 knockout decreased accuracy really related to attention deficits or it could be result of
a performance deficit?
• What are the mechanisms underlying different behavioural patterns depending on open field tank
size?
• Could the presence of ARBs in adgrl3.1 be related to altered DRD1/DRD5 activity?
• Do the classical and non-classical ADHD-like phenotypes change across life (e.g., juvenile, adult and
aging)?
• Which other physiological pathways could be involved in adgrl3.1 abnormal stress-reactivity (e.g.,
expression of HPI and SAM-related genes)?
• Is adgrl3.1 increased anxious behaviour associated to increased stress-response in a novel
environment?
• What are the mechanisms underlying CAS behavioural responses? How does it modulate levels of
DA, NE and 5-HT in zebrafish?
• How do other acute stressors (e.g., net chasing) modulate adgrl3.1 behavioural responses?
• Are net chasing behavioural responses affected by oxygen consumption or individual physical
capability differences?
• How can zebrafish individual differences affect CUELS inducing adult behavioural changes?
• Can CUELS induce a cross-generation effect and which epigenetic markers could be involved?
• Does CUELS negatively or positively affect boldness and anxious behaviour? Would animals expose
themselves more to danger or do they just have increased exploratory response in a novel
environment?
• How can anxiety-like behaviour/boldness in the novel tank correlate with the same behaviour in the
novel object boldness task for CUELS exposed animals?
• What is the expression of HPI and SAM-related genes in zebrafish exposed to CUELS and acutely
stressed by CAS?
• Can CUELS attenuating adgrl3.1 anxiety-like behaviour be observed across behavioural tasks?
Which mechanisms are involved in this response?
• Could decreased stress-reactivity induced by CUELS help with ADHD-like phenotypes in highly
stress reactive mutant model (adgrl3.1 knockout)? How about the physiological markers?
• Does EE also modulate adgrl3.1 hyperactivity in a big open field tank?
• Because EE decreases anxiety, could growth in a positive environment decrease animals’ overall
stress-reactivity and the presence of ARBs as well?
• Can modulation of 5-HT, NE and DA activity be a possible mechanism underlying EE protector
effects in a zebrafish model of ADHD?
• How does social isolation affect other core ADHD-like behaviours such as impulsivity and attention
deficits in zebrafish knockout for adgrl3.1 gene?
• Does social isolation also differently modulate adgrl3.1 knockout preference for conspecific and
other social-related parameters?
Translational
• How can the behavioural phenotypes observed for adgrl3.1 be translated to humans and vice-versa?
• What are specific molecular (endocrine, genomic, neurochemical, neuroimmune) biomarkers of
ADHD-like behaviour shared in humans and zebrafish?
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6.5. Summary of Findings
During this thesis we have characterized several behavioural domains for adgrl3.1
knockout zebrafish that are linked to core and comorbidity ADHD-related behaviours. We have
showed that the zebrafish is a valuable species to assess adult ADHD-related behaviours
showing reliable phenotypes that are often kept across behavioural tasks. Because zebrafish can
be easily used for drug discovery by immersion exposure methods, having a validated model of
ADHD-like behaviour can accelerate the discovery of new pharmacological agents especially
for subtypes that often show abnormal stress-reactivity, increased anxiety and ARBs as
comorbidity. Our data also provide a valuable contribution towards the understanding of the
ADGRL3 protein and its interactions with environment, where all the environmental factors
tested here (ELS, EE and social isolation) had a functional impact on the ADHD-related
phenotypes. However, environmental factors were not able to increase or attenuate core ADHDlike phenotypes linked to impulsive behaviour, indicating that this behavioural domain is
strongly linked to absence of the adgrl3.1 gene per se. Lastly, here we emphasized the role of
NE in ADHD-like behaviours by using molecular analysis and pharmacological approaches
especially in behaviours related to impulse control. However, further studies using other
molecular approaches may help to better elucidate the exact pathways involved in NET and 5HTT altered expression and DOPAC/DA and 5-HIAA/5-HT imbalances with the behavioural
patterns studied here. Altogether, this work has filled several knowledge gaps linked to the role
of the ADGRL3 protein in behaviour, potential mechanisms, and its interactions with
environment, being summarized point by point in the list below:
•

Adult zebrafish knockout for the adgrl3.1 gene show ADHD-like phenotypes such as
attention deficits, hyperactivity, increased risk-taking and impulsivity.

•

Tank size plays an important role in the characterization of hyperactive vs. anxiety-like
behaviour in adgrl3.1 knockout.
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•

Increased impulsivity, risk-taking behaviour and hyperactivity are decreased by
atomoxetine (NE reuptake inhibitor) pretreatment.

•

Not only the DA system but also NE and 5-HT systems play an important role in the
ADHD-like behaviours of adult zebrafish knockout for adgrl3.1 gene.

•

Animals knockout for the adgrl3.1 gene also show the presence of ADHD-related
comorbidities such as increased anxiety-like behaviour, ARBs and decreased social
behaviour.

•

ARBs and increased cortisol levels induced by acute stress are linked to the DA system,
where pretreatment with DRD1/DRD5 agonist is able to decrease CAS effects.

•

The absence of adgrl3.1 gene in zebrafish leads to disrupted stress-reactivity response,
hormonally (i.e., cortisol levels) and behaviourally.

•

ELS can cause permanent behaviour changes in zebrafish behaviour and the CUELS
protocol is a reliable protocol to evaluate the impacts of early-life adversities later life.

•

CUELS protocol and EE attenuates increased anxiety-like behaviour caused by the
absence of adgrl3.1 gene in adult zebrafish.

•

Both CUELS and EE only have an impact on anxiety-like behaviour with no effect on
core ADHD-related phenotypes such as increased risk-taking or impulsivity.

•

Social isolation in adgrl3.1 mutants leads to opposite effects compared to WT by
increasing anxiety behaviour and attenuating the effects on social deficits.

•

Working memory is only affected in adgrl3.1 animals exposed to acute (CAS) or chronic
stress (social isolation), thus both stressors potentiate the negative adgrl3.1 knockout
phenotypes in the FMP Y-maze.
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Our recommendations for future works include the investigation of further mechanisms
that may be involved in the core and non-core ADHD-related phenotypes observed here, using
a

combination

of

molecular

and

physiological

techniques.

Moreover,

additional

pharmacological manipulations, including the use of methylphenidate, can increase the
predictive validity of adgrl3.1 knockout as a zebrafish model for ADHD. Research aiming to
comprehend how CAS, CUELS, EE and social isolation modulate brain activity and different
neurotransmitter systems may also help to further understand how adgrl3.1 gene can interact
with environment and how this gene is involved in the regulation of acute and chronic stress
responses.
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