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Abstract 

I investigated the direct and transgenerational effects of chronic dietary exposure to selenium (Se) 

on learning and memory in zebrafish (Danio rerio), with a particular focus on alterations in 

dopaminergic neurotransmission. Zebrafish possess a conserved dopaminergic system with 

receptors homologous to mammals. However, the role of dopamine (DA) receptors in learning and 

memory in zebrafish was not clear. Therefore, my first two studies (Chapters 2 and 3) were focused 

on the role of DA receptors in learning and memory in zebrafish. To gain insights into the role of 

DA receptors in learning and memory in zebrafish, two different learning paradigms were 

employed: a latent learning task (unreinforced learning) and an associative learning task (reward-

related learning). Pharmacological manipulations of DA receptors in the zebrafish brain showed 

that D2 receptors play a prominent role in the acquisition and consolidation of latent learning in 

zebrafish. While exposure to a D2 receptor family agonist impaired the acquisition and 

consolidation of latent learning, antagonism of D2 receptors improved both phases of latent 

learning in zebrafish (Chapter 2). In the associative learning task (Chapter 3), however, D1 

receptors showed a more important role in the regulation of acquisition and consolidation of 

learning. In this study, exposure to both D1 receptor agonist and antagonist improved acquisition 

and consolidation of associative learning performance in adult zebrafish. However, manipulation 

of D2 receptors mainly affected retrieval of associative learning. After determining the role of DA 

receptors in two different forms of learning, the effects of chronic dietary exposure to Se (as 

selenomethionine; SeMet) on latent learning and associative learning performance in adult 

zebrafish were investigated in Chapters 4 and 5 of this thesis, respectively. Dietary exposure to 

high concentrations of Se (32.5 and 57.5 μg Se/g dry weight) impaired latent learning performance 

in zebrafish (Chapter 4). The impaired learning was associated with the induction of oxidative 

stress and alterations in the mRNA expression of genes involved in DA synthesis and re-uptake in 

the zebrafish brain. The results of this study showed that dietary Se exposure decreased the mRNA 

abundance of the D1 receptor, while it increased the mRNA expression of D2 receptor subtypes in 

the zebrafish brain. In addition, the exposure to high concentrations of dietary Se (27.4 and 63.4 

µg Se/g dry weight) also impaired associative learning performance in adult zebrafish (Chapter 5). 

Similar to observations in Chapter 4, Se exposure induced oxidative stress in the zebrafish brain. 

Moreover, an increase in DA levels of the brain was recorded, which was in line with the up-

regulation of genes involved in the DA synthesis and re-uptake. However, unlike the previous 
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study, Se exposure led to up-regulation of both D1 and D2 receptors. Following this experiment, 

SeMet treated female fish were bred with untreated male fish to generate the F1-generation required 

to investigate the transgenerational effects of dietary Se on learning and memory in zebrafish 

(Chapter 6). To this end, embryos were raised up to the age of six months in clean water and fed 

on a normal diet, and learning performance of fish was tested in the latent learning task. Maternal 

exposure to dietary Se was found to impair latent learning in zebrafish offspring as well. This 

behavioural impairment was associated with an elevated level of DA in zebrafish brain along with 

an increase in the mRNA expression of genes involved in the synthesis, storage, re-uptake, and 

degradation of DA. In addition, the mRNA abundance of different DA receptors also showed a 

significant increase in the zebrafish brain. This hyperfunction of the dopaminergic system resulted 

in the induction of oxidative stress in the zebrafish brain.  Collectively, the results of my research 

suggest that DA neurotransmission plays a fundamental role in learning and memory in zebrafish. 

However, this neurotransmitter system is highly sensitive to oxidative insult. Overall, the research 

presented in this thesis suggests that both chronic and maternal exposure to dietary Se leads to 

learning impairment in zebrafish via induction of oxidative stress and dysfunction of the 

dopaminergic system.  
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Chapter 1: General introduction

1.1. Introduction 

Learning and memory are basic functions of the brain in all animals that enable individuals to 

respond plastically to their changing environments. In fact, instead of genetic processes which may 

take decades or even hundreds of years to produce organisms adaptable to their environmental 

conditions, learning and memory offer an optimal adaptation to environmental challenges within a 

fairly short time frame (Gerlai, 2016). These cognitive processes are mediated by the rapid forming 

and remodelling of synaptic connections in specific brain regions – a process known as synaptic 

plasticity (Abbott and Nelson, 2000). Neurotransmitters – the brain chemicals that mediate 

communication between neurons – play a central role in the modulation of synaptic plasticity and 

memory formation. Various psychiatric disorders and neurodegenerative diseases have some roots 

in the dysfunction of neurotransmitter systems (Pokorski, 2014). A growing body of evidence 

suggests that only a small portion of neurological diseases have a strict genetic etiology, while the 

gene × environment interaction provides a plausible explanation for the majority of cases (Johnson 

and Atchison, 2009; Tsuang et al., 2004). There is conclusive evidence that environmental 

(chronic) exposure to metals can interfere with normal functions of several neurotransmitter 

systems and contribute to neuropsychiatric and neurodegenerative disorders such as Parkinson’s 

disease, Alzheimer’s disease, schizophrenia, and attention deficit-hyperactivity disorder (Modgil 

et al., 2014; Pinto et al., 2017). A majority of the existing research has focused on the detrimental 

effects of non-essential trace metals. However, the exposure to non-essential metals represents only 

a fraction of the total environmental contaminants (Karri et al., 2016). In the past two decades, 

there has been an increasing concern about the role of essential trace elements (mainly their 

deficiency) in the pathogenesis of several brain disorders (Chen and Berry, 2003; Hegde et al., 

2004). However, the knowledge about neurobehavioral effects of essential trace elements and their 

possible mechanisms of neurotoxicity is still scarce. In this regard, utilizing the relevant animal 

models is the only means by which we can predict the possible harmful effects of suspicious 

chemicals on cognitive functions including learning and memory (Levin and Buccafusco, 2006). 
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1.2. Learning and memory 

1.2.1. Basic processes of learning and memory 

Learning and memory are two closely related but separate functions of the brain, which produce 

adaptive changes in organisms’ behaviour. Learning can be conceptualized as the process of 

acquiring information which can lead to changes in behavioural responses to environmental stimuli 

(Sweatt, 2009). It is of note that learning per se is not a response to an environmental stimulus, but 

rather is an alternation in that response which roots from an environmental stimulus. On the other 

hand, memory can be defined as the storage of the information acquired during learning, which can 

be subjected to later retrieval (Sweatt, 2009). Memory formation is a complex process which can 

be segmented into three basic stages: (1) the “acquisition” which refers to the encoding of 

information into a neuronal memory trace, (2) the “consolidation” of the fresh memory trace for 

long-term storage, and (3) “recall” of the learnt material. All of these stages are prone to distortions 

and may result in false memories (Straube, 2012). 

Memory is typically classified into short-term and long-term memory (Sato, 2017). The short-term 

memory refers to the ability to briefly store small amounts of information and to recall those details 

immediately. Items stored in short-term memory can be retained by rehearsal, but are easily erased 

by shifting attention to other things. The short-term memory system is divided into three basic 

components: sensory memory, short-term storage, and working memory, each with different 

functions (Sato, 2017; Sweatt, 2009). The sensory memory as the first component of the short-term 

memory system temporarily stores the information received from the senses. Once placed in short-

term storage, information can then either be transferred into long-term storage or it can be decayed 

and eliminated. The information can also be held and actively processed in short-term storage. This 

process is called working memory (Sweatt, 2009). Long-term memory represents a more 

permanent storage that can retain information over lengthy periods of time and is subdivided into 

non-declarative and declarative memory. The non-declarative memory – also known as implicit 

memory – refers to the unconscious storage of information that can be subjected to either conscious 

or unconscious recall. This type of memory includes procedural memory, associative conditioning 

(e.g., classical conditioning and operant conditioning), non-associative memory, etc. The 

declarative memory, on the other hand – alternatively referred to as explicit memory – implies the 

conscious acquisition of facts or events, and refers to those memories that can be consciously 

recalled. The declarative memory can be broadly categorized into the semantic memory and the 
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episodic memory, but it also includes spatial learning. The semantic memory corresponds to the 

general knowledge of concepts, words and objects, their meaning, their history, and relationship to 

each other, whereas episodic memory stores and retrieves information about autobiographical 

events such as times, places, and associated emotions (Baddeley, 2004; Sato, 2017; Squire, 1992). 

Moreover, spatial learning is a process through which animals acquire information about their 

surrounding environment. This helps them to facilitate navigation through space and recall the 

location of motivationally relevant stimuli (Byrne, 2010).  

1.2.2. Associative learning and latent learning  

Associative learning is the ability of living organisms to perceive a link between two or more 

stimuli or events. This is a vital component of adaptive behaviour across the animal kingdom as it 

allows anticipation of an event on the basis of another (Seel, 2011). In fact, during this process, an 

animal learns to associate a neutral conditioned stimulus (CS) with a biologically relevant event 

with either appetitive (e.g., food, water, etc.) or aversive (e.g. electric shock) properties known as 

the unconditioned stimulus (US) (Seel, 2011; Sweatt, 2009). This phenomenon was first described 

by the Russian physiologist Ivan Pavlov (1927). He found that after pairing the ringing bell with a 

neutral stimulus such as the meat powder on several occasions, the ringing bell would come to 

elicit the same response as the meat powder (i.e. salivation) even in the absence of meat powder 

(Pavlov, 1927). Pavlov's finding is now known as classical conditioning or classical associative 

learning. It is of note that in classical conditioning both CS and US lead to identical behavioural 

outputs. This is not the case for all forms of associative conditioning. Therefore, classical 

conditioning is considered as a subset of the broader category, associative conditioning (Sweatt, 

2009). Operant conditioning (also called instrumental conditioning) is another main experimental 

procedure for the study of associative learning, where a behaviour is controlled by its consequences 

(Seel, 2011). However, classical associative learning is the learning procedure used in my research 

and henceforth referred to as “associative learning”. The results of Pavlov's study also established 

stimulus-response association theories which were dominant theories of learning until the mid-

nineteenth and early twentieth century (Jensen, 2006; Seel, 2011). The stimulus-response theorists 

believed that learning occurs only when behaviours become associated with a 

reward/reinforcement (Jensen, 2006). However, the initial demonstrations of spatial latent learning 

refuted this basic assertion. Blodgett (1929), as well as Tolman and Honzik (1930), demonstrated 

that reinforcement is not necessary for learning to take place. They showed that food-deprived rats 
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that were given several trials of free exploration of a maze could learn it better than rats that had 

not explored the maze. Their performance was also equal to rats that were trained with the food 

reward. They believed that during the exploration phase rats were able to incidentally learn a spatial 

map of the environment and could recall and use this spatial map when a relevant reinforcer was 

introduced into the maze. Since the acquisition of this information lies hidden in the brain and does 

not immediately affect behaviour, it has been called latent learning. Therefore, latent learning is 

defined as the incidental and unreinforced acquisition of information that is not apparent at the time 

of learning, but can be recalled and utilized later when suitable motivation and circumstances 

appear (Blodgett, 1929; Tolman and Honzik, 1930). 

Associative learning and latent learning are important parts of animal cognition. Animals forage 

and survive in challenging environments by learning about the events surrounding them and 

adjusting their behavioural responses accordingly. Associative learning enables animals to use 

environmental cues to predict and adapt to their environmental needs. Based on this form of 

learning, animals can navigate, find suitable food, avoid toxic food, escape from predators, and 

enhance the effectiveness of their sexual behaviours (Adkins–Regan and MacKillop, 2003; Ferrari 

et al., 2010; Roberts and Pearce, 1999; Skelhorn et al., 2016). Latent learning also plays a crucial 

role in the spatial navigation of animals within their environment. In fact, the incidental learning 

about the landmarks/stimuli of the environment allows animals to demonstrate efficient, goal-

directed, and error-less navigation to the reward, which can subsequently affect foraging ability 

and anti-predatory behaviours (Brown et al., 2008). 

It is now clear that different types of memory are modulated by different anatomical structures in 

the brain. In mammals, the amygdala, cerebellum, and hippocampus are the brain regions 

implicated in different forms of associative conditioning including classical associative learning 

(Sweatt, 2009). Moreover, the hippocampus, fimbria-fornix, amygdala, and entorhinal cortex are 

brain regions known to be involved in latent learning (Gaskin and White, 2007; Stouffer and Klein, 

2013; Stouffer and White, 2006). Interestingly, impaired associative learning and latent learning 

are two of the main cognitive deficits manifested in patients with neurological disorders, including 

schizophrenia, attention deficit-hyperactivity disorder, Alzheimer's disease, and Parkinson's 

disease (Diwadkar et al., 2008; Hadj-Bouziane et al., 2013; Hemsley, 1996; Ouchi et al., 2013; 

Quenon et al., 2015).  
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1.2.3. The neurological basis of learning and memory 

It is widely accepted that memories are encoded in the brain as the activity-dependent modification 

of the strength or efficacy of synaptic transmission between neurons, a process known as synaptic 

plasticity (Bermúdez-Rattoni, 2007). This idea was first suggested over 120 years ago by Santiago 

Ramón y Cajal, who proposed that information storage results from changes in synaptic strength 

between neurons that are active. It was further advanced in the late 1940s by Donald Hebb, who 

postulated that when two interconnected neurons fire at the same time, the synaptic connection 

between them becomes stronger and persists for a long time afterward (Hebb, 1949; y Cajal, 1894). 

This form of synaptic strengthening has come to be called Hebbian synaptic plasticity. The first 

experimental support for the Hebbian type modification, provided by Bliss and Lomo (1973) who 

demonstrated that repetitive activation of excitatory synapses in the hippocampus led to the 

persistent changes in synaptic strength that could last for hours or even several days (Bliss and 

Lømo, 1973). This phenomenon is commonly referred to as long-term potentiation (LTP). An 

opposite phenomenon, long-term depression (LTD), is another form of activity-dependent synaptic 

plasticity that reduces the efficacy of neuronal synapses. It is widely believed that LTP and LTD 

are fundamental cellular mechanisms underlying learning and memory (Bermúdez-Rattoni, 2007). 

Indeed, once a group of neurons is activated by a high-frequency stimulation (e.g. memorizing 

words) post-synaptic cells persistently respond to it with a greater intensity which results in storage 

of “memory” for that event at those synapses. It means that LTP occurred. When memories are 

recalled the same synaptic input is reactivated in order to recreate the memory of that event. At the 

same time, LTD could be induced in the surrounding fibers to reduce the synaptic activity, thereby 

increasing the signal-to-noise ratio, or LTD could be induced in the same fibers to return formerly 

potentiated responses back to the baseline to perhaps erase a memory (Bermúdez-Rattoni, 2007; 

Lynch, 2004). These processes (LTP and LTD) typically occurs in the hippocampus, but can also 

be detected in other brain areas including the amygdala, striatum, and nucleus accumbens (Anwyl, 

2006; Neves et al., 2008). 

Many molecular mechanisms have been implicated in the regulation of LTP and LTD. However, 

there is a general consensus that the pre-synaptic release of glutamate and subsequent activation of 

post-synaptic glutamate receptors are the essential mechanisms involved in these processes (Citri 

and Malenka, 2008). Following pre-synaptic activity and post-synaptic depolarization, calcium 

(Ca2+) ions flow into the post-synaptic cell through N-methyl-D-aspartic acid (NMDA)-type 
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glutamate receptors. This process is followed by a rapid insertion of additional alpha-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors into the post-

synaptic membrane, leading to the strengthening of excitatory glutamatergic synapses (Kessels and 

Malinow, 2009; Nicoll and Roche, 2013). This process, which leads to the acquisition of new 

information is also known as early LTP. In a second phase lasting a few hours after the initial 

encoding period (known as late LTP or consolidation) the elevation of intracellular Ca2+ can further 

influence the stabilization of LTP through activation of a number of kinases including calcium-

calmodulin kinase II, extracellular signal-regulated kinase (ERK), mitogen-activated protein kinase 

(MAPK), cyclic adenosine monophosphate-dependent protein kinase A (PKA), and protein kinase 

C (PKC) (Bermúdez-Rattoni, 2007; Citri and Malenka, 2008). Activation of these kinases can lead 

to phosphorylation of transcription factors, such as cAMP response element-binding protein 

(CREB). Subsequently, CREB triggers the expression of immediate early genes (IEGs) such as C-

FOS, C-JUN, early growth response protein 1 (EGR-1), and brain-derived neurotrophic factor 

(BDNF). IEGs are a family of rapidly and transiently inducible genes that are transcriptionally 

activated in response to a wide variety of stimuli. In the brain, IEGs are rapidly induced as the 

earliest genomic response to synaptic activity (Clayton, 2000). These genes encode both 

transcriptional regulators and direct effector molecules, such as signalling enzymes, structural 

proteins, and growth factors that participate in synaptic plasticity and long-term memory formation 

(Guzowski, 2002; Minatohara et al., 2016). Although the molecular mechanisms underlying the 

acquisition and consolidation processes have been extensively studied, memory retrieval has 

attracted less attention because it was believed to be only a passive readout of stored plasticity in 

the synapses induced by acquisition and consolidation of information. Studies now show that the 

rapid activation of metabotropic glutamate receptors and AMPA receptors in several brain regions 

is necessary for memory retrieval. Several downstream protein kinases such as PKC and MPAK 

have been shown to participate in memory retrieval (Szapiro et al., 2002). 

LTD, contrary to LTP, is characterized by a decrease in synaptic efficacy and induced by repetitive 

low-frequency stimulation. Like LTP, LTD also depends upon an NMDAR-dependent increase in 

post-synaptic Ca2+ influx. However, the induction of LTD requires a modest increase in Ca2+ levels 

leading to preferential activation of protein phosphatases such as calcineurin, which results in the 

removal or endocytosis of AMPA receptors from post-synaptic cells and reduction of synaptic 

efficacy (Citri and Malenka, 2008).  
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1.3. Dopaminergic system 

1.3.1. The dopaminergic system in higher vertebrates 

Dopamine (3, 4-dihydroxyphenylethylamine; DA) is a catecholamine1neurotransmitter. It was first 

synthesized by Barger and Ewens (1910) by decarboxylation of L-DOPA (3, 4-

dihydroxyphenylalanine). The name “dopamine” was first suggested by Dale (1952) because it was 

an amine produced from the precursor L-DOPA. Before the 1950s, DA was assumed to be merely 

a precursor in the synthesis of norepinephrine and epinephrine or considered to be an intermediate 

in the tyrosine degradation (Blaschko, 1939; Blaschko, 1942; Holtz, 1939). However, in 1957, a 

Swedish pharmacologist Arvid Carlsson found that DA was a neurotransmitter in the human brain, 

not an intermediary in the synthesis of norepinephrine and epinephrine (Carlsson et al., 1957). This 

discovery, in combination with his later works on DA, rendered Arvid Carlsson the Nobel Prize 

for Physiology and Medicine in 2000. 

In mammals, dopaminergic neurons are located predominantly in the ventral mesencephalon 

(midbrain) within the substantia nigra and the ventral tegmental area gives rise to three main 

dopaminergic pathways (Beaulieu and Gainetdinov, 2011; Missale et al., 1998). 1) The 

nigrostriatal pathway originates in the substantia nigra and projects to dorsal striatum. This pathway 

is associated with movement in a system called the “basal ganglia motor loop”. Moreover, it is 

known to play an important role in learning. 2) The mesolimbic pathway originates from the ventral 

tegmental area and projects to the nucleus accumbens, amygdala, and hippocampus. This pathway 

is known to be involved in emotional processing, reward, motivation, feeding, and sleep. 3) The 

mesocortical pathway which transmits DA from the ventral tegmental area to cortical structures, 

where it is involved in cognitive functions (such as learning and memory) and affective regulation. 

In addition, there is also a fourth dopaminergic pathway known as the tuberoinfundibular pathway 

which projects DA from the hypothalamus to the pituitary gland, where it influences the secretion 

of certain hormones, specifically prolactin (Beaulieu and Gainetdinov, 2011; Missale et al., 1998). 

Besides its role in a variety of brain functions, DA is also involved in a wide range of physiological 

processes. In the periphery, DA is implicated in the regulation of olfaction, retinal processes, 

hormonal regulation, cardiovascular functions, immune system, and renal functions, among other 

functions (Armando et al., 2011; Beaulieu and Gainetdinov, 2011; Missale et al., 1998). DA 

                                                           
1 A catecholamine is a monoamine, an organic compound that has a catechol (benzene with two hydroxyl side groups 

at carbons 1 and 2) and a side-chain amine. 
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innervation and receptor expression appear early during nervous system development and alter 

brain structure and connectivity with long-lasting anatomical and behavioural effects through 

adulthood. For example, DA via activation of DA receptors regulates proliferation and 

differentiation of neuronal progenitors during the brain development (Belinsky et al., 2013; 

Spencer et al., 1998). Dopaminergic innervation during the embryonic period controls neuronal 

migration of glutamatergic and GABAergic1neurons which are critically involved in excitation-

inhibition balance in cortical structures (Money and Stanwood, 2013). Moreover, DA plays a 

fundamental role in synaptogenesis in the central nervous system (CNS) (Kozorovitskiy et al., 

2015; Spencer et al., 1998). Considering its role in a plethora of critical functions, it is not surprising 

that multiple neurodegenerative and neurodevelopmental disorders have been related to the 

dysfunction of the dopaminergic system. The most recognized DA-related disorders are 

Parkinson’s disease, attention deficit-hyperactivity disorder, and schizophrenia. The first two brain 

disorders result from a decrease in DA functioning (i.e. hypofunctional DA states). However, 

schizophrenia originates from DA hyperactivity in the brain (Iversen and Iversen, 2007; Money 

and Stanwood, 2013). 

DA is synthesized within the brain from the amino acid tyrosine. In the first step, tyrosine is 

converted into L-DOPA by the enzyme tyrosine hydroxylase (TH). L-DOPA is further 

decarboxylated to DA by aromatic amino acid decarboxylase (AADC, also known as DOPA 

decarboxylase). This two-step process is the main DA biosynthesis pathway in catecholaminergic 

neurons (Fig. 1.1) (Meiser et al., 2013). However, DA can also be produced by the activity of 

tyrosinase. Like TH, this enzyme catalyzes the hydroxylation of tyrosine to L-DOPA which can 

lead to the production of either DA or dopaquinone2. A third DA-producing pathway was also 

shown to exist in rats. In this pathway, tyrosine is decarboxylated by AADC to yield tyramine and 

then hydroxylated by Cyp2D enzymes belonging to the cytochrome-P450 family to produce DA 

(Fig. 1.1) (Delcambre et al., 2016; Meiser et al., 2013).  

                                                           
1 GABAergic neurons generate gamma aminobutyric acid (GABA), the main inhibitory neurotransmitters in the central 

nervous system. 
2 Dopaquinone, also known as o-dopaquinone, is a metabolite of L-DOPA and a precursor of melanin, which is also 

directly derived from tyrosine by tyrosinase. It is well known that dopaquinone is a highly reactive intermediate which 

can induce a wide range of chemical and/or conformational changes within protein and peptides. 
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Figure 1.1. DA synthesis pathways. DA can be synthesized via three different pathways. The major pathway for DA 

biosynthesis consists of the hydroxylation of tyrosine by TH followed by AADC-catalyzed decarboxylation. Under 

TH deficient conditions, TYR can produce L-DOPA in order to ensure sufficient DA production. In a third pathway, 

tyrosine is first decarboxylated to form tyramine, which is subsequently hydroxylated by the P450 enzyme Cyp2D. 

Abbreviations: TH, tyrosine hydroxylase; AADC, aromatic amino acid decarboxylase; TYR, tyrosinase; Cyp2D, 

Cytochrome P450 2D (Figure adapted from Delcambre et al., 2016). 

The synthesized DA is stored into synaptic vesicles by the vesicular monoamine transporter 2 

(VMAT2) and released into the synaptic cleft following neuronal firing. After release, DA can 

travel across the synaptic cleft to interact with the post-synaptic DA receptors or regulatory pre-

synaptic DA receptors (known as autoreceptors). The activity of the released DA is mainly 

terminated by re-uptake into pre-synaptic neurons. The re-uptake of DA from the synaptic cleft is 

mediated by the DA transporter (DAT) localized in the plasma membrane. DA re-uptake by DAT 

can be followed again by sequestration into the synaptic vesicles (Delcambre et al., 2016; Meiser 

et al., 2013). However, intra-neuronal DA that is not stored or leaked from synaptic vesicles is 

enzymatically degraded by monoamine oxidase (MAO) (Fig. 1.2). Oxidative deamination of DA 

by MAO leads to the production of hydrogen peroxide (H2O2) and the reactive 3, 4-

dihydroxyphenylacetaldehyde (DOPAL). DOPAL can be inactivated by either reduction to the 

corresponding alcohol 3, 4-dihydroxyphenylethanol (DOPET) or by further oxidation to its 

corresponding acid 3, 4-dihydroxyphenylacetic acid (DOPAC). Extracellular DA can be taken up 

by surrounding glial cells where it is degraded by MAO and catechol-O-methyl transferase 

(COMT). In glial cells, DOPAC produced by MAO activity can undergo a further methylation step 

by COMT resulting in homovanillic acid. COMT can also directly act on DA to form 3-

methoxytyramine, which is then oxidized by MAO to produce homovanillic acid (Fig. 1.3) 
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(Delcambre et al., 2016; Meiser et al., 2013; Muñoz et al., 2015). Besides its own role as a 

neurotransmitter, DA is the precursor of norepinephrine, another monoamine neurotransmitter. In 

noradrenergic and adrenergic cells, DA-β-hydroxylase converts DA to norepinephrine (Meiser et 

al., 2013).  

 

 

 

Figure 1.2. DA synthesis, sequestration, transport, and metabolism. DA is produced by combined action of TH and 

AADC and imported into synaptic vesicles by VMAT2. DA leaking from the vesicles is deaminated by MAO. H2O2 

is a by-product of oxidative deamination of DA, which in the presence of reduced metals such as ferrous iron (Fe2+), 

can be converted into the highly reactive superoxide anion and hydroxyl radicals. Abbreviations: TH, tyrosine 

hydroxylase; DOPA, dihydroxyphenylalanine; AADC; DA, dopamine; VMAT2, vesicular monoamine transporter 2; 

DAT, dopamine transporter; MAO, monoamine oxidase; ALDH, aldehyde dehydrogenase; DOPAL, 

dihydroxyphenylacetaldehyde, DOPAC, dihydroxyphenylacetic acid; COMT, catechol-O-methyl transferase (Figure 

modified from Meiser et al., 2013).    



11 
 

 

Figure 1.3. Enzymatic degradation of DA. Abbreviations: DBH, DA-β-hydroxylase; MAO, monoamine oxidase; 

ALDH, aldehyde dehydrogenase; DOPAL, dihydroxyphenylacetaldehyde, DOPAC, dihydroxyphenylacetic acid; 

COMT, catechol-O-methyl transferase; DOPET, 3, 4-dihydroxyphenylethanol; ADH, alcohol dehydrogenase (Figure 

modified from Delcambre et al., 2016).     

The first evidence of the existence of DA receptors came from a series of experiments in 1972 

showing that DA stimulates adenylyl cyclase (AC) activity (Brown and Makman, 1972; Kebabian 

et al., 1972). In 1978, it was established that DA receptors could exist in two distinct populations: 

one is positively coupled to AC and other is independent of AC (Spano et al., 1978). This finding 

subsequently led to the classification of DA receptors into 2 major families, D1-like receptor and 

D2-like receptor (hereafter referred to as D1 and D2 receptors, respectively), which was mostly 

based on their ability to regulate cyclic adenosine monophosphate (cAMP) (Kebabian and Calne, 

1979). Currently, there are five known DA receptors, which on the basis of their structural, 

pharmacological, and biochemical properties grouped into either D1 and D2 receptor families 

(Beaulieu and Gainetdinov, 2011). The D1 receptors comprise the D1 and D5 receptor subtypes 

(hereafter referred to as DRD1 and DRD5), and the D2 family includes D2, D3, and D4 (hereafter 

referred to as DRD2, DRD3, and DRD4). All these receptors are G-protein coupled and exhibit a 
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heterogeneous distribution within the brain. Functionally, the D1 receptors couple to Gαs/olf family 

of G-proteins to stimulate AC resulting in subsequent stimulation of cAMP formation and 

activation of PKA. PKA has a variety of intracellular targets that influence cellular excitability. 

For example, PKA can increase ionotropic glutamate receptors (AMPA and NMDA), L-type 

calcium channel (Ca2+), and sodium channel currents. Taken together, the activation of D1 

receptors leads to an increase in neuronal excitability (Beaulieu and Gainetdinov, 2011; Missale et 

al., 1998; Neve et al., 2004). In contrast, D2 receptors are inhibitory. These receptors are coupled 

to Gαi/o which inhibits AC and subsequently reduces the formation of cAMP and PKA. D2 

receptors can also activate potassium channels and inhibit Ca2+ channels. Activation of D2 

receptors decreases the expression and activity of NMDA and AMPA receptors and diminishes 

pre-synaptic glutamate release. Such actions of D2 receptors are in line with the notion of D2 

receptor signalling as “inhibitory” (Beaulieu and Gainetdinov, 2011; Ford, 2014). It is to be noted 

that while DA receptor functions have typically been associated with the regulation of cAMP and 

PKA, some of the DA receptor subtypes may also function through different signalling pathways, 

depending on the expressing cells (Beaulieu and Gainetdinov, 2011; Meneses, 2013). There are 

also differences in the localization of the DA receptors. D1 receptors are typically found post-

synaptically, functioning to increase DA release. However, D2 receptors are located both post-

synaptically (on dopaminergic target neurons) and pre-synaptically (on DA neurons), functioning 

to inhibit DA release (Meneses, 2013).  

1.3.2. The role of dopaminergic system in learning and memory 

DA receptors have a widespread distribution pattern throughout the CNS, particularly in those areas 

that are critically involved in cognition, such as the hippocampus, prefrontal cortex (PFC), 

amygdala, nucleus accumbens, and striatum (Mansour and Watson, 1995). The localization of DA 

receptors in these brain regions sheds light on the functional role of this catecholamine 

neurotransmitter in various aspects of learning and memory. A great body of evidence indicates 

that DA receptors contribute to the acquisition, consolidation, and retrieval of different types of 

learning and memory (El-Ghundi et al., 2007; Meneses, 2013). For example, elevated DA levels 

in the PFC has been reported in non-human primates and rodents while performing working 

memory tasks (Sweatt, 2009; Williams and Goldman-Rakic, 1995). D1 receptors play a crucial 

role in this form of learning. While activation of D1 receptors using specific agonists improved 

working memory in mice and monkey, antagonism of these receptors have been shown to impair 
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this type of short-term memory. Moreover, D2 receptors via modulation of D1 receptor functions 

may participate in working memory (El-Ghundi et al., 2007). DA transmission also plays a 

fundamental role in the acquisition, consolidation, and recall of spatial learning which are 

considered to be largely hippocampal- and nucleus accumbens dependent processes. Manipulation 

or dysfunction of the dopaminergic systems in these brain regions has been shown to cause deficits 

in spatial learning performance in rodents. For example, acquisition, consolidation, and recall of 

spatial learning improved in mice and rats exposed to D1 receptor agonists (Bach et al., 1999; da 

Silva et al., 2012). In contrast, blockade of this receptor family during spatial learning impaired 

memory formation and persistence (Bethus et al., 2010; da Silva et al., 2012; Rinaldi et al., 2007). 

Impaired acquisition of spatial tasks has also been reported in D2 receptor knockout mice (Le 

Nguyen et al., 2014; Tran et al., 2002). While D2 receptor agonists improved consolidation of 

spatial learning, antagonism of this receptor family has been shown to impair this process (Packard 

and McGaugh, 1994; Rinaldi et al., 2007). The levels of DA within the hippocampus and striatum 

are crucial for encoding of declarative memories, episodic memories in particular (Kamiński et al., 

2018; Scimeca and Badre, 2012). For example, when animals are exposed to new environments, 

DA levels increase and facilitate LTP in the hippocampus. However, this memory enhancement is 

lost when hippocampal D1 receptors are blocked (Li et al., 2003). Moreover, there is some evidence 

that blocking D2 receptors impairs episodic memory in humans (Guarnieri et al., 2016; Rammsayer 

et al., 2000). As mentioned earlier (section 1.2.3), several protein kinases are involved in memory 

retrieval. The activity of these kinases including PKA, MAPK, and PKC is modulated by DA 

receptors. Therefore, alteration in the activity of DA receptor may have disruptive effects on 

memory retrieval (Szapiro et al., 2002). Collectively, these results show that dopaminergic 

neurotransmission plays an important role in both short- and long-term memories.  

In addition to the above-mentioned examples, numerous studies have shown that the midbrain 

dopaminergic system is a key player in associative learning (Keiflin and Janak, 2015). Although 

there is a common belief (as early theories emphasized) that associative learning involves the 

encoding of relationships between two or more stimuli/events, contemporary theories emphasize 

that associative learning requires the subject to detect a discrepancy between an expected reward 

and the reward that is actually obtained. This discrepancy is called the reward prediction error. 

When animals experience a reward that they did not expect in the presence of a cue, a prediction 

error is elicited and acts as a teaching signal to correct inaccurate predictions and strengthen cue-
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reward association (Keiflin and Janak, 2015; Nasser et al., 2017). In essence, when an animal for 

the first time encounters a cue followed by an unexpected reward, there would be a large 

discrepancy between what is expected and what actually occurs. However, this discrepancy 

decreases by multiple cue-reward pairing events and then the animal can trust the cue in which it 

reliably predicts a motivationally significant event. Therefore, the reward prediction error acts to 

drive learning about reward-predictive cues and facilitate the anticipation of future rewards. The 

midbrain dopaminergic system is thought to encode the reward prediction signal (Holland and 

Schiffino, 2016). Dopaminergic neurons produce two different activity states: a slow tonic firing 

pattern and a phasic burst firing (Grace, 1991). Electrophysiological studies in rodents and non-

human primates have demonstrated that the phasic dopaminergic activity is responsible for coding 

the reward prediction error signal. When DA neurons are recorded during early training of 

associative learning, phasic bursts of DA firing are initially observed at the time of reward delivery, 

but as the animal is repeatedly exposed to the task (CS and US pairing), this response transfers to 

the earliest reliable predictor of that reward (Nasser et al., 2017; Schultz, 2016). Phasic DA release 

primarily affects D1 receptors, while D2 receptor occupancy is less affected (Dreyer et al., 2010). 

Therefore, the activity of D1 receptors plays a critical role in associative learning. While the 

increase in the activity of D1 receptors enhances associative learning, blockade or suppression of 

D1 receptors in the PCF, nucleus accumbens, and striatum impairs this form of information 

acquisition in non-human primates and rodents (Abraham et al., 2016; Di Ciano et al., 2001; Higa 

et al., 2017; Puig and Miller, 2012). Although less compelling, there is also evidence that D2 

receptors are involved in associative learning. For example, impaired associative learning was 

reported in D2 receptor knockout mice (Tran et al., 2002). Moreover, antagonism of D2 receptors 

in the amygdala, PFC, and nucleus accumbens led to associative learning impairment in mice, rats, 

and monkey (Berglind et al., 2006; Di Ciano et al., 2001; Koch et al., 2000; Puig and Miller, 2014). 

Accumulating evidence suggests that D2 receptors through regulation of tonic the DA availability 

at post-synaptic receptors determine the responsivity of the system to phasic DA required for 

associative learning. Therefore, D2 receptors are involved in associative learning mainly via 

regulation of D1 receptor activity (Breitenstein et al., 2006; Grace, 1991).  

Although DA has a well-established role in learning from reward, this neurotransmitter is also 

involved in unreinforced learning tasks. The dopaminergic system has long been implicated in 

latent learning. Previous research has shown that both depletion and over-activation of the midbrain 
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dopaminergic system in rodents led to latent learning impairment (Ahlenius et al., 1977; Archer et 

al., 2002; Mouri et al., 2007). Rodent studies have also demonstrated that D2 receptors play a more 

prominent role in latent learning, which is somewhat different from associative learning where D1 

receptors play a more important role. For example, it has been reported that antagonism of D2 

receptors improved latent learning performance in mice, while exposure to D1 receptor antagonist 

attenuated the acquisition of latent learning (Ichihara et al., 1989). Increased in synaptic levels of 

DA-induced by a DA re-uptake inhibitor led to latent learning impairment in mice. This effect was 

counteracted by a D2 receptor antagonist (Ichihara et al., 1993b). In addition, co-activation of D1 

and D2 receptors caused by a non-selective DA receptor agonist apomorphine led to a latent 

learning impairment in mice, and this effect was ameliorated only by antagonism of D2 receptors 

but not D1 receptors (Ichihara et al., 1993a). Moreover, an abnormal increase in DA 

neurotransmission caused by traumatic brain injury resulted in latent learning deficits in mice. 

However, administration of D2 receptor antagonists (but not D1 receptor antagonist) significantly 

improved the deficits in task performance (Tang et al., 1997). Selective attention1 is believed to be 

a core mechanism underlying the acquisition of latent learning (Ichihara et al., 1989, 1993a). This 

process is known to aid cognitive processing of information in complex environments by focusing 

on important stimuli, while ignoring irrelevant information. DA is critically involved in the 

mediation of selective attention (Noudoost and Moore, 2011). The effects of DA on attentional bias 

to certain stimuli are in large part mediated through D2 receptors (Ichihara et al., 1989, 1993a; 

Lissek et al., 2015). It is also noteworthy that latent learning requires an active interaction between 

an organism and its environment. In fact, acquisition of latent learning relies on a set of pre-existing 

expectancies that an organism has about its environment. Although latent learning is a type of 

unreinforced learning, the exposure to novelty is rewarding per se (Gómez-Laplaza and Gerlai, 

2010). A wealth of evidence suggests that the rewarding effects of novelty depend on the activation 

of the midbrain dopaminergic system. Mammalian studies indicate that high novelty seeking 

behaviours are characterized by high levels of DA in the midbrain in comparison to low novelty 

responders (Costa et al., 2014). The high midbrain DA levels can be partially due to the weakened 

D2 autoreceptor control of midbrain DA producing neurons. In this regard, lower levels of D2 

receptors have been reported in rodents, non-human primates, and humans with high novelty-

                                                           
1 The selective processing of some visual stimuli (targets) in favor of others (distracters), according to their component 

features, identity, location within visual space or physical salience. 
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seeking traits (Costa et al., 2014; Tournier et al., 2013; Zald et al., 2008). These findings shed more 

light on the importance of D2 receptors in the regulation of latent learning. 

There is now substantial evidence that DA and the subsequent activation of DA receptors play 

crucial roles in the development of synaptic plasticity, specifically LTP and LTD. DA via activation 

of D1 receptors facilitates the induction of LTP. For example, D1 receptor agonists facilitate LTP 

in the hippocampal, PFC, and striatal synapses (Gurden et al., 2000; Huang et al., 2004; Kerr and 

Wickens, 2001). However, blockade of D1 receptors inhibits the expression and maintenance of 

LTP in these brain regions (Frey et al., 1991; Lemon and Manahan-Vaughan, 2006; Lisman et al., 

2011). The activity of D2 receptors is more correlated with the expression of LTD. For example, 

genetic removal and blockade of D2 receptors impair the formation of LTD in the hippocampus, 

PFC, and striatum (Kreitzer and Malenka, 2005; Rocchetti et al., 2015; Xu et al., 2009). D2 

receptors can also affect LTP but their effects are mainly restricted to the striatum. For example, 

rodent studies showed that genetic deletion or pharmacological blockade of D2 receptors enhanced 

LTP in the striatum (Calabresi et al., 1997; Centonze et al., 2001).  

As mentioned earlier, the formation of LTP and LTD requires the activation of glutamate receptors, 

including the NMDA and AMPA receptors. Convergent evidence suggests that DA via activation 

of D1 receptors leads to stimulation of cAMP/PKA signaling pathways which subsequently 

increases phosphorylation and the surface expression of glutamate receptors. Furthermore, the 

activation of D1 receptors through the cAMP/PKA signalling pathway can lead to phosphorylation 

of transcription factors such as CREB, which appears to be a crucial modulator of gene 

transcription and induction of IEGs involved in long-term changes in synaptic plasticity (Jay, 2003; 

Meneses, 2013). For example, stimulation of D1 receptors can increase the expression of BDNF, 

which is known to play key roles in neuron health, the growth of new neurons and synapses, neural 

development, and formation of long-term memory (Rossato et al., 2009). In contrast, the action of 

D2 decreases the amount of cAMP, which subsequently attenuates the expression of LTP or favors 

the induction of LTD instead of LTP. Furthermore, D2 receptors are able to block the D1 receptor-

mediated increase in phosphorylation of glutamate receptors (Calabresi et al., 2007; Jay, 2003).  

1.3.3. Dopamine toxicity and oxidative stress 

DA is one of the most redox-sensitive neurotransmitters in the vertebrate brain. In fact, DA 

synthesis, metabolism, and transport are all strongly linked to oxidative stress (Dias et al., 2013). 



17 
 

Oxidative stress is defined as an imbalance between the production of reactive oxygen species 

(ROS) and the ability of a biological system to detoxify the reactive intermediates causing cellular 

damage (Finkel and Holbrook, 2000). As described in section 1.3.1, the oxidative deamination of 

DA by MAO generates H2O2. There is also some evidence that the activity of TH can lead to the 

production of H2O2 in dopaminergic neurons (Haavik and Toska, 1998). DA itself is a highly 

unstable molecule which under physiological conditions undergoes autoxidation to form DA 

quinones and free radicals, particularly H2O2. This process is catalyzed by molecular oxygen or 

metals such as manganese, copper, and iron (Dias et al., 2013; Meiser et al., 2013). Due to the iron-

rich environment in dopaminergic neurons specifically in the substantia nigra, H2O2 resulted from 

the autoxidation and the MAO-mediated metabolism of DA can react with ferrous iron (Fe 2+) via 

the Fenton reaction1 and generate hydroxyl radicals (•OH), which are considered as the most 

damaging free radicals in living cells (see also Fig. 1.2). DA quinones are highly reactive 

molecules, which can react with thiol groups of amino acids and proteins contributing to 

neurodegeneration. These electron-deficient products readily react with nucleophiles such as 

cysteines, reduced glutathione (GSH), and cysteinyl residues of proteins to form 5-cysteinyl-DA, 

a product of DA quinone, which is bound to cysteinyl residue on the protein and irreversibly alters 

or inhibits the protein function (Miyazaki and Asanuma, 2008). Moreover, DA quinones can 

undergo cyclization to form aminochrome, a redox-active compound which is highly reactive and 

can lead to the generation of superoxide anion (O2
•-). Aminochrome forms adducts with proteins 

such as α-synuclein, which is a small protein ubiquitously present in the brain and acts as a negative 

regulator of DA biosynthesis through interaction with TH. Therefore, DA oxidation can lead to the 

production of aminochrome which subsequently stabilizes α-synuclein and thus prevents its 

inhibitory effect on the DA synthesis, leading to more oxidative stress. Aminochrome is also the 

precursor of neuromelanin, a dark pigment found in dopaminergic neurons localized in the 

substantia nigra. Neuromelanin is known to act as a sink for metal ions indicating that this molecule 

plays a neuroprotective role. However, neuromelanin can turn detrimental if the accumulation of 

metal ions within the polymer becomes too high. In this situation, oxidative stress might result in 

the degradation of neuromelanin through peroxidation leading to the release of previously captured 

metal ions and causing more ROS stress (Dias et al., 2013; Meiser et al., 2013). Therefore, 

                                                           
1 The Fenton reaction describes the formation of hydroxide (OH−) and hydroxyl (•OH) radical by a reaction between 

Iron (II) (Fe2+) and hydrogen peroxide (H2O2). 
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neuromelanin may also contribute to neurodegeneration by triggering oxidative stress. Taken 

together, perturbations of DA synthesis, metabolism, transport, and storage, which lead to an 

increase in cytosolic levels of DA, can contribute to increased ROS production and cellular 

dysfunction. This intrinsic sensitivity of the dopaminergic system to ROS makes it highly sensitive 

to external oxidative insult and a prime target for a wide range of environmental factors (Jones and 

Miller, 2008). Dysregulation of the dopaminergic system induced by oxidative stress is implicated 

in a variety of neurodegenerative and neurodevelopmental disorders such as Parkinson’s disease, 

Alzheimer’s disease, autism, and schizophrenia (Money and Stanwood, 2013). 

A broad range of environmental contaminants can affect dopaminergic signalling and lead to 

neurological disorders. For example, prenatal exposure to mercury caused disruption in the 

dopaminergic system and permanent learning deficits in rats (Cagiano et al., 1990). Both in vivo 

and in vitro studies have shown that aluminum, zinc, and iron are able to interfere with and disturb 

the normal functions of DA neurons via induction of oxidative stress (Hare et al., 2017; Méndez-

Álvarez et al., 2002; Sánchez‐Iglesias et al., 2009; Verstraeten et al., 2008). Moreover, 

environmental manganese exposure represents an established risk factor for Parkinson's disease 

occurrence (Guilarte, 2010; Kim et al., 1999b). Several studies have also shown that manganese 

via induction of oxidative stress alters DA transmission and induces neurological disorders in both 

humans and animals (Benedetto et al., 2010; Brouillet et al., 1993; Kern et al., 2010; Montgomery 

Jr, 1995). Lead is another toxic metal that can affect the dopaminergic system. Several rodent 

studies reported that exposure to lead changes the biosynthesis and metabolism of DA and 

consequently alters the expression of DA receptors (Chang et al., 2014; Cory-Slechta, 1995; Cory-

Slechta and Widzowski, 1991; Gedeon et al., 2001; Noureddine et al., 2005). Pesticide exposure is 

another strong risk factor for neurological disorders associated with the dysfunction of the 

dopaminergic system. Environmental and occupational exposure to specific pesticides such as 

chlorpyrifos, organochlorines, paraquat, and maneb has been associated with an increased risk of 

Parkinson's disease and attention deficit-hyperactivity disorder (Freire and Koifman, 2012; 

Richardson et al., 2015). Several recent studies have also shown that exposure to herbicide paraquat 

caused dysfunction of the dopaminergic system in larval and adult zebrafish (Danio rerio) by 

induction of oxidative stress (Bortolotto et al., 2014; Nellore and Nandita, 2015; Wang et al., 2018). 

All of these findings point to the dopaminergic system as a favorable target for a broad range of 

environmental contaminants.  
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1.4. Selenium 

1.4.1. Properties, sources, and uses of selenium 

Selenium (Se) is a chemical element that has an atomic number 34, an atomic weight of 78.96, and 

is located between sulfur and tellurium in Group 16 in the Periodic Table (Lenz and Lens, 2009). 

Se is considered as a metalloid, neither a true metal nor a non-metal, which shares the physical and 

chemical properties of both classes of elements. Being a member of the same periodic group as 

sulfur, Se shares many physicochemical properties with sulfur (and to a lesser extent with 

tellurium) such as similar atomic size, bond energies, ionization potentials, and main oxidation 

states. Therefore, Se can act as a sulfur analog in nature (Bodnar et al., 2012; Mehdi et al., 2013). 

Se is unevenly distributed in the Earth’s crust, resulting in both seleniferous and Se deficient geo-

ecosystems. The seleniferous soils are mainly derived from black shale, phosphate rocks, and coal 

originating from the Cretaceous and early Tertiary periods (Janz, 2012; White et al., 2004). 

Nonetheless, there are very few mines that exclusively extract Se (e.g., clausthalite and crooksite). 

Instead, it is obtained as a by-product of mining other metals including copper, iron, lead, nickel, 

gold, and silver ores (Mehdi et al., 2013; Reilly, 1996). Although natural processes (e.g., 

weathering, volcanic activity, and wildfires) make an important contribution to Se mobilization 

into the environment, this contribution is minor compared to the amount released from 

anthropogenic activities (Maher et al., 2010). 

Due to specific physiochemical properties of Se, it is used in the manufacture of a variety of 

products. This element is commonly used in the manufacture of glass, plastics, ceramics, and paints 

(George, 2010; Haygarth, 1994). Its photoelectric and semiconducting properties are widely 

exploited in electronics, including manufacturing of solar energy panels, photographic exposure 

meters, photometers, and light-controlled switches (Janz, 2012). Se dietary supplements are used 

to counteract Se deficiency. Moreover, Se sulfide is used in fungicides and in antidandruff 

shampoos (Danby et al., 1993; Van Cutsem et al., 1990). Using Se in the medical industry has 

dramatically been increasing during the recent years, where Se is employed as semiconductor 

nanocrystals (quantum dots), which are extensively used in medical imaging (Bouldin et al., 2008). 

Se is also applied as an additive to fertilizers to raise crop Se concentrations in areas with low-Se 

soils (Wang et al., 2017).  
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1.4.2. Essentiality of selenium 

Se was first discovered in 1817 by the Swedish chemist Jöns Jacob Berzelius when investigating 

the chemicals responsible for outbreaks of an illness among workers in a Swedish sulphuric acid 

plant. Berzelius named “selenium” after the Greek goddess of the moon, Selene (Oldfield, 1987). 

Early on, Se was considered to be very toxic, with no known health benefits. However, in 1957, Se 

was recognized to be essential to animals (Schwarz and Foltz, 1957). The essentiality of Se is due 

to the requirement for the so-called 21st amino acid, selenocysteine which is a component of 

selenoproteins. Selenocysteine is encoded by an UGA codon in selenoproteins, which is recognized 

by a specific selenocysteyl-tRNA. Since the UGA is a codon typically used for the termination of 

protein synthesis, its efficient suppression requires a specific recognition element within the mRNA 

which is called selenocysteine insertion sequence (SECIS) and an elongation factor which is 

specific for selenocysteyl-tRNA (Driscoll and Copeland, 2003). Proteins containing selenocysteine 

have been described in all three major domains of life, i.e. bacteria, archaea, and eukaryotes. 

Selenoproteins are essential components for several major metabolic pathways. Among the 

functionally characterized selenoproteins, many have a role in redox regulation. For example, 

glutathione peroxidase (GPX) that catalyzes the glutathione-dependent reduction of H2O2 and 

thioredoxin reductase that catalyzes the reduction of oxidized thioredoxin, using nicotinamide 

adenine dinucleotide phosphate (NADPH) as the electron donor. Iodothyronine deiodinases are 

also selenoproteins that are involved in the synthesis and metabolism of thyroid hormones (Reich 

and Hondal, 2016). Selenium is also vital for a variety of the brain functions. Interestingly, the 

majority of selenoproteins expressed in the brain areas involved in learning and memory, such as 

the cortical and hippocampal neurons (Zhang et al., 2007). The brain is highly prone to oxidative 

stress due to the low level of antioxidants, high content of polyunsaturated fatty acids, and high 

oxygen demand (Rayman, 2012). Since at least half of the selenoproteins are involved in reducing 

oxidative stress, the main role of Se in the CNS is neuroprotection via scavenging ROS and reactive 

nitrogen species (RNS). Moreover, Se can be involved in neuroprotection by mediating Ca2+ influx 

via ion channels and anti-inflammatory effects (Solovyev, 2015).  

Besides its neuroprotective properties, Se is also involved in neurotransmission, specifically DA 

neurotransmission. For instance, an increase in DA turnover has been reported in the prefrontal 

cortex of the rats fed a Se deficient diet (Castaño et al., 1997). Se deficiency also exacerbates the 

dysfunction of the dopaminergic neurons caused by chemical lesions (Kim et al., 1999a; Kim et 
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al., 2000). A protective effect of Se supplementation on the DA neurons was also found in the rat’s 

brain (Islam et al., 2002). In a more recent study, Khan (2010) showed that Se treatment could 

reverse the depletion of striatal DA in the mice brain (Khan, 2010). In addition to the dopaminergic 

system, Se can also affect the glutamatergic and cholinergic systems. For example, Se 

supplementation could prevent cholinergic neuron loss and cognitive deficits in rats (Ishrat et al., 

2009). It has also been shown that Se deficiency altered the transcript levels of NMDA receptor 

subunits in the rat hippocampal neurons (Hagmeyer et al., 2015). Moreover, several studies in 

humans have established that Se deficiency leads to a lower cognitive performance and impaired 

motor function (Akbaraly et al., 2007; Gao et al., 2007; Shahar et al., 2010). Nowadays, Se 

deficiency is implicated in the pathology of several brain disorders such as Alzheimer's disease, 

Parkinson's disease, amyotrophic lateral sclerosis, and epilepsy (Pillai et al., 2014; Solovyev, 

2015). Therefore, a certain amount of this trace element is needed to perform important biological 

functions in the body including the normal functions of the CNS. The recommended dietary Se 

intakes on the basis of geographic regions are usually ranged from 20 to 70 μg Se per day. In the 

US and Canada, the recommended dietary allowance (RDA)1 of Se is 55 μg per day for adult men 

and women (Liang et al., 2013). The European Food Safety Authority (EFSA) has proposed 70 μg 

Se per day as the dietary reference value for adequate Se intake of adults. The tolerable upper intake 

level set by the Institute of Medicine of the National Academy of Sciences of the United States and 

Environment and Climate Change Canada/Health Canada is 400 μg Se per day for adults 

(ECCC/HC, 2017; Solovyev, 2015).  

Selenium is also an essential micronutrient of fundamental importance to aquatic organisms 

including fish. Interestingly, fish possess the largest selenoproteomes, with a maximum of 38 

selenoproteins in zebrafish (compared to 25 selenoprotein genes in humans), indicating fish utilize 

selenoproteins to a larger extent than humans and other eukaryotic organisms (Mariotti et al., 

2012). However, fish only require a narrow range of dietary concentrations of Se (0.1-0.5 µg/g dry 

weight (dw)) to maintain their large selenoproteome and to regulate their body functions. Dietary 

deficiency of Se in fish may contribute to the reduced growth rate (Hu et al., 2016), impaired 

                                                           
1 The RDA is the average daily dietary intake level that is sufficient to meet the nutrient requirement of nearly all (97 

to 98 percent) healthy individuals in a particular life-stage and gender group. 
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immune function (Pacitti et al., 2016), reduced antioxidant status, and even mortality (Khan et al., 

2017; Wang et al., 2013). 

1.4.3. Selenium contamination and toxicity 

Although Se is an essential micronutrient for a wide range of organisms, it can become toxic at 

concentrations slightly above its bio-essential levels. Anthropogenic activities including coal 

mining and combustion, uranium mining, oil refining, and irrigation of seleniferous soils for 

agricultural purposes can increase loading of Se into the environment, which eventually enters the 

aquatic ecosystems. In recent years, Se contamination of water bodies and its effects on aquatic 

organisms has become an increasing concern in many parts of the world, specifically in North 

America (He et al., 2018). In the environment, Se can occur at various oxidation states such as: 

selenate (SeO4
2-, Se(VI)), selenite (SeO3

2-, Se(IV)), selenide (Se2-, Se(-II)) and elemental Se 

(Se(0)). Selenate and selenite are the dominant forms of Se in surface waters. These inorganic 

forms of Se are subsequently absorbed and biotransformed by primary and secondary producers 

(bacteria, algae, and higher plants) into a variety of organic Se species, predominantly 

selenomethionine (SeMet). SeMet represents 60-80% of the total Se present in contaminated 

aquatic food webs (Janz et al., 2014; Maher et al., 2010; Phibbs et al., 2011). Subsequently, this 

organic form of Se is transferred to higher trophic levels by dietary uptake. Fish and birds, which 

are either permanent or transient residents in these systems are particularly affected. In fact, these 

aquatic consumers are at risk of ingesting Se-enriched preys and accumulating toxic levels of this 

element (Hamilton, 2004). Moreover, SeMet can non-specifically incorporate into egg-yolk protein 

precursor vitellogenin in place of amino acid methionine. This leads to maternal transfer of SeMet 

to developing embryos causing deleterious effects in early life stages of development in animals 

(Janz, 2012). Therefore, these oviparous vertebrates and their offspring are highly vulnerable to Se 

toxicity and teratogenicity, respectively.  

While fish require a trace amount of Se to maintain their Se-dependant biological functions, they 

are among the most sensitive organisms to excess dietary Se. When Se concentrations exceed 3 

µg/g dw, this element can be rapidly bioaccumulated in fish tissues to reach toxic concentrations 

(Janz, 2012). Both environmental and laboratory studies have shown that exposure to Se 

(specifically SeMet) can cause a broad range of abnormalities in various fish species. For example, 

pathological alterations in different organs (such as liver, gill, kidney, and heart), reproductive 



23 
 

failure, developmental deformities, impaired growth, and mortalities have been reported in 

northern pike (Esox lucius), bluegill (Lepomis macrochirus), carp (Cyprinus carpio), green sunfish 

(Lepomis cyanellus), red shiners (Notropis lutrensis), channel catfish (Ictalurus punctatus), and 

cutthroat trout (Oncorhynchus clarki lewisi) inhibiting Se-contaminated ecosystems (Fan et al., 

2002; Lemly, 2002; Muscatello et al., 2006; Rudolph et al., 2008; Woock et al., 1987). Moreover, 

it has been demonstrated that maternal exposure to excess SeMet increased mortality and 

deformities in larval zebrafish as well as impaired swim performance and led to the abnormal 

respiration and metabolic rates in F1-generation zebrafish (Thomas and Janz, 2014, 2015). Parental 

dietary exposure to SeMet also led to an increased embryo mortality, decreased hatching rate, and 

altered phenotypes in Japanese medaka (Oryzias latipes) offspring (Chernick et al., 2016). SeMet-

induced developmental abnormalities in these studies typically included craniofacial deformities, 

spinal curvatures, missing or deformed fins, and edema. The endocrine system is another target of 

SeMet toxicity in fish. Chronic dietary exposure to SeMet has been associated with increased blood 

plasma concentrations of steroid hormones including estradiol, testosterone, and cortisol in female 

rainbow trout (Oncorhynchus mykiss) (Wiseman et al., 2011a; Wiseman et al., 2011b).  

Due to its chemical similarity to sulfur, Se toxicity has most often been attributed to its ability to 

substitute for sulfur during the assembly of proteins (Lemly, 2002; Maier and Knight, 1994). In 

fact, it was proposed that Se can replace sulfur in the amino acids methionine and cysteine to form 

selenomethionine and selenocysteine, respectively. Since the formation of disulfide linkages (S-S) 

is necessary to maintain the normal tertiary structure of the proteins, substitution of Se for S in 

protein synthesis could disrupt the structural and functional integrity of various proteins (Lemly, 

2004; Maier and Knight, 1994). Incorporation of SeMet in place of methionine in yolk proteins 

was believed to cause fish larval deformities (Lemly, 1997). However, this proposed mechanism 

of Se toxicity has been criticized in the literature because the incorporation of selenocysteine into 

proteins is a highly regulated process which requires an UGA codon, SECIS, and a specific tRNA 

(Stadtman, 1996). Furthermore, the Se residue in SeMet is shielded by the terminal methyl group 

in the amino acid structure and thereby prevents the formation of covalent bridges. This indicates 

that substitution of methionine with SeMet can not influence the tertiary structure or function of 

the protein (Egerer‐Sieber et al., 2006; Mechaly et al., 2000). Instead, there is now a general 

consensus that oxidative stress is the main mechanism of Se toxicity, as various Se species can 

cause oxidation of cellular thiols (Lavado et al., 2012; Palace et al., 2004). Specifically, it has been 
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suggested that SeMet through the action of methioninase enzyme generates highly reactive 

metabolites such as methylselenol and selenide anion. Subsequently, oxidation of these reactive 

metabolites in the presence of GSH results in the production of O2
•̵ (Fig. 1.4) (Palace et al., 2004; 

Spallholz et al., 2004). Both in vitro and in vivo studies confirm that SeMet via induction of 

oxidative stress can cause toxicity in fish. For example, SeMet induced oxidative stress and loss of 

cell viability in isolated hepatocytes of rainbow trout (Misra et al., 2012a; Misra et al., 2010). 

Moreover, developmental exposure to this organic form of Se led to an elevated level of oxidative 

stress in zebrafish and medaka embryos (Arnold et al., 2016; Lavado et al., 2012; Thomas and Janz, 

2016).  

 

 

Figure 1.4. SeMet conversion to methylselenol via enzyme methioninase and the subsequent redox cycling of 

methylselenol which leads to the generation of ROS (Figure adapted from Palace et al., 2004). 

1.4.4. Selenium criteria for the protection of freshwater aquatic life 

Owing to a variety of adverse effects of Se for aquatic organisms, several environmental regulatory 

agencies have set limits on concentrations of Se to protect aquatic organisms (freshwater organisms 

in particular). For example, the Canadian Council of Ministers of the Environment (CCME, 2007) 

has set a limit of 1µg Se/l for the protection of freshwater aquatic life. Recently, the United States 

Environmental Protection Agency (USEPA, 2016) has recommended a new water quality criterion 

for Se to protect freshwater life. It proposes a limit of 1.2 and 3.1 µg Se/l for monthly average 

exposure to Se in lentic and lotic systems, respectively (USEPA, 2016). Moreover, USEPA also 

states that Se concentrations in fish egg-ovary, whole-body, and muscle should not exceed 15.1, 

8.5, and 11.3 mg/kg dw, respectively (USEPA, 2016). Thomas and Janz (2015) also established 

egg Se thresholds for developmental toxicities in the early life-stages of zebrafish. They proposed 

egg Se thresholds (effective concentration; EC10) of 7.5 and 7.0 μg Se/g dw for mortality and 
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deformities in larval zebrafish, respectively. EC50 values for larval zebrafish mortality and 

deformities were 39.1 and 29.2 μg Se/g, respectively (Thomas and Janz, 2015). 

1.4.5. Selenium neurotoxicity 

Oxidative stress is the common pathogenic mechanism underlying a variety of neuropsychiatric 

disorders (Wells et al., 2009). This phenomenon has been implicated as a potential cause of 

cognitive impairments in both humans and animals (Praticò et al., 2002). For example, it has been 

documented that the elevated level of oxidative stress in the brain leads to an impairment of 

associative and spatial learning in adult zebrafish (Ruhl et al., 2016). Due to its prooxidant nature, 

it is not a surprise that Se can interfere with and disrupt the normal functions of the CNS. There is 

a growing body of evidence indicating that supranutritional levels of Se may contribute to several 

neurological disorders, including Alzheimer’s disease, Parkinson’s disease, and amyotrophic 

lateral sclerosis (Gerhardsson et al., 2008; Qureshi et al., 2006; Vinceti et al., 2010; Vinceti et al., 

2017). Moreover, acute Se poisoning in humans has been associated with a suite of neurological 

symptoms such as the headache, ataxia, tingling, confusion, anxiety, and memory loss 

(MacFarquhar et al., 2010). An in vitro study has also shown that low levels of Se compounds, 

including sodium selenite, sodium selenate, and SeMet triggered apoptotic degeneration in a 

human neuronal cell line via induction of oxidative stress (Maraldi et al., 2011). As mentioned 

earlier (section 1.4.2), the dysfunction of the dopaminergic system is strongly linked to Se 

deficiency in the brain. However, there is also conclusive evidence that Se in excess can lead to 

malfunction of this neurotransmitter system. Rasekh et al. (1997) observed that Se (as selenite) 

could cause neurotoxicity through over-potentiation of DA function in the striatum and nucleus 

accumbens of rats (Rasekh et al., 1997). Likewise, the increase in DA levels of the striatum was 

reported in rats treated with sodium selenite (Tsunoda et al., 2000). Elevated levels of DA and 

increased activity of both D1 and D2 receptors were also reported in mice brains treated with 

methyl-phenyl-selenide (Oliveira et al., 2012). These data indicate that the dopaminergic system is 

a potential target for Se neurotoxicity. However, other neurotransmitter systems may also be 

affected. It has previously been shown that exposures to high levels of sodium selenite led to the 

dysfunction of the cholinergic and GABAergic signalling in Caenorhabditis elegans (Estevez et 

al., 2014; Estevez et al., 2012). The exposure to supranutritional levels of Se may also bring about 

neurobehavioural abnormalities in animals. For example, prenatal exposure to high doses of 

sodium selenite decreased brain levels of acetylcholine and impaired active avoidance learning in 
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mice (Ajarem et al., 2011b; Al Basher et al., 2011). Interestingly, Se exposure could also impair 

learning in fish. It has been reported that developmental exposure to SeMet led to a persistent 

spatial learning impairment in adult zebrafish (Smith et al., 2010). Collectively, these studies 

suggest that Se can disrupt the normal functions of the CNS and lead to behavioural abnormalities 

in animals.  

1.5. Zebrafish 

1.5.1. An introduction to zebrafish  

Zebrafish (D. rerio) are small tropical freshwater teleost native to South-East Asia, where they 

inhabit streams and rivers, silt-bottomed well-vegetated pools, and rice paddies adjacent to streams 

(Spence et al., 2008). Zebrafish belong to the family of freshwater fishes Cyprinidae which is the 

most species-rich vertebrate family (Nelson et al., 2016). The name “Danio” originates from the 

Bengali name ‘‘dhani’’, meaning ‘‘of the rice field’’(Talwar, 1991). They are relatively small fish 

(3-4 cm long as an adult) that possess a fusiform and laterally compressed body shape. They also 

have a terminal oblique mouth pointing upwards. The eyes in zebrafish are central and not visible 

from above. Their characteristics also include two pairs of barbels and five to seven dark blue 

longitudinal the zebra-like stripes extending from the operculum to the caudal fin. The anal fin is 

similarly striped, while the dorsal fin only has a dark blue upper edge. Body colouration in males 

and females are almost the same, although males tend to have larger anal fins with a more yellow 

colouration. In their natural environment, they can tolerate a wide range of temperatures from as 

low as 6 °C in winter to over 38 °C in summer. They are omnivorous and their diet consists 

primarily of zooplankton, insects, phytoplankton, filamentous algae, invertebrate eggs, and 

arachnids. Zebrafish have a short generation time (3 to 4 months) and are easy to maintain in the 

laboratory where they breed all year round. Females can spawn every 2-3 days and produce several 

hundred eggs which are optically transparent (Spence et al., 2008). The zebrafish life cycle includes 

several distinct stages: the embryonic stage (0-72 hours post-fertilization; hpf), larval stage (4-29 

days post-fertilization; dpf), juvenile fish (30-89 dpf), adult zebrafish (90 dpf to 2 years), and 

aging/aged zebrafish (2 years onwards). Importantly, zebrafish embryonic development is very 

rapid. At 24 hpf all major organs are formed and within 2-3 dpf fish hatch and start looking for 

food (Kalueff et al., 2014). Due to these characteristics and beginning with the pioneering work of 

Streisinger et al. (1981), who used zebrafish as a model organism to study the genetic basis of 
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vertebrate development, zebrafish have become a promising model in many research areas of 

biological sciences (Kalueff et al., 2014; Streisinger et al., 1981). Zebrafish are highly social 

animals and express strong preferences towards their conspecifics. Shoaling behaviour is 

established early during zebrafish ontogenesis (6 dpf) and during the first 21 dpf they show strong 

social preferences, based on visual stimuli from their conspecifics (Dreosti et al., 2015; Mahabir et 

al., 2013). This unique feature of zebrafish has increasingly been employed in modeling 

neurobehavioural disorders involving deficits in social behaviours, including autism and 

schizophrenia (Meshalkina et al., 2017; Morris, 2009). Zebrafish also show high genetic similarity 

to mammals. For example, nearly 70% of zebrafish genes have at least one human orthologue 

indicating that zebrafish are an ideal model to study human disease-related genes in fish (Howe et 

al., 2013).  

1.5.2. Learning and memory in zebrafish 

In recent years, there has been a surge of interest in utilizing the zebrafish model to study different 

aspects of learning and memory. Despite considerable differences in gross morphology of the brain 

between the mammals and the teleost, zebrafish possess a complex brain that shares many 

organizational features with the brain in mammals (Friedrich et al., 2010). Similar to mammals, 

the prosencephalon (forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain) are 

the major subdivisions of the zebrafish brain. The telencephalon of the zebrafish brain is divided 

into dorsal (area dorsalis) and ventral (area ventralis) areas as pallium and subpallium of other 

vertebrates. Distinct areas of the zebrafish pallium functionally resemble cortical brain areas in 

mammals involved in different forms of learning and memory. For example, the ventrolateral zone 

of the dorsal telencephalic area (medial pallium) in zebrafish is homologous to the mammalian 

hippocampus. Moreover, the medial zone of the dorsal telencephalic area (ventral pallium) and the 

central zone of the dorsal telencephalic area (dorsal pallium) in zebrafish correspond to the 

mammalian amygdala and neocortex (Friedrich et al., 2010; Mueller, 2012; Portavella et al., 2004; 

Rodrı́guez et al., 2002). There is now compelling evidence that the fish telencephalon plays a 

crucial role in different forms of learning and memory, including latent learning and associative 

learning (Friedrich et al., 2010; López et al., 2000; Saito and Watanabe, 2006; Salas et al., 2006; 

Salas et al., 1996). Some studies have also shown that the cerebellum may also be involved in the 

acquisition of associative learning in fish (Aizenberg and Schuman, 2011; Salas et al., 2006).  
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Learning and memory functions have been successfully quantified in zebrafish using either 

learning tasks adapted from rodent learning tasks or zebrafish-specific assays. For example, 

zebrafish have been found to perform well in a variety of learning tasks including, among others, 

spatial learning (Karnik and Gerlai, 2012), shuttle box active appetitive conditioning (Pather and 

Gerlai, 2009), place conditioning (Eddins et al., 2009), appetitive choice discrimination (Bilotta et 

al., 2005), and active avoidance conditioning (Xu et al., 2007). Specifically, several studies have 

shown that this small vertebrate is also capable of performing well in associative learning and latent 

learning tasks (Gerlai, 2016; Gómez-Laplaza and Gerlai, 2010; Sison and Gerlai, 2010). In the 

associative learning task which is normally conducted in a plus-shaped maze or a T-shaped maze, 

fish are required to perceive a link between two stimuli: a reward (unconditioned stimulus) and a 

visual cue (conditioned stimulus) (Gerlai, 2016). However, latent learning is conducted in a more 

complex maze which consists of a start chamber, a reward chamber, and two tunnels that connect 

these two chambers together. In this form of learning, subjects are required to learn about the spatial 

layout of the maze after being allowed to freely explore it for several days in the absence of the 

reward. While they are provided with a reward, fish use the acquired information to reach the 

reward more quickly than fish that were not given unreinforced exploration (Gómez-Laplaza and 

Gerlai, 2010). Several studies have also shown that exposure to environmental contaminants and 

pharmaceutical compounds can impair these cognitive functions in zebrafish. For example, 

zebrafish exposure to SeMet, mercury, arsenic, lead, bisphenol A, chlorpyrifos, and alcohol 

impaired different forms of learning and memory in zebrafish including associative learning and 

latent learning (de Castro et al., 2009; Fernandes et al., 2014; Levin et al., 2003; Luchiari et al., 

2015; Saili et al., 2012; Smith et al., 2010; Xu et al., 2016). Nonetheless, few studies have so far 

attempted to determine the neural mechanisms underlying toxicant-induced learning deficits in 

zebrafish. In this regard, there is no study found in the literature that investigates direct and/or 

transgenerational effects of exposure to dietary SeMet on learning and memory in zebrafish. 

1.5.3. The zebrafish dopaminergic system 

Brain neurochemistry is highly conserved across vertebrate species. Zebrafish possess all major 

neuromodulatory systems, including neurotransmitters, their receptors, enzymes of synthesis and 

metabolism, and transporters, similar to those observed in the CNS of mammals (Panula et al., 

2010). The dopaminergic system in zebrafish shares a high degree of similarity to the respective 

mammalian system. However, in contrast to mammals, there is no midbrain dopaminergic system 
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in zebrafish and other teleosts. Instead, dopaminergic cell groups are mainly located in the zebrafish 

telencephalon (including the olfactory bulb and dorsal, central and ventral nuclei of the ventral 

telencephalic area) and diencephalon (mainly in the periventricular nucleus of the posterior 

tuberculum and paraventricular organ, in the posterior tuberal nucleus, and in the caudal 

hypothalamus) (Rink and Wullimann, 2001; Wullimann and Mueller, 2004). The functional 

homologue of the midbrain dopaminergic system is currently unknown. However, 

immunohistochemical and tracer studies have suggested that the dopaminergic cell groups in the 

ventral diencephalon (the periventricular nucleus of the posterior tuberculum) projecting to the 

subpallium (the ventral telencephalon) can be homologous to the mammalian nigrostriatal and 

mesolimbic pathways (Fig. 1.5). Moreover, it has been suggested that the posterior tuberal nucleus 

that projects to the pallium (the dorsal telencephalon) may represent the zebrafish homologue of 

the mesocortical pathway found in mammals (Rink and Wullimann, 2001, 2002a). In a more recent 

study, Tay et al. (2011) demonstrated that the posterior tuberculum in the larval zebrafish brain 

also sends projections into the diencephalon, hindbrain, and spinal cord. However, the 

telencephalic projection from DA cells of the posterior tuberculum is scarce and can be 

homologous to the mammalian diencephalic dopaminergic cell group (located in the posterior 

hypothalamus), rather than to the midbrain dopaminergic neurons in mammals. Instead, Tay et al. 

(2011) showed that most subpallial dopaminergic inputs originate in a local subpallial system that 

also connects to the ventral diencephalon. In other words, the predominant telencephalic DA source 

in zebrafish may be derived locally (Fig. 1.5) (Tay et al., 2011). In line with this, it has been 

suggested that the ventral diencephalic-subpallial DA system plays an important role in the 

neuromodulatory integration of sensory function, neuroendocrine state and physiology, motor 

control, as well as control of behaviour and cognition (Haehnel-Taguchi et al., 2018; Tay et al., 

2011). The dopaminergic system in the zebrafish brain begins to form at about 15-18 hpf in the 

telencephalon and diencephalon with projections that terminate locally. D2 receptors, TH, and 

DAT are first dopaminergic cell markers appear in the CNS of developing zebrafish (Boehmler et 

al., 2004; Souza and Tropepe, 2011). By 5 dpf, dopaminergic neurons and all DA receptor subtypes 

are expressed throughout the zebrafish brain, specifically in the telencephalon. The early 

appearance of dopaminergic neurons in the zebrafish brain indicates the important role of this 

neurotransmitter in the development of the CNS and in the formation of neural circuits involved in 

a variety of behaviours and physiological processes (Panula et al., 2010; Souza and Tropepe, 2011). 
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Therefore, early transient alterations in the dopaminergic system may produce persistent alterations 

in the brain functions and behavioural abnormalities in adult zebrafish (Formella et al., 2012).  

 

Figure 1.5. Schematic representation of dopaminergic pathways in zebrafish. Black circles indicate main dopaminergic 

nuclei in the zebrafish brain. Arrows denote ascending and descending DA projections to different brain regions. 

Abbreviations: TPp, periventricular nucleus of the posterior tuberculum; PVO, paraventricular organ; PTN, posterior 

tuberal nucleus (Figure modified from Tay et al., 2011). 

Zebrafish possess all genes involved in DA synthesis, re-uptake, storage, and metabolism. As a 

result of the teleost gene duplication event, zebrafish have two paralogous genes encoding TH. 

TH1 is mainly expressed in the telencephalon, ventral thalamus, and posterior tuberculum while 

TH2 more broadly distributed in the hypothalamus and posterior tuberculum as well as in 

peripheral tissues such as kidney and liver (Maximino et al., 2016). Some studies have shown that 

TH2 gene encodes a tryptophan hydroxylase instead of TH, and it is also co-localized with 

serotonin in the ventral diencephalon and caudal hypothalamus in the zebrafish brain (Ren et al., 

2013). Therefore, TH1 is referred to as TH in zebrafish brain (Horzmann and Freeman, 2016). 

Zebrafish possess two VMAT genes: VMAT1 which is localized exclusively in peripheral 

neuroendocrine cells and VMAT2 which is found in the telencephalon and diencephalon 

(Maximino et al., 2016). Zebrafish also carry a single copy of DAT (solute carrier family 6 

(neurotransmitter transporter), member 3; SLC6A3) which is responsible for the re-uptake of DA 

from the synaptic cleft back to the pre-synaptic neuron and is highly expressed in the telencephalon, 

preoptic area, posterior tuberculum, and hypothalamus. Contrary to mammals which have two 

MAO genes (MAO-A and MAO-B), only one gene related to MAO enzyme is found in the 
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zebrafish genome. The highest level of MAO activity is detected in the zebrafish hindbrain as well 

as in the ventral and dorsal parts of the telencephalon (Maximino et al., 2016). In the zebrafish 

brain, MAO appears to be more important though in the metabolism of serotonin than DA 

(Anichtchik et al., 2006). COMT, another enzyme involved in DA metabolism, was not well 

characterized in the zebrafish until recently. Zebrafish possess two COMT genes: COMTA and 

COMTB. The expression of these genes (COMTB in particular) was detected in the zebrafish brain 

(the areas near the telencephalic and diencephalic ventricles) (Semenova et al., 2017). However, it 

is still not clear whether COMT is involved in DA metabolism in the zebrafish brain. 

Zebrafish also possess all DA receptor subtypes corresponding to the mammalian D1 and D2 

receptor families. In zebrafish, seven copies of the D1 receptor gene have been described. However, 

only the DRD1b subtype shares high similarity with the mammalian D1 receptor and is expressed 

mainly in the telencephalon, diencephalon, and hindbrain. The other six D1 receptors were inferred 

from sequence analysis and structure prediction, hence next to nothing is known about their 

functions in the zebrafish brain (Li et al., 2007; Maximino et al., 2016). Three D2 receptor genes 

have been identified in zebrafish: DRD2a, DRD2b, and DRD2c. In zebrafish, DRD2a is expressed 

in the hypothalamus, pituitary gland, hindbrain, and spinal cord. DRD2b and DRD2c receptors are 

mainly localized in the telencephalon, diencephalon, and hindbrain. A single copy of the DRD3 

gene has been described in the zebrafish brain with low to moderate expression in the telencephalon 

and hindbrain, and high expression in the diencephalon. Three D4 receptor subtypes have been 

described in zebrafish. DRD4a and DRD4b subtypes are highly expressed in the telencephalon, 

diencephalon, hindbrain, and retina. However, the expression of DRD4c is restricted to the spinal 

cord and retina (Boehmler et al., 2007; Boehmler et al., 2004; Maximino et al., 2016).  

In zebrafish, DA is thought to be involved in the regulation of social interaction. For example, the 

development of shoaling has been found to be associated with rising DA levels in the zebrafish 

brain (Buske and Gerlai, 2011). Moreover, dopaminergic neurotransmission has been shown to 

control agonistic interactions in zebrafish (Dahlbom et al., 2012). It has also been demonstrated 

that antagonism of D1 receptors disrupted social preference in zebrafish (Scerbina et al., 2012). In 

a recent study, it has been found that developmental social isolation reduced dopaminergic response 

to social stimuli (Shams et al., 2018). In addition to social behaviours, DA can also affect motor 

activity in these small tropical fish. DA receptor (both D1 and D2) agonists and antagonists have 
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previously been found to alter zebrafish larvae swimming patterns. While DA receptor agonists 

increased locomotion, the selective antagonists decreased zebrafish activity (Irons et al., 2013). 

Tran et al. (2015) also showed that antagonism of the D1 receptor decreased locomotor activity 

(total distance traveled by the fish) in adult zebrafish. However, zebrafish exposed to a D2 receptor 

antagonist exhibited a decreased and increased activity with low and high concentrations of the 

drug, respectively (Tran et al., 2015). There is also some evidence that DA is involved in the 

regulation of learning and memory in zebrafish. For instance, the exposure to nicotine increased a 

DA metabolite (DOPAC) concentrations in the brain and improved learning performance of 

zebrafish tested in a spatial discrimination task (Eddins et al., 2009). Moreover, antagonism of D2 

receptors, but not D1 receptors, impaired conditioned place preference in zebrafish (Darland et al., 

2012). However, there is still a paucity of information about the role of DA receptors in the 

regulation of other forms of learning and memory in zebrafish including associative learning and 

latent learning.  

1.6. Research objectives 

My research was primarily designed to investigate the effects of chronic exposure to 

environmentally relevant concentrations of dietary SeMet on learning and memory in zebrafish and 

its underlying mechanisms. DA is one of the most important neurotransmitters in the brain, which 

is involved in the regulation of different forms of learning and memory. Moreover, previous studies 

have shown that the normal functions of the dopaminergic system are strongly linked to Se 

concentrations in the brain. However, due to the prooxidant nature of Se, supranutritional levels of 

this element can lead to the dysfunction of the dopaminergic system, which is highly sensitive to 

oxidative stress. Therefore, this research was primarily focused on alterations in the dopaminergic 

neurotransmission in the zebrafish brain as a possible mechanism underlying Se neurotoxicity. 

Dietary Se can also be deposited into the eggs, transferred to the embryos, and deleteriously affect 

early life stages of fish. DA is one of the first neurotransmitters that appear in the developing CNS 

of zebrafish modulating the development and functions of neural circuits involved in fish cognition 

and behaviour. Therefore, maternal exposure to dietary Se via changes in the dopaminergic system 

during early development may cause persistent behavioural abnormalities into adulthood. It has 

previously shown that developmental exposure to SeMet impaired spatial learning in adult 

zebrafish (Smith et al., 2010). However, next to nothing is known about its underlying mechanisms. 

Although DA has been shown to be involved in the regulation of a number of behaviours in fish, 
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its role in mediating learning and memory is yet to be elucidated. Accordingly, before examining 

the effects of Se on the dopaminergic system and its consequences in zebrafish learning, it was 

important to elucidate the role of DA receptors in the regulation of different forms of learning and 

memory.  

Fish are among the most sensitive organisms to Se toxicity. However, the majority of studies have 

been restricted to the reproductive and developmental effects of Se on fish. Since learning and 

memory affect a variety of behaviours including foraging behaviour, mate choice, and anti-

predatory behaviour their impairment may directly or indirectly influence fish health and survival. 

Furthermore, the dysfunction of the dopaminergic system is implicated in several neurological 

disorders such as Parkinson disease, schizophrenia, and attention-deficit-hyperactivity disorder. 

Accordingly, this study can also provide an understanding of how the exposure to environmental 

contaminants such as Se may contribute to brain disorders.   

Hypothesis: This research project is based on the principal hypothesis that “chronic dietary 

exposure to environmentally relevant concentrations of SeMet leads to learning impairment in 

zebrafish via induction of oxidative stress and disruption of the dopaminergic system”. 

Research objectives: My research has five main objectives which are as follows: 

1. To get insights into the role of DA receptors in the acquisition and consolidation of latent 

learning (unreinforced spatial learning) in adult zebrafish (Chapter 2). 

In this study, adult zebrafish were exposed to both specific and non-specific DA receptor agonists 

and antagonists before and after the training in a latent learning paradigm. For latent learning tasks, 

fish were trained in a complex maze for a period of 16 days. During this period fish were required 

to acquire information about the spatial layout of the maze and use this information once provided 

with a reward in a probe trial.  

2. To provide insights into the role of DA receptors in the acquisition, consolidation, and recall 

of associative learning (reward-related learning) in adult zebrafish (Chapter 3).  

In this study, adult zebrafish were exposed to specific DA receptor agonists and antagonists. 

Moreover, fish were trained and tested in a plus-shaped maze where they were required to associate 

a reward with a reward-predictive cue. To examine the effects of dopaminergic drugs on the 

acquisition, consolidation, and recall of associative learning performance, fish were exposed to 
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each drug before training, after training, and before the probe trial. Finally, fish were tested in a 

probe trial. 

3. To investigate the effects of chronic dietary exposure to environmentally relevant 

concentrations of Se on latent learning in adult zebrafish (Chapter 4).   

In this study, adult zebrafish were exposed to different dietary concentrations of SeMet (low, 

medium, and two high concentrations) for 30 days and then tested in a latent learning task. Total 

Se concentrations were measured in food, water, and whole-body tissues. To uncover 

mechanism(s) underlying Se neurotoxicity, the change in oxidative status and alterations in 

dopaminergic neurotransmission in the zebrafish brain were determined. The GSH:GSSG ratio and 

lipid peroxidation content of the brain were used as biomarkers of oxidative stress. Moreover, the 

mRNA expression of DA receptor genes, as well as the expression of genes involved in the DA 

synthesis, re-uptake, and metabolism were evaluated. In addition to these, the expression level of 

two IEGs including BDNF and EGR-1 as markers of neuronal activity was assessed in the zebrafish 

brain.  

4. To investigate the effects of chronic dietary exposure to Se on associative learning in adult 

zebrafish (Chapter 5).   

In this study, adult zebrafish were exposed to environmentally relevant concentrations of dietary 

SeMet for a period of 60 days. Then, fish were trained and tested in a plus-shaped maze similar to 

the second objective (Chapter 2). Total Se concentrations were measured in fish diet, water, and 

whole-body tissues. The induction of oxidative stress was evaluated by measuring GSH:GSSG 

ratio, lipid peroxidation, and the expression of antioxidant enzymes (glutathione peroxidase 1a 

(GPX1a), catalase (CAT), manganese superoxide dismutase (Mn-SOD), and copper/zinc 

superoxide dismutase (Cu/Zn-SOD)). DA levels of the brain were quantified using a DA enzyme-

linked immunosorbent assay kit. The expression of genes associated with DA receptors, DA 

synthesis, storage, transportation, and metabolism was quantified in the zebrafish brain. Moreover, 

the expression of genes involved in neural plasticity and neurogenesis including BDNF, neuronal 

PAS domain protein 4a (NPAS4), and neuronal differentiation 1(NEUROD 1) was also examined 

in the zebrafish brain. At the end of this experiment, female fish treated with different 

concentrations of Se were crossed to unexposed adult male fish in order to produce embryos 

required for the final experiment. 



35 
 

5. To study the effects of maternal exposure to environmentally relevant concentrations of Se 

on learning and memory in F1-generation adult zebrafish (Chapter 6).   

In this experiment, zebrafish embryos obtained from the fourth experiment were raised in clean 

water and fed with a normal diet until adulthood (6 months). F1-fish were then trained and tested 

in a latent learning paradigm. Mortalities and developmental abnormalities in early life stages of 

zebrafish were recorded. Total Se concentrations were measured in fish diet, water, and whole-

body tissues of F0-fish. To evaluate the oxidative status of the brain several biomarkers including 

the GSH:GSSG ratio, lipid peroxidation, and the mRNA expression of genes related to antioxidant 

enzymes were measured in the brain of F1-fish, as described in the fourth objective. DA levels and 

the expression of genes involved in DA neurotransmission including DA receptors, TH, DAT, 

VMAT2, and MAO were assessed in the brain of F1-fish. Moreover, the transcript levels of 

immediate early genes including BDNF, EGR-1, and NEUROD 1 were also determined in the 

brain of F1-fish. 
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Chapter 2: Dopamine receptors participate in the acquisition and consolidation of 

latent learning of spatial information in zebrafish (Danio rerio)

Preface  

The aim of this chapter is to address the first objective of my doctoral research work, which is to 

provide insights into the role of dopamine receptors in the acquisition and consolidation of latent 

learning in adult zebrafish. To this end, fish were exposed to D1 and D2 receptor agonists and 

antagonists for 30 min before and after training in a latent learning task for 16 days. The results of 

this study show that both D1 and D2 receptors are critically involved in the regulation of latent 

learning in zebrafish, with a more prominent role for D2 receptors. Moreover, the findings of this 

chapter provide a basis for Chapters 4 and 6 where I have investigated the effects of chronic and 

maternal exposure to selenomethionine on the dopaminergic system and latent learning 

performance in zebrafish. 

The content of Chapter 2 was reprinted (adapted) from Progress in Neuro-Psychopharmacology 

and Biological Psychiatry (DOI: 10.1016/j.pnpbp.2016.01.002). Naderi, M., Jamwal, A., Ferrari, 

M.C.O., Niyogi, S., Chivers, D.P. “Dopamine receptors participate in acquisition and consolidation 

of latent learning of spatial information in zebrafish (Danio rerio)”. Copyright 2016, with 

permission from Elsevier Inc. 
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2.1. Introduction 

Learning and memory are fundamental functions of the brain that enable animals to respond 

plastically to their environmental needs (Gerlai, 2011). During recent years, a growing body of 

evidence has highlighted a number of different hormonal and neurotransmitter systems involved in 

these cognitive processes (Sweatt, 2009). Dopamine (DA) is one of the major neurotransmitters in 

the central nervous system (CNS) of vertebrates which plays vital roles in a variety of brain 

functions including locomotor activity, emotion, positive reinforcement, neuroendocrine 

integration, and cognition (Cropley et al., 2006; Girault and Greengard, 2004; Iversen and Iversen, 

2007). Dysfunctions in the homeostatic control of brain dopaminergic neurotransmission are 

implicated in a number of neurological and psychiatric disorders, including Parkinson’s disease, 

schizophrenia, drug addiction, and attention-deficit hyperactivity (Bowton et al., 2010; Goodman, 

2008; Lodge and Grace, 2011a; Missale et al., 1998). 

This catecholamine neurotransmitter is largely found in the mesolimbic, mesocortical, nigrostriatal, 

and tuberinfundibular pathways where its effects are governed by two distinct families of G 

protein-coupled receptors: the D1-like receptors family (D1 and D5 subtypes) and the D2-like 

receptors family (D2, D3, and D4 subtypes). The D1-like receptors (henceforth referred to simply 

as D1 receptors) are Gαs/olf-coupled receptors that are positively coupled to adenylyl cyclase 

activity (AC) to increase intracellular levels of cyclic adenosine monophosphate (cAMP). In 

contrast, the D2-like receptors (hereafter D2 receptors) are Gi/o-coupled receptors which inhibit AC 

and reduce intracellular levels of cAMP (Dalley and Everitt, 2009; Meneses, 2013; Missale et al., 

1998). DA receptors are widely present in a number of DA-innervated regions of the brain, which 

are critically involved in cognition, such as the hippocampus, prefrontal cortex (PFC), amygdala, 

and ventral and dorsal parts of the striatum (El-Ghundi et al., 1998). Abundant evidence shows that 

DA receptors are critically involved in many forms of learning and memory (Dalley and Everitt, 

2009; El-Ghundi et al., 1998; Puig et al., 2014). Spatial learning and memory is one of the advanced 

neurophysiologic functions of the animal brain, which allows individuals to navigate their 

surrounding environment and learn to associate particular spatial cues or places with particular 

responses or events which are crucial for the survival and fitness (Sweatt, 2009). Several lines of 

evidence have demonstrated a profound effect of DA neurotransmission in the control of different 

forms of spatial learning and memory in rodents (da Silva et al., 2012; Granado et al., 2008; Tran 

et al., 2015). However, the specific role of DA receptors in mediating the different phases (i.e. 
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acquisition, consolidation, and retrieval) of spatial learning and memory remains poorly 

understood. 

Most of our knowledge about the behavioural effects of DA receptors and other neurotransmitters 

stems from studies using mammalian models (Sweatt, 2009). However, it is widely believed that 

mammalian organisms per se have become a bottleneck in the implementation of neurobehavioural 

research. Requiring lots of space, high costs of maintenance, and displaying complex behaviours 

which are difficult to measure and interpret are some drawbacks with mammalian models 

(Bowman and Zon, 2010; Newman et al., 2011). Among vertebrates, zebrafish (Danio rerio), 

which have proven to be an ideal model organism in genetics and developmental biology, is 

solidifying its spot as a prolific and cost-effective model organism for neuropharmacological and 

behavioural research (Bailey et al., 2015; Kalueff et al., 2013). It is an excellent alternative to 

mammalian models because it enjoys sequence identity to most human genes, it has a rich 

behavioural repertoire, it is highly malleable, and accessible (Newman et al., 2011). Despite its 

small size, zebrafish possess a complex brain patterning with the structure and function of 

neurochemical systems similar to those of mammals. For example, different parts of pallium and 

subpallium in zebrafish forebrain have been implicated as functional homologues of cortical and 

sub-cortical structures in mammals, including the hippocampus, amygdala, and striatum (Cheng et 

al., 2014; Friedrich et al., 2010). All major neurotransmitter systems in mammals are also 

represented in the zebrafish brain (Kalueff et al., 2014; Panula et al., 2006). Specifically, subpallial 

DA neurons and ventral diencephalic DA neurons of the zebrafish posterior tuberculum are 

identical to the midbrain dopaminergic pathways in mammals (Rink and Wullimann, 2002b; 

Schweitzer and Driever, 2009; Tay et al., 2011). More interestingly, all DA receptor subtypes have 

been identified and cloned in zebrafish, which resemble those of mammalian organisms (Boehmler 

et al., 2007; Boehmler et al., 2004; Li et al., 2007). 

Along with the adaptation of rodent learning paradigms, significant strides have also been made to 

develop robust and replicable techniques to specifically investigate neurocognitive functions in 

zebrafish (Blaser and Vira, 2014). Although they are considered as newcomers in studies of 

learning and memory (Sison et al., 2006), zebrafish cognitive abilities have been successfully 

compared to that of mammalian counterparts in a broad range of learning and memory paradigms 

(Al-Imari and Gerlai, 2008; Chacon and Luchiari, 2014; Colwill et al., 2005; Pather and Gerlai, 
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2009; Sison and Gerlai, 2011). Recent studies have also shed light on the capability of zebrafish 

for solving complex spatial learning tasks (Gómez-Laplaza and Gerlai, 2010; Karnik and Gerlai, 

2012; Luchiari et al., 2015), further advocating the competency of this model organism to study 

memory functions in vertebrates. 

Despite the fact that zebrafish model has opened a new avenue towards high-throughput assays of 

cognitive functions, there is still a paucity of information on the involvement of different 

neuromodulatory systems in learning and memory processes in this species. The cumulative 

evidence provides a firm foundation that DA underlies a variety of neurobehavioural functions in 

zebrafish such as locomotor activity, anxiety, and social interaction (Irons et al., 2013; Savio et al., 

2012; Scerbina et al., 2012). Using a three-chamber task of spatial discrimination, it has been 

demonstrated that nicotine administration improves learning performance in zebrafish via the 

mediation of the dopaminergic system (Eddins et al., 2009). Furthermore, Darland et al. (2012) 

have shown that antagonism of D2 receptors, but not D1 receptors, impaired cocaine-induced 

conditioned place preference in zebrafish (Darland et al., 2012). However, to our knowledge next 

to nothing is known about the direct effect of DA receptors manipulation on different aspects of 

spatial learning and memory in zebrafish. In the present study, we sought to clarify the role of DA 

receptors in two different phases of learning and memory: acquisition and consolidation of 

memory. To this end, we used a spatial latent learning paradigm that has specifically been 

developed to study learning and memory processes in zebrafish (Gómez-Laplaza and Gerlai, 2010; 

Luchiari et al., 2015). Unintentional or unplanned acquisition of information forms a major part of 

normal learning and memory in animals and humans. This paradigm is based on the principles of 

latent learning in which fish incidentally learn about the spatial construction of a complex maze by 

exploring and wandering, in the absence of reinforcer. Once a relevant reinforcer or reward is 

introduced into that environment, subjects use the spatial map to find the reinforcer more quickly 

than those individuals that were not given the unreinforced exploration (Jensen, 2006). 

2.2. Materials and methods 

2.2.1. Animals and maintenance 

A total of 136 adult (130 experimental fish plus 6 fish as stimulus fish) wild-type zebrafish (1-year-

old, ~ 1:1 male: female ratio) were used in this study. The animals were obtained from the 

University of Saskatchewan Health Sciences vivarium and were given at least 14 days to acclimate 
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to the animal facility. The fish were housed in groups of 16 in glass tanks (50 cm × 30 cm × 25 cm, 

length × width × depth; 50-l) at the Aquatic facility of the Dept. of Biology. All tanks were filled 

with filtered and de-chlorinated Saskatoon tap water with room and water temperatures maintained 

at 26 ± 1 °C. The illumination of holding tanks was provided by overhead fluorescent light tubes 

(23 W) mounted directly above the tanks on a 12-hr cycle (08.00–20.00 hr light) consistent with 

the zebrafish standard of care (Westerfield, 2007). Fish were fed two times a day (at approximately 

10:00 a.m. and 4:00 p.m., 2% body weight/day ration) with a mixture of ground flake food 

(Nutrafin Max flakes, Hagen, Germany) and frozen brine shrimp (Sally's, San Francisco Bay Brand 

Inc., USA). Each alternate day, 30% of the water was replaced with fresh system water. The 

housing conditions were identical for both experimental fish and stimulus group. 

2.2.2. Drugs and pharmacological manipulations 

All drugs were purchased from Sigma-Aldrich (St. Louis, MO). DA receptor agonists included 

apomorphine hydrochloride hemi-hydrate (APO, non-selective DA receptors), (±)SKF-38393 

hydrochloride (SKF, selective D1 receptors), and (−)quinpirole hydrochloride (QUIN, selective D2 

receptors). DA receptor antagonists consisted of R-(+)-SCH-23390 hydrochloride (SCH, selective 

D1 receptor antagonist), and eticlopride hydrochloride (ETIC, selective D2 receptor antagonist). 

Based on previous studies on fish and rodents, we used doses of 0.1 mg/l of APO, 10 mg/l of SKF, 

1 mg/l of QUIN, 1 mg/l of SCH, and 0.5 mg/l of ETIC (Ahlenius et al., 1977; Boehmler et al., 

2007; Irons et al., 2013; Mora-Ferrer and Gangluff, 2002; Scerbina et al., 2012).  

Experimental fish (n = 130) were randomly assigned to thirteen 30-l glass tanks in order to make 

groups of 10 fish per tank and were subjected to drug treatment and learning and memory tests. 

The sex ratio in each tank was approximately 50:50%. There was no significant effect of sex. 

Therefore, the data for the sexes were pooled. The fish were allowed to acclimate to their new tanks 

for 3 days prior to the initiation of the experiment. A solution-immersion method was applied 

according to drug delivery protocols previously proposed for zebrafish (Scerbina et al., 2012; Sison 

and Gerlai, 2011). For this, the appropriate amount of each drug was dissolved in a 3-l rectangular 

beaker contained system water. Afterward, fish were gently netted out from their respective tanks 

and placed in the beaker which was slightly aerated. Experimental fish were allowed to explore the 

beaker for 30 min to uptake the drug through the mouth, gills, and skin (Sison and Gerlai, 2011). 

The efficacy of this exposure period has already been established, where dopaminergic drugs and 
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other neurotransmitter-targeted agents have shown to reach and affect the brain in zebrafish 

(Scerbina et al., 2012; Sison and Gerlai, 2011; Tran et al., 2015). The effects of dopaminergic drugs 

persist up to 260 min (Irons et al., 2013), while the exploration period for each training trial did not 

exceed 30 min. In order to target different phases of learning and memory (including acquisition 

and consolidation) we applied two different drug administration time points: before the start of 

training to target the acquisition process and after the training trial of each day to target 

consolidation of memory. Therefore, for evaluating the possible impact of DA receptors on the 

acquisition process, 10 fish in each group treated with APO, SKF, QUIN, SCH, and/or ETIC prior 

to each training. However, for the investigation of the consolidation process, fish received these 

drugs immediately after the end of each training trial. Moreover, two groups of 10 fish were served 

as controls for either acquisition or consolidation process. Control fish experienced the same 

manipulation and training sessions similar to their corresponding groups (either acquisition or 

consolidation), but fish received no chemical exposure. A group of 10 fish also served as untrained 

controls which were exposed to neither drugs nor training sessions. (5 chemicals × 2 times = 10 

treatment groups + 2 trained control groups + 1 untrained control group). 

2.2.3. Apparatus and learning procedure 

The test apparatus used in this study was identical to one recently introduced by Gómez-Laplaza 

and Gerlai (2010). The maze was constructed from 2 mm thin transparent Plexiglas and contained 

two side and one straight tunnel which were branched from a start chamber and led to a reward 

chamber, making a 4-way intersection (see Fig. 2.1). The straight tunnel was blocked in order that 

physical access to the reward chamber was only possible via left and right tunnels. The maze was 

filled with system water to reach a 10 cm water depth with the same temperature as experimental 

tanks. Transparency of the maze provided the experimental fish with visual access to all parts of 

the maze, from any location. The maze was located on a wooden table that covered by a white 

plastic tablecloth. The front path of the start chamber was closed using a transparent Plexiglas sheet 

and once was open the experimental fish had three choices: swim back into the start chamber, 

choose the right and/or left tunnels that take them to the reward chamber.   
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Figure 2.1. Schematic drawing of the latent learning apparatus used in this study. The maze is made of transparent 

Plexiglas similar to what was employed before (Gómez-Laplaza and Gerlai, 2010). The start chamber, left and right 

tunnels, and reward chamber are illustrated in the figure. The numbers indicate the dimensions of the maze in cm. 

Striped walls point to removable doors leading to the reward chamber. Note that the reward chamber contained 

stimulus fish only during the probe trial. 

During the training period, groups of 10 fish from their respective treatments were netted out and 

placed in the start chamber to acclimate for 30s, thereafter they were released and allowed to freely 

explore the maze. Fish in groups that received APO, SKF, and QUIN were allowed to explore the 

maze with the right tunnel open while the left tunnel was closed. However, fish in the control 

groups and those treated with SCH and ETIC were trained to reach the reward chamber via the left 

tunnel open. This training pattern was randomly chosen based on a coin flip. Finally, in order to 

certify the process of learning in our maze, one group of 10 fish was underwent a manipulation and 

handling procedure similar to other groups, but these fish were exposed to a rectangular Plexiglas 

tank that was filled with water to a depth identical to the maze (hereinafter referred to as other tank 

group or untrained group). Each training trial lasted 30 min and fish were allowed to explore the 

maze. During the training sessions the reward chamber was kept empty (i.e. no stimulus group was 

presented). This process repeated for 16 consecutive days.  

At the conclusion of the training sessions, we performed a probe trial in order to evaluate learning 

performance in experimental fish. To this end, a single fish was placed in the start chamber of the 

maze for 30s and then released to explore the maze for 10 min. During the probe trial, both the 
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right and left tunnels were open. More importantly, the reward chamber contained 6 stimulus fish. 

Given the highly social nature of zebrafish (Spence et al., 2008), the sight of conspecifics has been 

shown to have robust and insatiable rewarding properties (Al-Imari and Gerlai, 2008; Gerlai, 2011). 

Therefore, we assumed that the experimental fish according to their training choose either the right 

or left tunnels to reach the close proximity of their conspecifics. The behaviour of subjects was 

recorded using an HD webcam (Logitech c310, USA) mounted above the maze. Footages were 

analyzed using image processing and vision techniques utilizing MATLAB (Academic version 

R2015a) and the parameters of interest were extracted (MATLAB codes were specifically 

developed for this experiment). The behavioural variables quantified included the latency to leave 

the start chamber, the time spent in the left and the right tunnel leading to the reward chamber, the 

latency to enter the reward chamber, the time spent in the reward chamber, and locomotion (total 

distance traveled). 

2.2.4. Statistical analysis 

Data were analyzed parametrically using SPSS software (version 22.0, IBM SPSS Inc., USA) and 

are expressed as mean ± the standard error of the mean (SEM). To compare the performance of 

fish in the trained (the groups with one tunnel open) and untrained (other tank) groups independent 

sample t-tests were conducted. One-way ANOVA with planned contrasts was performed to 

compare group differences in cognitive performance before and after exposure to DA agonists and 

antagonists. We used simple contrasts, hence comparing each drug-treated group to the control 

group only. In all comparisons, the significance level was set at p < 0.05.  

2.3. Results 

Zebrafish actively explored the maze during both the training sessions and probe trial, and 

exhibited no signs of fear such as freezing, erratic movement or jumping (Parra et al., 2009; Speedie 

and Gerlai, 2008).  

2.3.1. Trained control groups versus the untrained control group 

In order to certify the process of learning in experimental fish, we compared different measures of 

cognitive performance between the other tank trained group (untrained in the maze) and the trained 

control groups (the groups with one tunnel open which served as control groups for the acquisition 

and consolidation processes). As shown in Fig. 2.2A and demonstrated by the t-test, fish in control 

groups that were trained in the maze exhibited significantly lower latency to leave the start chamber 
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compared to fish of the untrained group (acquisition: t 10.14 = 2.32, p = 0.041; consolidation: t 9.37 = 

2.28, p = 0.045), indicating a higher motivation of these groups to explore the maze. Next, we 

examined the route bias in the experimental fish by quantifying the amount of time they spent in a 

certain tunnel according to their past training experience. As Fig. 2.2B depicts, fish in the control 

groups (both acquisition and consolidation) trained with one tunnel open appeared to spend more 

time in their respective tunnel. Independent sample t-test confirmed this observation and showed 

that fish in control groups trained with one route open spend significantly more time in that tunnel 

compared to the untrained fish (acquisition: t 18 = 2.63, p = 0.016; consolidation: t 18 = 2.27, p = 

0.035). Latency to enter the reward chamber (Fig. 2.2C) was served as another factor which reflects 

the motivation and motor function of experimental fish to reach the reward chamber (Gómez-

Laplaza and Gerlai, 2010). Independent sample t-test showed a significant effect of training, since 

fish in the trained control groups reached the reward chamber significantly sooner than the 

untrained group (acquisition: t 18 = 4.79, p = 0.001; consolidation: t 13.11 = 4.64, p = 0.001). We 

also quantified the duration of time that subjects spent in the reward chamber. This measure 

indicates the shoaling tendency of our experimental fish to stay with their conspecifics. As depicted 

in the Fig. 2.2D, the t-test showed no significant differences among the trained control groups and 

untrained control group in the amount of time the spent in the reward chamber (acquisition: t 11.89 

= 0.53, p = 0.59; consolidation: t 13.18 = 0.13, p = 0.89). The level of activity of experimental fish 

we also quantified as the total distance traveled by fish. This factor represents either motivation of 

fish to explore the maze to find the reward chamber or level of reluctance and fear. Fig. 2.2E 

presents the total distance traveled by experimental fish over the probe trial. Independent sample 

t-test found no significant difference in locomotor activity between the trained and untrained 

control groups (acquisition: t 12.24 = 0.19, p = 0.85; consolidation: t 18 = 0.55, p = 0.58). Taken 

together, these results emphasize the efficiency of learning paradigm used in this study. Moreover, 

there was no significant difference in learning performance between males and females.     
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Figure 2.2. The effect of training trials on the performance of adult zebrafish in latent learning task in comparison to 

the untrained fish. The latency to leave the start chamber (A), difference between the time spent in the correct vs. 

incorrect tunnel according to the training condition (B), the latency to enter the reward chamber (C), duration of time 

the fish spent in the reward chamber (D), and locomotion (E). Asterisks above error bars denote a significant difference 

at p < 0.05 (n = 10). 

2.3.2. Effects of dopaminergic drugs on the acquisition of latent learning 

In Fig. 2.3 the effects of different dopaminergic drugs on the acquisition of latent learning task in 

zebrafish are shown. As illustrated in Fig. 2.3A and confirmed by one-way ANOVA, there was a 
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significant difference (F 5, 54 = 8.62, p = 0.001) in latency to leave the start chamber among 

treatment groups. Planned contrasts recognized that groups treated with APO (t 13.89 = -2.60, p = 

0.021), SKF (t 11.94 = -3.99, p = 0.002), and QUIN (t 11.66 = -2.09, p = 0.023) showed remarkably 

longer latencies to leave the start chamber, while fish in the group received ETIC exhibited 

significantly (t 10.60 = 2.59, p = 0.026) shorter latency to leave the box compared to the control 

group. There was no statistically significant difference in the latency to leave the start chamber 

between the group exposed to SCH (t 17.08 = 0.67, p = 0.50) and the control group. After leaving 

the start chamber fish appeared to have the route bias (Fig. 2.3B). ANOVA confirmed this 

observation (F 5, 54 = 12.83, p = 0.001) and planned contrasts showed that fish in groups treated 

with APO (t 54 = 3.15, p = 0.003), SKF (t 54 = 3.10, p = 0.003), and QUIN (t 54 = 4.64, p = 0.001) 

spent significantly less time in their corresponding tunnel. In contrast, dwelling time in the correct 

tunnel significantly increased in fish given ETIC (t 54 = -2.34, p = 0.023) compared to the control 

group irrespective of the tunnel they were trained with. No significant preference in dwelling time 

was found in the group treated with SCH (t 54 = 1.32, p = 0.192). The latency to enter the reward 

chamber after leaving the start box is depicted in Fig. 2.3C. ANOVA demonstrated a significant 

effect of dopaminergic drugs (F 5, 54 = 17.30, p = 0.001). Planned contrasts showed that exposure 

to APO (t 15.13 = -9.54, p = 0.001), SKF (t 11.74 = -4.65, p = 0.001), and QUIN (t 10.43 = -3.11, p = 

0.010) significantly prolonged the latency to reach the reward chamber. In contrast, fish that were 

given ETIC reached the reward chamber significantly sooner (t 13.04 = 2.19, p = 0.046) compared 

to the control group. However, latency to enter the reward chamber was statistically 

indistinguishable between fish that received SCH (t 14.64 = 0.36, p = 0.72) and the control group. 

Furthermore, the tendency of fish to shoal with their conspecifics was quantified as the amount of 

time the experimental fish spent in the reward chamber (Fig. 2.3D). ANOVA showed statistically 

significant differences (F 5, 54 = 6.20, p = 0.001) among groups in the amount of time the 

experimental fish stayed in the reward chamber. Subsequently, planned contrasts identified that the 

fish treated with APO spend significantly lower time (t 54 = 2.66, p = 0.010) in the reward chamber. 

Nevertheless, fish that were given SKF (t 54 = -1.82, p = 0.074), QUIN (t 54 = 1.75, p = 0.85), SHC 

(t 54 = -1.32, p = 0.190), and ETIC (t 54 = 1.08, p = 0.281) stayed the same amount of time near the 

stimulus group in comparison to the control group. Additionally, ANOVA did not show any 

significant alteration in locomotor activity (Fig. 2.3E) among different groups (F 5, 54 = 2.33, p = 

0.056). 
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Figure 2.3. The effects of dopaminergic agonists and antagonists on the acquisition of latent learning in adult zebrafish. 

The latency to leave the start chamber (A), difference between the time spent in the correct vs. incorrect tunnel 

according to the training condition (B), the latency to enter the reward chamber (C), duration of time the fish spent in 

the reward chamber (D), and locomotion (E). Asterisks above error bars denote a significant difference at p < 0.05 (n 

= 10).  
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2.3.3. Effects of dopaminergic drugs on consolidation of latent learning 

In the last stage of the present study, we investigated the effect of dopaminergic drugs on the 

consolidation process of latent learning in zebrafish. As shown in Fig. 2.4A, there was a trend 

towards higher latencies to leave the start chamber for some drug-treated groups. In this regard, 

ANOVA found a significant treatment effect (F 5, 54 = 5.54, p < 0.001). Planned contrasts further 

showed that fish in groups received APO (t 9.89 = -2.97, p = 0.014), SKF (t 9.35= -2.46, p = 0.035), 

and QUIN (t 11.76= -4.18, p = 0.001) exhibited a significantly higher latency to leave the start 

chamber compared with the control group. In contrast, fish that were given ETIC had significantly 

(t 14.66 = 3.92, p = 0.001) shorter latency to exit the start chamber. However, exposure to SCH did 

not change the latency to leave the start chamber (t 11.78 = -0.53, p = 0.60). As represented in Fig. 

2.4B, the time spent in the correct tunnel irrespective of left or right tunnel training appeared to be 

different among groups. ANOVA showed this significant difference (F 5, 54 = 11.77, p < 0.001) and 

planned contrast attributed that to the groups exposed to SKF (t 54 = -2.13, p = 0.037) and QUIN (t 

54 = -4.80, p < 0.001) which preferred to spend significantly less time in their respective tunnels 

when compared to the control group. In contrast, dwelling time in the correct tunnel significantly 

(t 54 = 2.50, p = 0.016) increased in the group treated with ETIC. The time spent in the correct 

tunnel, however, did not significantly differ between the groups that received APO (t 54 = -1.71, p 

= 0.092) and SCH (t 54= -0.823, p = 0.414) compared to the control group. Fig. 2.4C shows the 

latency to enter the reward chamber as measured after the experimental fish left the start box. 

ANOVA recognized a significant main effect of drug treatment (F 5, 54 = 11.82, p = 0.001). Planned 

contrasts showed that it took significantly more time for the fish treated with APO (t 12.04 = 6.07, p 

< 0.001), SKF (t 9.99 = 2.67, p = 0.023), and QUIN (t 11.32 = 3.69, p = 0.003) to reach the reward 

chamber while this time significantly reduced (t 16.01 = -2.60, p = 0.019) in group exposed to SCH. 

However, no significant effect of treatment on the latency to enter the reward chamber was found 

in the group exposed to ETIC (t 17.86 = -1.47, p = 0.15). Fig. 2.4D presents the duration of time 

zebrafish spent in the reward chamber during the probe trial. ANOVA identified a significant effect 

of drug treatment (F 5, 54 = 4.90, p = 0.001) and planned contrasts showed that exposure to APO (t 

10.40 = -4.43, p = 0.001) and ETIC (t 17.04 = -2.19, p = 0.042) significantly reduced the time that 

experimental fish stay close to the stimulus group. However, the tendency to swim in close 

proximity of the stimulus fish did not statistically differ between groups treated with SKF (t 16.08 = 

-0.61, p = 0.54), QUIN (t 13.84 = -2.05, p = 0.060), and SCH (t 17.56 = -0.23, p = 0.81) compared to 
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the control group. As depicted in Fig. 2.4E we also quantified the distance fish swam. However, 

ANOVA did not show any significant effect of drug treatment on this parameter (F 5, 54 = 0.80, p = 

0.55).  
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Figure 2.4. The effects of D1/D2 receptor agonists and antagonists on the consolidation process of latent learning in 

adult zebrafish. The latency to leave the start chamber (A), difference between the time spent in the correct vs. incorrect 

tunnel according to the training condition (B), the latency to enter the reward chamber (C), duration of time the fish 

spent in the reward chamber (D), and locomotion (E). Asterisks above error bars denote a significant difference at p < 

0.05 (n = 10).  
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2.4. Discussion 

In latent learning, animals learn in the absence of reinforcement. The manifestation of the acquired 

information is not displayed at the time of learning, but rather is evident only when a suitable 

reward appears (Jensen, 2006). This type of learning is not principally different from associative 

learning tasks, where a reinforcer is paired with a conditioned stimulus. In fact, the interface 

between these learning paradigms is the presence of reinforcement which evokes a learned 

response. It is also noteworthy that the novelty of the maze per se can act as a reinforcer or reward 

(Gómez-Laplaza and Gerlai, 2010).  

In this study, the experimental fish were given an exploration phase in a spatial environment by 

which they incidentally learned the spatial layout of the maze in the absence of a reinforcer. Once 

the sight of conspecifics emerged as a reward, the subjects were expected to be able to recall and 

use the spatial map to find the stimulus group in a more efficient way than those fish that were not 

given the unreinforced exploration. As seen in Fig. 2.2, the maze-trained fish exhibited 

significantly lower latency to leave the start chamber, higher dwelling time in the tunnel that was 

open during their training, and shorter latency to find the stimulus group compared to the untrained 

fish, indicating that latent learning had taken place. However, all fish spent about the same length 

of time in the reward chamber supporting the high motivation provided by the conspecific school. 

In other words, in spite of reduced exploration tendency in the untrained fish, they still had the 

motivation to stay in close proximity to their conspecifics. 

DA receptors have been shown to modulate different aspects of learning and memory in animals. 

There is very strong experimental support for the involvement of this neurotransmitter in 

information acquisition and consolidation of various types of learning and memory (reviewed in 

El-Ghundi et al., 2007; Dalley and Everitt, 2009). In this study, we have demonstrated that 

stimulation of the D1/D2 receptors impaired both acquisition and consolidation of latent learning 

in zebrafish. Administration of APO before and after training trials was associated with the 

prolonged latency to leave the start chamber, increased dwelling time in the incorrect tunnel, and 

increased latency of the experimental fish to reach the reward chamber (Fig. 2.3 and 2.4). These 

findings clearly suggest that exposure to APO impaired acquisition and consolidation of latent 

learning in zebrafish. Previous studies on rodents have also demonstrated the disruptive effects of 

apomorphine, a non-selective DA receptor agonist on the acquisition and consolidation of memory 
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in different learning paradigms (Carrera et al., 2011; Hale and Crowe, 2001; Pitsikas and Markou, 

2014; Shao et al., 2010). More importantly, there is also compelling evidence that this DA receptor 

agonist disrupts latent learning in mice. Ahlenius et al. (1977) found that administration of APO 

prior to the training trial significantly suppressed the exploratory activity of mice in a latent 

learning task. Moreover, it has also been reported that increased DA transmission induced by the 

DA receptor agonist APO, the DA receptor blockers (GBR 12909 and nomifensine), and DA 

releaser (methamphetamine), attenuated latent learning in the water-finding task (Ichihara et al., 

1993b). Similar results were found in a study by Nabeshima et al. (1994), where administration of 

APO before the training trial produced latent learning impairment in mice (Nabeshima et al., 1994). 

Our results also show that pre- and post-training exposure to APO significantly decreased the 

tendency of shoaling in zebrafish (Fig. 2.3D and 2.4D) which was indicated by a decline in the 

time spent in the reward chamber. Recently, using a protocol similar to the present study, Luchiari 

et al. (2015) have reported a marked decline in the duration of time zebrafish spent in the reward 

chamber after exposure to acute doses of alcohol. Dysfunction of the dopaminergic system which 

is critically important for different aspects of reward processing has been suggested as a possible 

reason for the reduced shoaling tendency of alcohol-treated fish (Adinoff, 2004; Hyman et al., 

2006). Moreover, several studies in rodents highlight the importance of DA for a broad range of 

socially motivated behaviours (Krach et al., 2010). It has been demonstrated that the activation of 

D2 receptors is particularly important in social reactivity (Aragona and Wang, 2009; Cibrian-

Llanderal et al., 2012; Gingrich et al., 2000). In addition, the behavioural effects of APO are 

thought to be mediated in large part via D2 receptors (Ichihara et al., 1993a; Seeman, 1980). 

Therefore, it is highly likely that the reduction in group preference of APO treated fish is mediated 

via D2 receptors. 

As our results indicate (Fig. 2.3E and 2.4E), pre- and post-training administration of APO did not 

alter the locomotor activity of fish. Although the evidence regarding the locomotor effect of APO 

seems inconsistent, previous studies suggested that the effect of APO on motor activity is both 

dose- and context-dependent (Gunzler et al., 2007; Irons et al., 2013). In line with previous reports 

(Coelho et al., 2011; Garcia et al., 2005), our results show that the effect of low dose of APO was 

not significant on motor activity of zebrafish. Additionally, it has been shown that effect of low 

doses of APO similar to that used in this study, on locomotion is transient having the maximal 
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effect within 20 min of administration (Gunzler et al., 2007; Iron et a., 2013). On the other hand, it 

has been demonstrated that APO impairs latent learning by disrupting the animals’ attention to a 

novel stimulus (Ichihara et al., 1993a; Nabeshima et al., 1994). Therefore, we argue that impaired 

ability to swim is not a potential factor underlying the attenuated memory performance in fish, 

instead, the observed cognitive deficit is ascribable to the disruptive effects of APO neural 

mechanisms of learning.  

APO is a non-selective dopaminergic receptor agonist at both D1 and D2 receptors (Seeman, 1980). 

Thus, to identify which receptor specifically mediates the disruptive effects of APO on latent 

learning, we further examined the effects of selective DA receptor agonists and antagonists on 

zebrafish learning performance. The results show that pre- and post-training administration of 

D1/D2 agonists significantly attenuated the learning and memory in zebrafish. Administration of 

SKF and QUIN remarkably increased latency to leave the start chamber, the time spent in the 

wrong tunnel, and latency to reach the reward chamber, indicating impaired acquisition and 

consolidation of latent learning in zebrafish. However, antagonism of D2 receptors by 

administration of ETIC before or after training trials resulted in an enhancement of latent learning 

ability in zebrafish. Our results, including the shortened latency to leave the start chamber, longer 

swimming time in the tunnel route correspond to their prior experience, and diminished latency to 

find and reach the reward chamber clearly imply an improvement in the cognitive performance of 

zebrafish. It is of note that antagonism of D2 receptors by ETIC influenced both acquisition and 

consolidation of memory while administration of SCH did not affect the acquisition of latent 

learning. In fact, post-training administration of SCH just reduced the duration of time that fish 

reach the reward chamber (Fig. 2.4C). Rodent studies demonstrated that the DA receptor agonists 

impair latent learning while the DA antagonists improve it. Ichihara et al. (1993a) found that pre-

training administration of the D2 receptor antagonist sulpiride fully counteracted the disruptive 

effect of APO in a latent learning task in mice and subsequently improve their cognitive 

performance whereas SCH failed to antagonize APO effects. Using a water-finding task, it has also 

been shown that D2 receptor antagonist sulpiride (but not D1 receptor antagonist) effectively 

counteracted impaired latent learning in mice induced by GBR 12909, a selective DA uptake 

inhibitor. Additionally, both D1 and D2 receptor agonists (SKF and QUIN) has been revealed to 

impair latent learning in mice (Ichihara et al., 1993b). Administration of a D2 receptor antagonist 
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(sulpiride) but not D1 receptor antagonist (SCH) significantly improved the deficits in latent 

learning performance in mice induced by mild traumatic brain injury (Tang et al., 1997). 

Our results are in agreement with these studies in which pre- and post-training exposure to D1 and 

D2 agonists attenuated cognitive performance of zebrafish in latent learning task while D2 

antagonist produced a significant memory enhancement. Also of note is the fact that the 

administration of SCH had no effect on acquisition of learning in zebrafish while its stimulatory 

effect was evident on the consolidation process. One might argue that the dose of SCH that we 

used was ineffective to produce significant enhancements of latent learning when administrated 

after training. However, the same dose led to a marked effect on memory consolidation, making 

this possibility remote. An intriguing speculation is that a functional interaction between D1 and 

D2 receptors may to some extent be involved. In this case, it has been postulated that D1 receptor 

antagonists such as SCH are also able to block the effects of D2 receptor agonists, QUIN in 

particular (Andersen and Nielsen, 1986; Byrnes et al., 1994; Gioanni et al., 1998). This raises the 

possibility that the effects of D1 receptors on latent learning in zebrafish were mediated through 

D2 receptors. Taken together, our findings indicate that stimulation of both D1 and D2 receptors 

is important, but the effects of DA neurotransmission on acquisition and consolidation of latent 

learning are predominantly mediated by activation of D2 receptors. 

Selective attention has strongly been implicated in the acquisition of latent learning by enhancing 

perceptual sensitivity to stimuli at an attended location. An optimum DA level in the brain is crucial 

for attentional focus towards important stimuli (Noudoost and Moore, 2011). Hence, D2 

autoreceptor regulation of extracellular DA in latent learning seems to be necessary. In line with 

this, previous studies have demonstrated a negative correlation between activity level of D2 

receptors and selective attention to novel stimuli (Ichihara et al., 1989, 1993a; Lissek et al., 2015; 

Tang et al., 1997). Therefore, antagonism of D2 receptors might improve latent learning 

performance in zebrafish by enhancement of selective attention during unreinforced exploration. 

Converging evidence from animal and human studies implicates that DA plays a fundamental role 

in novelty-seeking behaviour and exploratory excitability (Balleine et al., 2007; Norbury and 

Husain, 2015). It is widely believed that novelty can increase DA activity in the hippocampus and 

the medial prefrontal cortex of animals (Hamilton et al., 2010; Ihalainen et al., 1999). 

Neuropharmacological studies have also shown that direct manipulations of the DA system in 
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rodents and mammals alter the exploration of novel objects (Costa et al., 2014; Pogorelov et al., 

2005; Tournier et al., 2013; Watson et al., 2012). The heightened DA release in rodent brains, 

which is accompanied by higher responsivity to the novel environment, appears to be at least 

partially due to the weakened autoreceptor control of the midbrain DA producing cells (Marinelli 

and White, 2000). Moreover, a recent study has posited that there is an inverse relationship between 

novelty seeking personality traits in humans and D2 receptor availability in the lower midbrain 

(Zald et al., 2008). 

DA agonist QUIN at low doses increase pre-synaptic activation of D2 autoreceptors which 

subsequently leads to the reduction in DA neurotransmission while at higher doses affects post-

synaptic receptors (Benaliouad et al., 2009; Nader and LeDoux, 1999a; Shilliam and Heidbreder, 

2003). A delicate balance in DA signal is crucial for latent learning paradigm (Beninger and Miller, 

1998). Therefore, it seems that impaired latent learning in fish treated with QUIN resulted from an 

extreme decrease in DA signal. D2 receptor antagonists attenuate the inhibition caused by 

stimulation of autoreceptors (White and Wang, 1984). Thus, we speculate that the stimulatory 

effects of ETIC on latent learning performance in zebrafish are a direct consequence of D2 

autoreceptor inhibition followed by an optimum level of DA increase in the brain. Although DA 

receptor activation and inactivation markedly affected two different phases of latent learning, 

mechanisms downstream of these effects remain to be elucidated.   

Consistent with the view that distinct DA receptors are able to modulate reward-related processes, 

our results show that the blockade of D2 receptors, by post-training administration of a D2 receptor 

antagonist, considerably reduced social preference in zebrafish. However, the antagonism of D1 

receptors produced no effects on the shoaling tendency. In line with rodent studies (Aragona and 

Wang, 2009), these findings further support our early assumption that the reduced shoaling 

response in APO treated fish is mediated via D2 receptors. Contrary to the present results, Scerbina 

et al. (2012) reported a reduction of the social preference in the AB strain of zebrafish induced by 

the D1 antagonist SCH. Since the dose of SCH and procedure of exposure was identical to that of 

the present study, we assume that a difference in experimental methods is at the root of this 

discrepancy. For instance, in that study fish were tested in a social preference paradigm which is 

totally different from the task employed in our research which was specifically designed to examine 

the cognitive performance of zebrafish. In the task of Scerbina et al. (2012), computer-animated 
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images of female zebrafish applied as a synthetic shoal while we used mixed genders of live fish 

as stimulus group. Alternatively, strain-dependent effects of SCH as stated by Scerbina et al. (2012) 

might be another feasible justification for this inconsistency. On the other hand, previous reports 

have described an important role for D2 receptors in reward-related behaviours. For instance, 

blockade of D2 receptors or deletion of its gene brought about to the reduction of reward-

potentiating effects of different stimuli in rodents (Johnson and Kenny, 2010; Fish et al., 2014). In 

zebrafish, Darland et al. (2012) showed that antagonism of a potent D2 receptor blocked the 

rewarding effect of cocaine in a conditioned place preference task, while blockade of D1 receptors 

had no effect. As a result, our present results suggest that, regarding reward-seeking behaviour in 

zebrafish, D2 receptors may contribute more than D1 receptors. Finally, the doses of dopaminergic 

drugs used in the present study had no significant effect on the locomotor and exploratory activity 

of zebrafish in the latent learning task. This finding helps us to ensure that any effects D1 and D2 

receptors on learning the tasks were unlikely to be confounded by effects on general behavioural 

activity. 

2.5. Conclusion  

In summary, the present data show a striking convergence between zebrafish and rodents in the 

dopaminergic modulation of the latent learning task, perhaps by mediating D2 (auto)receptor 

activity. Given that the spatial latent learning encompasses a large proportion of animal and human 

learning, disruption of this advance cognitive ability via imbalance of DA neurotransmission 

subsequently contributes to a variety of neurobehavioural disorders like what manifest in 

schizophrenia and Parkinson's disease. Furthermore, our data indicate that D2 receptors, possibly 

govern the reward-potentiating effect of the social stimulus in zebrafish. However, exactly how D2 

receptor signalling in the zebrafish brain is involved in this process remains to be determined. To 

our knowledge, this is the first report demonstrating the involvement of DA receptors in regulating 

latent learning in zebrafish. Considering the fact that this small tropical species has provided novel 

insights into the processes of learning and memory in vertebrates, the current study opens a new 

avenue of research for studying the neurological bases of these advanced cognitive functions
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Chapter 3: Modulatory effects of dopamine receptors on associative learning 

performance in zebrafish (Danio rerio)

Preface  

The aim of this chapter is to address the second objective of my doctoral research work, which is 

to provide an understanding of the role of dopamine receptors in the acquisition, consolidation, and 

recall of associative learning in adult zebrafish. For this purpose, fish were exposed to D1 and D2 

receptor agonists and antagonists for 30 min before and after training in the associative learning 

paradigm, and also for 30 min before the probe trial. The results of this study show that D1 

receptors play a more important role in the acquisition and consolidation of associative learning in 

zebrafish, while D2 receptors are critically involved in the regulation of memory recall. Moreover, 

the findings of this chapter provide a foundation for Chapter 5 where I have investigated the effects 

of chronic exposure to dietary selenomethionine on the dopaminergic system and associative 

learning performance in adult zebrafish.  

The content of Chapter 3 was reprinted (adapted) from Behavioural Brain Research (DOI: 

10.1016/j.bbr.2016.01.034). Naderi, M., Jamwal, A., Chivers, D.P., Niyogi, S. “Modulatory effects 

of dopamine receptors on associative learning performance in zebrafish (Danio rerio)”. Copyright 

2016, with permission from Elsevier Inc. 
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3.1. Introduction 

Learning and memory are basic pillars of advanced cognition that allow individuals to adapt to 

their environmental needs and consequently increase their chance of survival. To date, there has 

been mounting evidence for involvement and recruitment of different hormonal and 

neuromodulatory systems in these fundamental higher brain functions. Among the modulatory 

systems involved in the regulation of information acquisition and synaptic plasticity in the central 

nervous system (CNS), the dopaminergic system has received particular attention (Wise, 2004). 

Dopamine (DA) is the most important catecholaminergic neurotransmitter in the vertebrate brain 

(Ma and Lopez, 2003). It not only plays a critical role in various physiological processes (Beaulieu 

and Gainetdinov, 2011; Dufour et al., 2005), but also regulates a wide array of cerebral functions 

related to cognition such as fear, mood, motivation, attention, locomotion, reward, and memory 

(Girault and Greengard, 2004; Vidal-Gadea et al., 2011). Therefore, it is not surprising that 

dysfunction in dopaminergic neurotransmission is associated with a variety of psychiatric and 

neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, schizophrenia, 

Tourette syndrome, and attention deficit-hyperactivity disorder, as well as drug and alcohol abuse 

(Buse et al., 2013; Lodge and Grace, 2011b; Martorana and Koch, 2014). 

Two pharmacologically and physiologically distinct categories of G protein-coupled receptors 

mediate DA neurotransmission in the brain of vertebrates. In mammals, these receptors are 

classified as D1-like (D1 and D5; henceforth referred to as D1 receptors) and D2-like (D2, D3, and 

D4; henceforth referred to as D2 receptors) receptors. D1 receptors stimulate the production of 

intracellular 3'-5'-cyclic adenosine monophosphate (cAMP) by adenylyl cyclase (AC) induction 

and positively regulate protein kinase A (PKA) activity or intracellular calcium (Ca2+) signalling. 

In contrast, the D2 receptors inhibit AC which results in the reduction of intracellular messenger 

cAMP as well as PKA activity and intracellular Ca2+ levels (Sweatt, 2009). DA receptors have a 

widespread distribution pattern in different brain regions, particularly areas that are critically 

involved in cognition, such as the hippocampus, prefrontal cortex, amygdala, and ventral and dorsal 

parts of the striatum. Clearly, localization of DA receptors in these brain regions sheds more light 

on the functional role of this catecholamine neurotransmitter in various aspects of learning and 

memory (Beaulieu and Gainetdinov, 2011; Dalley and Everitt, 2009; El-Ghundi et al., 2007). In 

this regard, a growing body of evidence indicates that DA receptors functionally contribute to the 
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acquisition, consolidation, retrieval, reconsolidation, and extinction phases of different types of 

learning and memory (El-Ghundi et al., 2007; Puig et al., 2014).  

Mammals are still pioneering organisms in the fields of toxicology, teratology, behaviour, and 

neuroscience. However, they bear several drawbacks and limitations (e.g., require a lot of space 

for maintenance, high maintenance and breeding costs, slow growth, etc.), which has triggered the 

search for finding more useful alternatives (Linney et al., 2004; Newman et al., 2011). Since being 

introduced for biomedical research purposes by Streisinger (1981), zebrafish are increasingly 

taking the place of more complex animals in several disciplines such as genetics, developmental 

biology, and pharmacology (Streisinger et al., 1981). This species enjoys many favorable 

properties relative to its mammalian counterparts, which make it a powerful experimental model 

(Kalueff et al., 2014). Importantly, zebrafish possess sufficient anatomical complexity with high 

physiological and genetical (~ 70%) homology to humans–allowing effective modeling of human 

diseases and neurobehavioural disorders (Howe et al., 2013; Newman et al., 2011; Terriente and 

Pujades, 2013). Despite the relatively long phylogenetic distance, basic features of the CNS in fish 

resemble to those of mammals with the engagement of all major neurotransmitters, 

neurohormones, and receptors (Kalueff et al., 2014).  

Given evolutionarily conserved features of the vertebrate catecholaminergic system (Smeets and 

González, 2000), the zebrafish has also emerged as a valuable model organism for studying 

different aspects of these important signalling molecules. Dopaminergic pathways in this species, 

in particular, display remarkable similarities to the corresponding mammalian systems (Maximino 

and Herculano, 2010). Nonetheless, there are some differences in the localization pattern of DA 

neurons between mammals and zebrafish. The majority of zebrafish DA neurons are located across 

the diencephalon and telencephalon, while the midbrain is the main center of dopaminergic 

domains (substantia nigra and ventral tegmental area) in mammals. However, previous studies have 

suggested that zebrafish DA neurons in the posterior tuberal nucleus, DA neurons in posterior 

tuberculum (periventricular nucleus of posterior tuberculum), and subpallial dopaminergic neurons 

can be functional equivalents of the main dopaminergic pathways in the mammalian brain (Rink 

and Wullimann, 2002a; Schweitzer and Driever, 2009; Tay et al., 2011). This similarity is more 

striking since all types of mammalian DA receptors have also been identified in zebrafish 

(Boehmler et al., 2007; Boehmler et al., 2004; Li et al., 2007). Several neurobehavioural 
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abnormalities associated with dysfunction of the dopaminergic system have been reported in 

zebrafish (Anichtchik et al., 2004; Chatterjee and Gerlai, 2009; Powers et al., 2011). Additionally, 

behavioural alterations as a result of acute exposure to dopaminergic drugs have been observed in 

this species (Boehmler et al., 2007; Irons et al., 2013; Scerbina et al., 2012; Tran et al., 2015). 

Zebrafish model is also gaining momentum in the field of learning and memory (Colwill et al., 

2005; Gerlai, 2011; Gómez-Laplaza and Gerlai, 2010). A number of studies showed robust 

cognitive abilities of zebrafish in a range of learning tasks such as visual choice discrimination 

learning (Colwill et al., 2005), shuttle box learning (Pather and Gerlai, 2009), place conditioning 

(Zala and Määttänen, 2013), active avoidance learning (Aoki et al., 2015), spatial memory tasks 

(Luchiari et al., 2015), and plus-maze non-spatial and spatial associative learning paradigms 

(Fernandes et al., 2014; Grossman et al., 2011; Sison and Gerlai, 2010, 2011). Nonetheless, there 

is still a dearth of literature regarding the particular role of different neurotransmitters in these 

cognitive functions. Specifically, next to nothing is known about the involvement of the specific 

DA receptor subtypes in modulating different aspects of learning and memory. Mammalian studies 

show that DA plays a central role in coding reward-associated prediction during associative 

learning. Dopaminergic cells produce two different activity states: a slow tonic firing and phasic 

burst firing. There is a broad consensus that phasic DA firing derives associative learning through 

activation of post-synaptic D1 receptors (Dreyer et al., 2010; Hazy et al., 2010). Therefore, the 

purpose of the present study was to investigate the effects of pharmacological manipulation of 

D1/D2 receptors on the acquisition, consolidation, and recall of associative learning in zebrafish 

using a plus-shaped maze. To this end, fish were exposed to D1 and D2 receptor agonists and 

antagonists before the training trial in an associative learning task, immediately after the training, 

and just before the probe trial. 

3.2. Materials and methods 

3.2.1 Animals and housing 

Wild-type adult zebrafish (Danio rerio, 1-year-old) were obtained from the University of 

Saskatchewan Health Sciences vivarium and maintained in the Aquatic facility of the Dept. of 

Biology. A total of 128 zebrafish (~ 50-50% sex ratio) were housed in groups of ~ 20 in 50-l glass 

tanks and acclimatized for three weeks before their use in the experiment. All tanks were filled 

with de-chlorinated Saskatoon tap water which was under constant aeration. The water temperature 
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was maintained at 25-27 °C by using 75-W thermostat controlled aquarium heaters (AQUATOP 

model GH75, China). Illumination was provided by fluorescent light tubes (23 W) mounted on top 

of the tanks in 12/12 hr light/dark (08.00-20.00 hr light) cycle according to the standards of 

zebrafish care (Westerfield, 2007). A 30% exchange of water was carried out in each tank every 

alternate day. Fish were fed twice a day (at approximately 10:00 a.m. and 4:00 p.m., 2% body 

weight/day ration) with a mixture of fish flake food (Nutrafin Max flakes, Hagen, Germany) and 

frozen brine shrimp (Sally's, San Francisco Bay Brand Inc., USA). 

3.2.2. Drugs and dosing procedure 

All drugs were obtained from Sigma-Aldrich (Saint Louis, MO, USA). DA receptor agonists used 

in this study included (±)SKF-38393 hydrochloride (SKF; a selective D1 receptor agonist), and 

(−)quinpirole hydrochloride (QUIN; a selective D2 receptor agonist). DA receptor antagonists used 

were R-(+)-SCH-23390 hydrochloride (SCH; a selective D1 receptor antagonist), and eticlopride 

hydrochloride (ETIC; a selective D2 receptor antagonist). Due to their water solubility, all drug 

stock solutions were made by dissolving the chemicals in system water and stored in the dark at –

20 °C until use. Final concentrations of SKF (10 mg/l), SCH (1 mg/l), QUIN (1 mg/l), and ETIC 

(0.5 mg/l) were based on previous studies in fish (Boehmler et al., 2007; Irons et al., 2013; Mok 

and Munro, 1998; Scerbina et al., 2012; Tran et al., 2015) and rodents (Brady and O'Donnell, 2004; 

Pruitt et al., 1995). 

The treatment procedure used in this study was adapted from Sison and Gerlai (2011) with some 

modifications. Experimental fish were randomly distributed to sixteen 30-l tanks to make groups 

of 8 fish per tank. Fish were exposed to each drug at three time points: immediately before the first 

training trial of the day (targeted the memory acquisition), immediately after the last training trial 

of the day (targeted the memory consolidation), and immediately before the probe (targeted the 

memory recall). One control group was allocated to each phase. Thus, we had three control groups 

that received paired CS-US training and no drug treatment. Moreover, fish in these control groups 

experienced a manipulation procedure similar to their corresponding treatments. There was also 

another control group (from now on referred to as the unpaired control group) in which fish 

received no drug exposure and were trained in the maze while CS and US presented separately (i.e. 

there was no association between the US and the CS).  
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Fish were treated with the dopaminergic drugs, which involved immersion of the entire fish in the 

drug solution (Sison and Gerlai, 2011; Scerbina et al., 2012; Tran et al., 2015). In short, the 

appropriate amount of each compound was dissolved in a 3-l rectangular beaker containing ambient 

water; then individual fish was gently netted out of the tank and placed into the beaker which was 

provided with proper aeration. Fish were then allowed to swim freely within the beaker for 30 min. 

The rationale behind choosing 30 min exposure period was based on previous studies that have 

shown this period is enough for the drug to influence the zebrafish brain (Scerbina et al., 2012; 

Irons et al., 2013; Tran et al., 2015). Moreover, it has been shown that significant effects of these 

dopaminergic drugs persisted at least for 4 hours post-dosing (Irons et al., 2013), while each trial 

in this study lasted only up to 30 min. 

3.2.3. The associative learning task; apparatus and procedure 

The test apparatus used in this study to evaluate learning and memory performance in zebrafish 

was identical to that previously employed by others (Al-Imari and Gerlai, 2008; Fernandes et al., 

2014; Sison and Gerlai, 2010). It was a transparent plus-shaped maze made of Plexiglas (2 mm 

thin), an adapted version of rodent radial-arm maze (Schwegler and Crusio, 1995). The dimensions 

for maze were: 35 cm arm’s length, 11 cm width, and 20 cm wall height, which was interconnected 

by a 11 cm×11cm central platform, into which a transparent plastic was placed that served as the 

start box (Fig. 3.1A). The maze was placed on a wooden table that was covered by a white plastic 

tablecloth. At the end and adjacent to the left side of each arm, there was a small clear plastic tank 

(stimulus or reward tank, 17 cm × 9 cm ×10 cm, length × width × height). Visual access to the 

content of stimulus tanks was confined by placing white opaque plastic sheets on 3 sides of each 

tank (except for the side facing the maze). Hence, the presence or absence of stimulus group was 

determined only if experimental fish swim into the arm. Owing to the social nature of zebrafish, 

the sight of conspecifics (unconditioned stimulus; US) was chosen as the stimulus, which is 

established as a highly potential rewarding factor (Al-Imari and Gerlai, 2008; Sison and Gerlai, 

2011; Gerlai, 2011). Six fish served as the stimulus group, whose origin, housing, and feeding 

conditions were identical to the experimental fish. Furthermore, four plastic cue cards with two 

different colors (conditioned stimulus; CS) were placed at the end of each arm, indicating the 

presence or absence of the stimulus group. During the experiment with paired groups, a red cue 

card always presented with the stimulus fish, while 3 white cue cards at the end of other arms 

served as the indicator of empty stimulus tanks. The same procedure was employed for the unpaired 
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control group but the association of red cue card with the stimulus groups was done in a randomized 

manner. The maze was rotated randomly across training trials to make extra-maze spatial cues on 

the ceiling irrelevant. To acclimate the experimental fish to the maze and reduce the novelty and 

handling the stress of the test to a minimum, a series of 2 hrs habituation trials were conducted in 

which initial groups of 20 fish were introduced to the maze and allowed to explore freely. The 

numbers of fish were gradually reduced to 10, 5, and finally 1 fish on the fourth day of the 

habituation phase. Zebrafish in these trials were not exposed to either the CS or the US. 

The learning trials were initiated after the habituation period and each experimental fish underwent 

16 training sessions, each lasting for 5 min for 4 consecutive days (4 trials per day with 2 min inter-

trial intervals, Fig. 3.1B). During this phase, one of the stimulus tanks contained 6 zebrafish (US) 

and co-presented with the red cue card (CS), whereas other stimulus tanks were empty and 

accompanied by white cue cards. This arrangement (location of US and CS) was carried out in a 

randomized manner once fish in the unpaired control group were transferred to the maze. For each 

trial, a single fish was netted from its respective tank and placed into the start box. After 30s, the 

start box was gently lifted and the fish was allowed to explore the maze for 5 min.  

To assess the efficacy of memory and learning performance in zebrafish, training sessions were 

followed by a final probe trial. During the probe trial, a single fish was placed in the plus-maze for 

5 min. At this time, no stimulus group was presented and only the CS (red and white cue cards) 

positioned at the end of the arms. The behaviour of experimental fish was monitored using an HD 

webcam (Logitech c310, USA) mounted above the maze. Video files were analyzed using image 

processing and vision techniques utilizing MATLAB (Academic version R2015a) and the 

parameters of interest were extracted. The behavioural variables quantified were daily average of 

the percentage of time that the subject fish spent in the target arm (Time in Target Arm: TTA), 

daily average of the number of entries to the target arm (Target Arm Entries: TAEs), daily average 

of the number of incorrect arm entries (Incorrect Arm Entries: IAEs), and the daily average of 

locomotion (total distance moved).  

 



64 
 

 

Figure 3.1. Panel A. Schematic of the plus-maze apparatus used in this study. There was a stimulus fish tank close to 

the end of each arm. The end of one of the arms was covered by a red plastic cue card (+ CS) indicating the presence 

of stimulus fish in the stimulus tank (US). Three white plastic sheets (− CS) were also positioned at the end of other 

arms served to predict the empty stimulus tanks (indicated by diagonal lines at the end of the arms). Panel B. 

Experimental design for the associative learning task in the plus-maze apparatus. The training and probe sessions of 

experiment include training trials by which experimental fish train to associate the CS with the US (4 consecutive trials 

each lasts 5min for a period of 4 days), and the probe trial which was conducted 24 hrs after the last training trial. 

There were 2 min long inter-trial intervals between each training trial. Three different experiments based on drug 

administration periods and targeted mechanism are shown (adapted from Sison and Gerlai, 2011). 

 

3.2.4. Statistical analysis 

Data were analyzed using SPSS for Windows (version 22.0, IBM SPSS Inc., USA). To evaluate 

the efficacy of training protocol in zebrafish learning, the performance of individuals in each paired 

control group (acquisition, consolidation, and recall) was compared with the unpaired control group 

using separate independent sample t-tests. Separate variance analyses (ANOVA) with planned 

contrasts were performed for each experiment (i.e. acquisition, consolidation, recall) to investigate 

the effect of dopaminergic drugs on different aspects of associative learning in zebrafish. Data are 

presented as mean ± SEM. The significance level was set at p < 0.05. 
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3.3. Results 

Zebrafish during both training and probe trials actively explored the maze and no signs of fear or 

stress (e.g., erratic movement, jumping or freezing) were observed. In order to certify the efficacy 

of associative learning paradigm used in this study, we compared the cognitive performance of fish 

in the unpaired control group with other paired controls for the acquisition, consolidation, and recall 

processes. The percentage of time that the experimental fish spent in the target arm (i.e. the arm 

that contained just the CS) could be an important indicator of cognitive capabilities in the trained 

fish. As shown in Fig. 3.2A and demonstrated by t-test, fish in the control groups for acquisition (t 

10.001 = -3.104, p = 0.011), consolidation (t 14= -4.086, p = 0.001), and recall (t 14 = -5.461, p = 

0.001) spent significantly more time in the target arm compared with the unpaired control group. 

Fish in the control groups that received the CS-US pairing exhibited significantly more TAEs 

compared to the unpaired control group (acquisition: t 14 = -2.531, p = 0.001; consolidation: t 14 = 

-2.532, p = 0.024; recall: t 14 = -2.531, p = 0.024, Fig. 3.2B). As shown in Fig. 3.2C, fish in the 

control groups that experienced paired CS-US training displayed significantly fewer IAEs 

compared with the unpaired control group (acquisition: t 14 = 2.328, p = 0.035; consolidation: t 14 

= 2.892, p = 0.012; recall: t 14 = 2.412, p = 0.030). However, independent sample t-test did not find 

any significant alteration in locomotor activity in each paired control group when compared to the 

unpaired control group (acquisition: t 14 = -0.125, p = 0.902; consolidation: t 14 = 0.128, p = 0.900; 

recall: t 14 = 0.115, p = 0.910, Fig. 3.2D). Taken together, these results emphasize the efficiency of 

learning paradigm used in this study. 
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Figure 3.2. The effect of training on zebrafish performance in the associative learning task. The performance was 

assessed by measuring the percentage of time zebrafish spent in the target arm during the probe (A), target arm entries 

(B), incorrect arm entries (C), and total distance traveled by the fish (D). Note that separate independent sample t-tests 

were performed to compare each paired control group with the unpaired control group. Asterisks above data bars 

indicate significance vs. control group (p < 0.05).  

3.3.1. Effects of dopaminergic drugs on memory acquisition  

The effects of different dopaminergic drugs on the acquisition of associative learning task in 

zebrafish are shown in Fig. 3.3. The percentage of time that experimental fish spent in the target 

arm appeared to differ among some treatment groups (Fig. 3.3A). One-way ANOVA showed a 

significant treatment effect (F 4, 35 = 2.771, p = 0.040), demonstrating that some group(s) differed 

from the control group. Planned contrasts disclosed that fish treated with SKF (t 35 = -2.525, p = 

0.016), SCH (t 35 = -2.141, p = 0.038), and QUIN (t 35 = -2.292, p = 0.028) spent significantly more 

time in the target arm. There was no statistically significant difference in TTA between the group 

exposed to ETIC (t 35 = -0.401, p = 0.691) and the control group. One-way ANOVA also showed 

that TAEs significantly differed among groups (F 4, 35 = 6.300, p = 0.001, Fig. 3.3B). Planned 
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contrasts showed that TAEs significantly increased in fish treated with SCH (t 35 = -2.058, p = 

0.040), while decreased in fish treated with ETIC (t 35 = 2.390, p = 0.022). There was no statistically 

significant difference in TAEs in the groups treated with SKF (t 35 = 0.797, p = 0.431) and QUIN 

(t 35 = 1.992, p = 0.073) compared to the control group. As shown in Fig. 3.3C, IAEs differed 

between groups. One-way ANOVA showed a significant treatment effect (F 4, 35 = 4.158, p = 0.007) 

and planned contrasts showed that the fish in the groups treated with SKF (t 35 = 2.469, p = 0.019) 

and QUIN (t 35 = 3.968, p = 0.001) had fewer IAEs compared with the control group. IEAs did not 

significantly differ in groups treated with SCH (t 35 = 1.526, p = 0.136) and ETIC (t 35 = 1.969, p 

= 0.060) when compared to the control group. As reported in Fig. 3.3D, one-way ANOVA found 

no significant difference among groups in the total distance moved by fish (F 4, 35 = 0.734, p = 

0.575). 
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Figure 3.3. The effects of dopaminergic agonists and antagonists on the acquisition of associative learning in zebrafish 

as measured by: the percentage of time zebrafish spent in the target arm during the probe (A), target arm entries (B), 

incorrect arm entries (C), and total distance traveled by the fish (D). Asterisks above data bars indicate significance 

vs. control group (p < 0.05).  
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3.3.2. Effects of dopaminergic drugs on memory consolidation  

We also assessed the effects of DA receptor agonists and antagonists on consolidation of 

associative learning in zebrafish (Fig. 3.4). One-way ANOVA showed a significant treatment effect 

on the percentage of time that fish spent in the target arm (F 4, 35 = 2.812, p = 0.039). Planned 

contrasts showed that fish in groups received SKF (t 35 = -2.357, p = 0.024) and SCH (t 35 = -2.353, 

p = 0.024) spent significantly more time in the target arm compared with the control group. 

However, no statistically significant difference was found in TTA between groups treated with 

QUIN (t 35 = -0.329, p = 0.744) and ETIC (t 35 = -0.278, p = 0.783), when compared to the control 

group. Fig. 3.4B shows TAEs made by the experimental fish during the probe trial. One-way 

ANOVA demonstrated a significant treatment effect (F 4, 35 = 5.740, p = 0.001). Planned contrasts 

showed that fish exposed to SCH (t 35 = -2.438, p = 0.020) made significantly more TAEs, while 

fish treated with ETIC (t 35 = 2.195, p = 0.035) exhibited significantly fewer TAEs when compared 

with the control group. TAEs did not significantly differ in groups treated with SKF (t 35 = -1.036, 

p = 0.307) and QUIN (t 35 = -0.061, p = 0.952) compared to the control group. One-way ANOVA 

also showed that IAEs significantly differed between groups (F 4, 35 = 2.841, p = 0.038, Fig. 3.4C). 

Planned contrasts further indicated that fish in group treated with SKF made fewer IAEs (t 35 = 

2.251, p = 0.031) compared to the control group. No statistically significant difference in IAEs was 

found in groups treated with SCH (t 35 = -0.534, p = 0.597), QUIN (t 35 = 1.856, p = 0.073), and 

ETIC (t 35 = 1.206, p = 0.236) relative to the control group. One-way ANOVA did not find any 

significant difference in locomotion (F 4, 35 = 1.112, p = 0.366, Fig. 3.4D) among groups.  
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Figure 3.4. The effects of dopaminergic agonists and antagonists on the consolidation of associative learning in 

zebrafish as measured by: the percentage of time zebrafish spent in the target arm during the probe (A), target arm 

entries (B), incorrect arm entries (C), and total distance traveled by the fish (D). Asterisks above data bars indicate 

significance vs. control group (p < 0.05).  

3.3.3. Effects of dopaminergic drugs on memory recall 

Administration of dopaminergic drugs 30 min before the probe trial appeared to influence the 

cognitive performance of experimental fish during the probe (Fig. 3.5). The percentage of time fish 

spent in the target arm is shown in Fig. 3.5A. One-way ANOVA demonstrated a significant 

treatment effect (F 4, 35 = 5.505, p = 0.002). Planned contrasts showed that fish in the group treated 

with QUIN (t 7.864 = -2.321, p = 0.040) spent significantly more time in the target arm compared to 

the control group. In contrast, TTA significantly decreased in fish given ETIC (t 13.494 = 4.786, p = 

0.001) 30 min before the probe trial. No statistically significant difference in TTA was found in 

groups treated with SKF (t 9.281 = -0.975, p = 0.354) and SCH (t 9.504 = -0.393, p = 0.703) compared 

to the control group. Fig. 3.5B depicts TAEs in different groups during the probe trial. One-way 

ANOVA, however, did not detect any significant treatment effect (F 4, 35 = 1.497, p = 0.224). Fig. 
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3.5C shows IAEs in different groups during the probe trial. One-way ANOVA determined a 

significant treatment effect (F 4, 35 = 3.915, p = 0.010). Planned contrasts subsequently showed that 

IAEs were significantly reduced (t 35 = 3.372, p = 0.002) in fish that received QUIN before the 

probe. However, there was no significant difference in IAEs in groups treated with SKF (t 35 = 

0.664, p = 0.511), SCH (t 35 = 0.512, p = 0.612), and ETIC (t 35 = 0.061, p = 0.951) when compared 

to the control group. Finally, we measured total distance traveled by the fish in different groups 

(Fig. 3.5D). One-way ANOVA, however, showed no significant treatment effect (F 4, 35 = 0.943, p 

= 0.451) indicating locomotor activity of the experimental fish did not change during the probe 

trial. 
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Figure 3.5. The effects of dopaminergic agonists and antagonists on recall of associative learning in zebrafish as 

measured by: the percentage of time zebrafish spent in the target arm during the probe (A), target arm entries (B), 

incorrect arm entries (C), and total distance traveled by the fish (D). Asterisks above data bars indicate significance 

vs. control group (p < 0.05).  
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3.4. Discussion 

Associative learning is a fundamental learning mechanism enabling animals to predict vital 

environmental stimuli through experience. Results of this study show the capability of zebrafish to 

associate CS and US in the plus-maze as quantified by different variables (Fig. 3.2). Fish in all 

control groups that received the paired presentation of the CS and US spent more time in the target 

arm relative to the unpaired control group, which did not receive the CS-US pairing. Moreover, 

fish in control groups that experienced paired CS-US during training made more TAEs and had 

fewer IAEs compared with the unpaired control group. Therefore, we conclude that this specific 

preference for the target arm in fish that received the CS-US pairing is due to the manifestation of 

associative learning.  

Rodent studies have demonstrated the importance of D1 receptors in the acquisition of different 

forms of learning and memory. For example, administration of D1 receptor agonist SKF facilitated 

the acquisition of fear conditioning in rats (Biedenkapp and Rudy, 2009; Péczely et al., 2014). In 

contrast, impaired acquisition of conditioned taste aversion, appetitive instrumental learning, 

conditioned place preference, and contextual fear conditioning following exposure to D1 receptor 

antagonists have previously been reported in rats (Baldwin et al., 2002; Heath et al., 2015; Young 

et al., 2014). Our results are in agreement with previous research in which pre-training 

administration of D1 receptor agonist improved learning performance of fish during the probe trial. 

As shown in Fig. 3.3, the administration of D1 agonist SKF prior to the beginning of training trials 

led to an increase in TTA, while attenuated the IAEs in fish during the probe. Increase in the target 

arm dwelling time and the decline in incorrect arm entries both imply enhanced cognitive 

performance in the group treated with D1 agonist. Our results also revealed an enhanced learning 

performance in the group received pre-training administration of D1 receptor antagonist SCH. This 

group exhibited an increase in TTE and TAEs during the probe trial (Fig. 3.3A,B). This finding, 

however, is in contradiction with a majority of investigations demonstrating the negative impact of 

the D1 receptor blockade on the learning process (reviewed in El-Ghundi et al., 2007). Previous 

studies have suggested an inverted U-shaped dose/response effect of dopaminergic drugs on 

performing different cognitive tasks in mice (Lidow et al., 2003), rats (Chudasama and Robbins, 

2004), and monkeys (Vijayraghavan et al., 2007), where low doses improved learning performance 

while higher concentrations disrupted it. Moreover, several studies have shown that under certain 

conditions D1 receptor antagonist SCH may have D1 agonist-like effects (González et al., 2016; 
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Olsen and Duvauchelle, 2001; Racké et al., 1988). Therefore, it seems that employed dose of SCH 

in the present study had a stimulatory effect on the dopaminergic activity of the brain, which 

eventually resulted in the increased cognitive performance of the experimental fish. It has also been 

shown that blockade of the medial prefrontal cortex dopaminergic activity via infusion of SCH 

enhanced mesolimbic DA transmission in rat brain (Olsen and Duvauchelle, 2001). Activation of 

other compensatory pathways that elevate DA neurotransmission even after blockade of D1 

receptors can be another explanation for our obtained results. It is also notable that SCH has a weak 

affinity for serotonergic and adrenergic receptors (Bischoff et al., 1988; Ramos et al., 2005), which 

have been strongly implicated in mediating learning and memory (Meneses et al., 2011; Olvera-

Cortés et al., 2008; Sweatt, 2009). Therefore, the activation of other neurotransmitter pathways 

after SCH administration may also be involved in the regulation of cognitive processes. SCH can 

also increase the density of post-synaptic D1 receptors (Giorgi et al., 1993; O'boyle et al., 1993), 

which can subsequently enhance post-synaptic responses to phasic DA release required for 

associative learning. Differences in drug administration, training procedures, and/or type of testing 

apparatus may also account for the observed discrepancy.  

Previous studies identified a differential involvement of D2 receptor signalling in the acquisition 

of different types of memory. The facilitatory effects of D2 receptor agonists on the acquisition of 

several learning tasks such as the Morris water task (Brown et al., 2000) and the conditioned place 

preference (Merritt and Bachtell, 2013) have previously been reported. In contrast, deleterious 

effects of D2 agonists on the acquisition of operant conditioning (Kurylo, 2004) and reward-based 

learning in a four-arm cross maze (Yawata et al., 2012) have been reported in rats. Furthermore, 

blockade of D2 receptors was found to be associated with impairment of acquisition of several 

forms of learning tasks in mice such as the fear conditioning (Ponnusamy et al., 2005) and the 

conditioned place preference (Young et al., 2014). 

Our findings are in agreement with previous studies reporting the stimulatory effects of D2 receptor 

agonists on the acquisition of novel information. Pre-training administration of QUIN led to an 

increase in TTA, while decreased IAEs (Fig. 3.3). Moreover, our results showed that pre-training 

administration of D2 receptor antagonist ETIC reduced fish performance during the probe trial. 

However, our observations are only limited to the reduction in TAEs, since changes in TTA and 

IAEs did not reach a significant level. Consequently, we can conclude that the activation of D2 
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receptors accelerates the memory acquisition in the associative learning task, while their blockade 

leads to a reduction in the learning performance. Perhaps TTA is the most robust measure of 

learning performance in the present study, as also recommended by previous studies (Al-Imari and 

Gerlai, 2008; Sison and Gerlai, 2011). ETIC exposure did not remarkably alter this parameter. This 

finding raises another possibility in which D2 receptors play a complementary role in the 

acquisition of associative learning in zebrafish. It is possible that D2 receptors influenced the 

acquisition process via interaction with D1 receptors. Previous studies advocate this hypothesis in 

which D2 receptor effects are mediated in part by stimulation of D1 receptors (Bergstrom et al., 

1987; Keefe and Gerfen, 1995; Nolan et al., 2007). Further research is required to determine the 

exact role of D2 receptors in the acquisition of associative learning in zebrafish. 

Newly acquired information is consolidated progressively over time from an initially labile state 

to a more stable form (Dudai, 2012). The causal involvement of dopaminergic pathways in memory 

consolidation has been substantiated by various studies (see a review by Balderas et al. (2015)). 

For instance, administration of D1 receptor agonists enhanced consolidation of an inhibitory 

avoidance response in rats and mice (Bernabeu et al., 1997; Castellano et al., 1991). Nevertheless, 

post-training administration of D1 antagonist (SCH) has been observed to disrupt the consolidation 

of novelty-preference learning, object recognition, and inhibitory avoidance memory in rats 

(Balderas et al., 2015; Furini et al., 2014; Rossato et al., 2013).  

Consistent with these findings, our results also indicate the involvement of D1 receptors in the 

consolidation of memory in fish, as observed in mammals. Enhanced memory consolidation in fish 

that received post-training SKF was exhibited by an increase and decrease in TTA and IAEs, 

respectively (Fig. 3.4). We also found that administration of D1 receptor antagonist immediately 

after training trials improved the performance of experimental fish in the plus-maze. In this regard, 

fish received SCH exhibited higher TTA and TAEs relative to the control group. This stimulatory 

effect of SCH, however, was not consistent with previous studies. The excitatory effect of SCH on 

the dopaminergic system, in conjunction with other neurotransmitter pathways, could be possible 

explanations for the obtained results, as described before. It is also worth noting that SCH can 

modulate the consolidation of different cognitive tasks under certain conditions. For example, 

Maroun and Akirav (2009), using an object recognition paradigm, reported that D1 receptor 

antagonist SCH impaired 24 hrs retention in rats that were well habituated before the training, 
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whereas enhanced 24 hrs consolidation in rats that did not experience the habituation process 

(Maroun and Akirav, 2009). More recently, it has been shown that systemic administration of SCH 

impaired contextual fear conditioning, but had no effect on fear memory consolidation in rats 

(Heath et al., 2015). Based on these findings, it can be suggested that the D1 receptors may adopt 

differential involvement in memory consolidation, depending on the type of learning tasks which 

include qualitatively and quantitatively different habituation and training sessions.  

The evidence regarding the role of D2 receptors in the consolidation of newly-acquired information 

seems inconsistent. Immediate post-training administration of D2 agonists has been shown to 

facilitate memory consolidation in rats using the cued version of the Morris water maze task 

(Packard and McGaugh, 1994) and the Y-maze discrimination task (Gasbarri et al., 1997). 

However, D2 receptor agonists have shown to attenuate consolidation of fear conditioning in rats 

(Nader and LeDoux, 1999a). Blockade of D2 receptors, however, has been shown to impair 

consolidation of memory in mice tested in the water maze learning task (Morice et al., 2007) and 

in the novel object preference paradigm (França et al., 2014). Neither the effect of DA receptor 

agonists nor of antagonists on consolidation window has been found in other studies (de Lima et 

al., 2011; Kramar et al., 2014). 

Our findings are consistent with those reports that suggest D2 receptor agonist does not alter 

consolidation of memory, while the D2 receptor antagonist disrupts this phase of memory 

formation. Pharmacological activation of D2 receptors in the present study did not produce any 

significant change in TTA, TAEs, and/or IAEs (Fig. 3.4). However, post-training blockade of D2 

receptors by administration of ETIC led to a decrease in TAEs. The most parsimonious 

interpretation of the results is that D2 receptors are involved in the consolidation of associative 

learning in zebrafish. A possible explanation for our obtained results may be found in the synaptic-

level effects of QUIN. Although pre-training administration of QUIN (1 mg/l) enhanced the 

acquisition of associative learning, this dose of D2 receptor agonist seems to be insufficient to exert 

the distinct effect on the consolidation process. This may be due to a striking distinction between 

acquisition and consolidation phases. Unlike to the acquisition process, consolidation requires 

extensive alterations of synaptic protein synthesis, activation of intracellular transduction cascades, 

and transcription factors that lead to changes in gene expression (Rosenberg et al., 2014). 

Therefore, it is plausible that a higher level of D2 receptor activation is required to accelerate 
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consolidation of acquired information. In support of this view, Sommer et al. (2014) have recently 

reported that D2 neurons in the dorsolateral striatum of mice (known to be increasingly engaged 

with skill consolidation) show a progressive reduction in their ability to respond to dopaminergic 

input after a prolonged training in the accelerated rotarod task (Sommer et al., 2014). Another 

possible explanation may reside in the interaction between D1 and D2 receptors. In fact, it is likely 

that blockade of D2 receptors influences the activity of D1 receptors via the change in the DA 

release. Therefore, the effects of D2 receptors on memory consolidation in zebrafish might be 

mediated through D1 receptors. 

Memory retrieval is considered a dynamic readout of established neuronal plasticity associated 

with the recognition of previously presented items (Buchanan, 2007). There are a few studies that 

investigated the effects of dopaminergic drugs on recall of previously acquired information. For 

instance, both facilitatory and inhibitory effects of a selective D1 agonist (SKF-81297) on 

information retrieval have been previously observed in rats tested in object recognition, object 

location, and object temporal order tasks (Hotte et al., 2005). Impairment of spatial memory and 

reward memory retrieval has also been reported in rats after administration of the selective D1 

antagonist SCH (Hotte et al., 2006; Ting-A-Kee et al., 2013). The results of the present study 

indicated, however, that the administration of either D1 agonist or antagonist immediately before 

probe trial did not affect recall of associative learning in fish. In this regard, we did not find any 

significant effect of SKF and SCH administration on TTA, TAEs, and/or IAEs (Fig. 3.5). One 

possible explanation for this inconsistency with previous reports could be the concentration of 

drugs used in this study, which were not sufficiently high enough to influence the recall of memory. 

As explained for consolidation, enhancement of memory recall may also require an optimum level 

of dopaminergic activity. This assumption can be supported by previous studies indicating that the 

effects of dopaminergic drugs on the recall process are highly dose-dependent (de Lima et al., 

2011; Hotte et al., 2005). Alternatively, the absence of any tangible effect of D1 receptor agonist 

and antagonist on recall of memory might be due to the lack of D1 receptor effect on this cognitive 

ability in fish. 

Although relatively little strides have been made toward elucidating the role of D2 receptors in the 

process of memory recall, a few studies have demonstrated the importance of these receptors in the 

retrieval of stored information. Administration of low and high doses of a D2 receptor agonist 
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bromocriptine in mice has been shown to enhance (Kebabian and Calne, 1979) or impair (Jackson 

et al., 1988) memory retrieval. Ichihara et al. (1988b) have reported that D2 receptor antagonist 

sulpiride disrupted memory retrieval in mice tested in the passive avoidance learning (Ichihara et 

al., 1988b). In a fear conditioning paradigm, administration of QUIN impaired the retrieval of a 

learned association between CS and a footshock US in rats (Nader and LeDoux, 1999b). Moreover, 

it has been shown that the systemic administration of D2 receptor antagonists can attenuate the 

glucocorticoid-induced impairment of memory retrieval in rats (Pakdel and Rashidy-Pour, 2007). 

The results of the present study are in line with previous reports indicating the important role of 

D2 receptors in the recall process. Administration of QUIN 30 min before the probe trial enhanced 

TTA while strikingly reduced IAEs in experimental fish (Fig. 3.5). In contrast, blockade of D2 

receptors by ETIC resulted in a marked decline in TTA. TAEs also showed a considerable decrease 

in fish treated with ETIC, but it was not statistically distinguishable from the control group. A 

delicate balance of DA level is crucial for the brain to retrieve cue-triggered patterns learned during 

associative learning. DA imbalance in either direction (up or down) causes the inability to retrieve 

memory patterns during associative memory recall (Li et al., 2010). Pre-synaptic activation of D2 

autoreceptors at low concentrations and early after the administration of QUIN reduces DA 

neurotransmission (Benaliouad et al., 2009; Nader and LeDoux, 1999a). However, QUIN at higher 

doses contributes to post-synaptic receptor activation (Benaliouad et al., 2009; Packard and 

McGaugh, 1994). Therefore, it is likely that the excitatory effect of QUIN on recall of memory in 

the present study results from pre-synaptic activation of D2 receptors followed by an optimum 

level of DA release in the brain. As observed in previous studies (Bracs et al., 1984; Ichihara et al., 

1988a), antagonism of D2 receptors by ETIC increases pre-synaptic DA efflux. As a result, an 

extreme increase in synaptic levels of DA might be responsible for the impaired memory recall in 

fish treated with ETIC. 

The phasic and tonic activities of DA neurons are thought to mediate different aspects of 

associative learning. While phasic activity facilitates the acquisition and consolidation of cue-

reward association, tonic activity is involved in behavioural flexibility and maintaining alertness 

during learning. Phasic and tonic signals are mediated through D1 and D receptors, respectively 

(Breitenstein et al., 2006; Clopath, 2012; Floresco et al., 2003). Therefore, it seems that SKF and 

SCH by activation of D1 receptors potentiate the intensity of post-synaptic responses to phasic DA 

leading to the improved acquisition and consolidation of associative learning in zebrafish. On the 
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other hand, D2 receptor agonist via stimulation of D2 autoreceptors can decrease tonic DA activity. 

Tonically decreased activation (and thus receptor occupation) of post-synaptic receptors can 

potentiate the subsequent phasic DA release triggered by rewarding stimuli and heighten neural 

responses in the post-synaptic neuron. In contrast, antagonism of autoreceptors by ETIC may 

increase DA release and consequently reduce phasic DA signalling. Therefore, it is possible that 

D2 receptors indirectly and by regulation of the phasic-tonic balance of DA releasing influence 

associative learning in zebrafish (mainly acquisition and consolidation phases).  

The dopaminergic system is also critically involved in motor function (Bowton et al., 2010; Irons 

et al., 2013). In this study, we quantified total distance traveled by experimental fish which is a 

precise indicator of locomotion. However, our results showed no significant difference in the 

exploratory activity of treated fish during the probe trial. This finding appears to be convincing 

enough to suggest that observed changes in zebrafish performance were most likely due to the 

effects of dopaminergic drugs on neural substrates involved in cognition. 

3.5. Conclusion 

To our knowledge, this is the first study showing the modulatory effects of DA receptors on 

different aspects of learning and memory in fish. Collectively, our results corroborate the 

involvement of the dopaminergic system in the acquisition, consolidation, and subsequent recall of 

information comparable to what occurs in mammals. Importantly, we found that although D1 

receptors play more prominent roles in the acquisition and consolidation, D2 receptors appear to 

be more important in control of memory recall. Considering numerous advantages of zebrafish 

over classical vertebrate models, the results of the present study can be an important step towards 

better understanding of the role of different neuromodulatory systems in cognitive functions. 

Finally, this study provides a solid foundation for future research exploring neurobehavioural 

effects of dopaminergic drugs. 
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Chapter 4: Chronic dietary selenomethionine exposure induces oxidative stress, 

dopaminergic dysfunction, and cognitive impairment in adult zebrafish (Danio rerio)

Preface 

The aim of this chapter is to address the third objective of my doctoral research work, which is to 

investigate the effects of chronic exposure to dietary selenomethionine (SeMet) on latent learning 

performance in zebrafish. To this end, fish were exposed to environmentally relevant 

concentrations of SeMet (0.97, 2.3, 9.7, 32.5, and 57.5 µg/g Se) for 30 days. The results of this 

study show that dietary exposure to the two highest concentrations of Se impairs latent learning 

performance in zebrafish. Moreover, impaired learning is associated with the induction of oxidative 

stress, alterations in dopaminergic neurotransmission, and down-regulation in the expression of 

immediate early genes in the zebrafish brain. The findings of this chapter complement the findings 

of Chapters 2 and 6 and provide a mechanistic understanding of how dietary SeMet impairs latent 

learning in zebrafish.  

The content of Chapter 4 was reprinted (adapted) from Environmental Science and Technology 

(DOI: 10.1021/acs.est.7b03937). Naderi, M., Salahinejad, A., Jamwal, A., Chivers, D.P., Niyogi, 

S. “Chronic dietary selenomethionine exposure induces oxidative stress, dopaminergic 

dysfunction, and cognitive impairment in adult zebrafish (Danio rerio)”. Copyright 2017, with 

permission from American Chemical Society Publications. 
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4.1. Introduction 

Learning and memory are fundamental higher brain functions taking place at the synaptic level to 

encode experiential information, which enables animals to generate adaptive behaviours essential 

for their survival. A wide range of environmental contaminants has been shown to interfere with 

different aspects of the central nervous system (CNS), which consequently manifests as learning 

and memory deficits in animals (Schantz and Widholm, 2001). In recent years there has been an 

increasing level of concern about essential trace elements since not only their deficiency may cause 

abnormal neurological functions, but their excessive intake due to environmental contamination 

may also lead to neurological dysfunctions.     

Selenium (Se) is a naturally occurring metalloid element found in trace amounts in soil, water, 

animals, and plants. The anthropogenic redistribution of Se through agricultural runoff, coal 

combustion, metal mining, and oil refining activities results in elevated concentrations of Se in 

surface waters (Janz et al., 2010). Although Se can be extremely toxic to fish, much of its toxicity 

has been characterized in terms of its reproductive and developmental effects (Janz et al., 2010), 

and virtually nothing is known about its neurobehavioural effects on fish. The biological functions 

of Se are primarily implemented through its incorporation into selenoproteins. Mammalian studies 

have demonstrated an indispensable role of Se in the maintenance of optimal brain functions via 

redox regulation (Steinbrenner and Sies, 2013), as selenoproteins play a crucial role in 

neurodevelopment (Chen and Berry, 2003), neuroprotection (Yang et al., 2014), and signal 

transduction (Raman et al., 2013). Although beneficial at optimum levels, both insufficient and 

supranutritional levels of Se contribute to adverse health effects (Lee and Jeong, 2012). For 

example, the imbalance in Se concentrations in the brain has been implicated in the 

pathophysiology of several neurological diseases (Caito et al., 2011; Wirth et al., 2010) and 

cognitive decline (Shahar et al., 2010). There is now a general consensus that the primary 

mechanism underlying Se toxicity is oxidative stress (Jamwal et al., 2016; Misra et al., 2010), 

which in turn is a major contributor to the neurodegeneration of the brain leading to cognitive 

decline (Dröge and Schipper, 2007).  

Among divergent outcomes of Se neurotoxicity, interaction with and perturbation of several 

neurotransmitter systems has received increasing attention in recent years (Estevez et al., 2012; 

Souza et al., 2010). Dopamine (DA) is the predominant catecholamine neurotransmitter in 
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vertebrates and has been implicated in a plethora of processes such as learning and memory, 

locomotion, emotion, and neuroendocrine secretion. Degeneration of dopaminergic neurons is 

believed to mediate neuropathological conditions such as Parkinson’s disease and schizophrenia, 

and oxidative stress has been implicated as the major pathogenic process in all of them (Bretaud et 

al., 2004; Maas et al., 2017). Indeed, the biosynthesis, transport, and metabolism of DA are all 

strongly linked to oxidative stress (Meiser et al., 2013). Since dopaminergic neurons intrinsically 

bear a high oxidative load, even a moderate level of oxidative stress can trigger a cascade of events 

that may eventually lead to the dysfunction of the dopaminergic system and its related neurological 

functions. Se has been found to affect the dopaminergic system in mammals (Qureshi et al., 2006; 

Rasekh et al., 1997; Tsunoda et al., 2000). Although early life-stage exposure to SeMet was found 

to impair spatial learning in adult zebrafish (Smith et al., 2010), whether this effect is mediated by 

the disruption of the dopaminergic system has never been investigated.   

In the natural environment, Se exposure to fish occurs predominantly via diet and in the form of 

selenomethionine (SeMet) (Janz et al., 2014). The primary goal of the present study was, therefore, 

to investigate the effects of chronic dietary Se exposure on learning and memory in adult zebrafish 

(Danio rerio), with a particular focus on the dopaminergic system. Zebrafish possess a conserved 

dopaminergic projection pathway that is homologous to the mammalian midbrain dopaminergic 

system (Yamamoto and Vernier, 2011). Moreover, we previously established the role of DA 

receptors in different forms of learning and memory in this species (Naderi et al., 2016a; Naderi et 

al., 2016b). Adult zebrafish exhibit robust learning ability in a variety of paradigms, making them 

a powerful model for neurobehavioural studies (Truong et al., 2014). It has been demonstrated that 

older adult zebrafish (2 years old) are more prone to neurobehavioural effects of neurotoxicants in 

comparison to younger adults (Xu et al., 2012). On the other hand, it has been suggested that 

juvenile zebrafish (younger than 4 weeks of age) do not possess fully developed brain functions 

necessary for acquisition of different learning tasks (Valente et al., 2012). With that in mind, 6 

months old adult zebrafish were used in the present study. Subjects were exposed to different 

environmentally relevant concentrations of SeMet, and then trained in a latent learning of spatial 

task. To elucidate possible biochemical and molecular mechanisms underlying Se neurotoxicity, 

oxidative stress and expressions of different genes associated with DA receptor activity (D1 and 

D2 receptors), as well as the DA biosynthesis (tyrosine hydroxylase 1 (TH)), re-uptake (dopamine 

transporter (DAT)), and metabolism (monoamine oxidase (MAO)) were quantified in the zebrafish 
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telencephalon. This brain region is not only the center of dopaminergic neurons, but is also the 

main target of DA projections from the posterior tuberculum (homologous to the midbrain 

dopaminergic system of mammals), and plays a pivotal role in various forms of learning and 

memory in fish (Hurtado-Parrado, 2010; O'connell et al., 2011; Tay et al., 2011). Expression of 

two immediate early genes (IEGs; brain-derived neurotrophic factor (BDNF) and early growth 

response1 (EGR-1)) was also assessed in the telencephalon. These genes are involved in neural 

plasticity processes related to learning and memory, and their expressions are commonly used as 

markers of neuronal activity in the brain of vertebrates, including zebrafish (Manuel et al., 2014; 

Teles et al., 2016). 

4.2. Materials and methods 

4.2.1. Fish 

Zebrafish (wild-type, 6 months old) were procured from the in-house stock of the R.J.F. Smith 

Center for Aquatic Ecology of the University of Saskatchewan, and maintained in the aquatic 

facility of the Dept. of Biology. A total number of 280 adult zebrafish (0.54 ± 0.30 g and 3.54 ± 

0.07 cm) were used in this study and were randomly distributed into twenty 30-l glass aquaria (14 

fish/aquarium) supplied with filtered and de-chlorinated Saskatoon tap water (total hardness 150 

mg/l as CaCO3, alkalinity 120 mg/l as CaCO3, pH 8) at 27 ± 1℃ under a 12:12 hr light: dark cycle, 

and fed with fish flake food (Nutrafin Max flakes, Germany).  

4.2.2. Diet preparation and experimental design 

Fish were fed four times per day (5% body weight/day ration) with either control food or food 

spiked with different nominal concentrations of Se (3, 10, 30, and 60 µg/g dw; added as Seleno-L-

methionine (purity > 98%), Sigma-Aldrich, USA). These Se concentrations are environmentally 

relevant since a similar range of Se concentrations has been reported in aquatic invertebrates and 

prey fish species collected from Se-impacted sites (Driedger et al., 2009; May et al., 2008; 

Muscatello and Janz, 2009; Schuler et al., 1990). Different nominal concentrations of SeMet were 

dissolved in deionized distilled water, mixed with flake food, and freeze-dried using a freeze dryer 

(Labconco, USA) for 48 hrs. The control diet was treated the same way without any added SeMet. 

Triplicate diet samples (500 mg each) were taken from each batch of food for total Se analysis. 

Fish (56 fish per treatment, equally divided in 4 replicates per treatment) were exposed to either 

the control diet or SeMet-spiked food for a period of 30 days. This exposure period was selected 
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on the basis of previous observations demonstrating chronic effects of trace elements in zebrafish 

brains (Sarkar et al., 2014; Senger et al., 2006). Fish were allowed to feed for 1 hr, after which 

excess food was siphoned out. A 75% exchange of water was carried out in each tank every day. 

On day 15, water samples (n = 3 per treatment) were collected 3 hrs post feeding in order to 

determine dissolved Se concentrations. 

4.2.3. Latent learning task 

After the first 14 days of experimental exposure, training trials were started in which fish from each 

treatment were trained in a latent learning task for the subsequent 16 days. Latent learning is a 

complex cognitive task in which fish incidentally learn about the spatial construction of a complex 

maze by exploring and wandering, in the absence of a reward (Jensen, 2006). Zebrafish have been 

shown to perform well in this paradigm (Naderi et al., 2016b). The maze was composed of a start 

chamber, a reward chamber, and two tunnels which connect these two chambers to each other (see 

Fig. 2.1; Chapter 2). As described elsewhere (Naderi et al., 2016b), the training sessions were 

conducted each day by placing groups of 14 fish in the start chamber and releasing them after 30s. 

Fish that demonstrated normal swimming behaviour (no erratic movement, jumping, and/or 

freezing) were only used in the training sessions. Fish were then allowed to explore the maze for 

30 min in the absence of a reward. During the training trials, only one tunnel was kept open: either 

the right or the left tunnel. Among the four replicate groups of fish assigned to each treatment, two 

groups were trained in the maze with the right tunnel open, and the other two groups were trained 

with the left tunnel open. In order to evaluate learning performance of fish after 16 days of training, 

probe trials were conducted. Due to differential mortality among treatments, the number of fish 

tested in the probe trial was not equal for each treatment. The number of fish used in the probe was 

53, 56, 52, 44, and 36 in the control, 3, 10, 30 and 60 µg/g dietary Se treatments, respectively. 

During the probe trial, a single fish was placed in the start chamber while both the right and the left 

tunnels were open, and the reward chamber contained 6 stimulus fish (fish to which the zebrafish 

would respond in the test) as a reward. Given the highly social nature of zebrafish, the sight of 

conspecifics (or shoaling) has potent rewarding properties and thus triggers a response (Al-Imari 

and Gerlai, 2008). Learning performance of the subjects was monitored for 10 min using an HD 

webcam (Logitech c310, USA) mounted above the maze. Video footages were analyzed using 

image processing and vision techniques utilizing MATLAB (Academic version R2015a) and the 

parameters of interest were extracted. To evaluate latent learning performance in zebrafish, five 
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behavioural variables were quantified: the latency to leave the start chamber, the time spent in the 

correct versus incorrect tunnel, the latency to enter the reward chamber, the time spent in the reward 

chamber, and locomotion (total distance traveled by the fish). After the completion of probe trials, 

fish were euthanized by 10 mg/l of Aquacalm within 2 min (Syndel Laboratories, Canada). Whole-

brains were dissected out from male and female zebrafish and pooled separately. Briefly, the dorsal 

surface of the brain was exposed. Then, the optic nerves and the medulla at the beginning of the 

spinal cord were cut and the brain was removed. Subsequently, the telencephalon was dissected 

out from a subset of brains, using a fine forceps and iridectomy scissors under a dissecting 

microscope that was equipped with an Axiocam camera (Zeiss, Germany). Brain and whole-body 

samples were stored at −80 ℃ until further analysis. Oxidative stress responses were assessed in 

the whole-brain, since it is generally accepted that reactive oxygen species (ROS) generated in 

different brain regions can affect dopaminergic neurons. More importantly, ROS generated from 

the auto-oxidation of DA shows widespread toxicity not only in DA neurons but also in other brain 

regions (Miyazaki and Asanuma, 2008). In contrast, the expression of genes related to 

dopaminergic neurotransmission and IEGs was evaluated specifically in the zebrafish 

telencephalon, as these genes can also be expressed in other parts of the brain that have no cognitive 

functions (Manuel et al., 2014).  

4.2.4. Measurement of selenium 

Total Se concentrations in water, food, and whole-body of fish were measured using a GF-AAS 

(PerkinElmer AAnalyst 800, USA) as described previously (Misra et al., 2012b). Briefly, water 

samples (n = 3) were treated with 0.2% (v/v) concentrated nitric acid and stored in 4 ℃ until Se 

analysis. Food and tissue samples (n = 3) were weighed and transferred into borosilicate glass vials 

with polypropylene screw tops (Metal free, EPA certified, VWR, Canada). Then, 1N nitric acid 

was added to vials (1 to 5 mass (g): volume (ml) ratio) and kept at 60 ℃ for 48 hrs. Digested 

samples were removed and centrifuged at 15,000 g for 4 min. Supernatants were collected and 

stored at 4°C until Se analysis. The quality control and assurance of the analysis were maintained 

using appropriate method blanks and sample duplicates, a certified Se standard, and a reference 

material (DOLT-4; National Research Council of Canada). The recovery percentage of Se in the 

reference material was 96%. 
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4.2.5. Biochemical assays 

Glutathione (GSH) is considered as the most abundant antioxidant in aerobic cells, and it plays a 

critical role in the protection of the brain against oxidative stress. The ratio of reduced GSH to 

oxidized GSH (GSSG) is employed to gauge the degree of oxidative stress in cells (Owen and 

Butterfield, 2010). The concentration of GSH and GSSG in zebrafish brain (pools of three, n = 4 

per treatment) was measured using a fluorometric method as described previously (Jamwal et al., 

2016). GSH content was measured in a final reaction mixture volume of 200 µl, which contained 

180 µl of phosphate–EDTA buffer (0.1 M sodium phosphate–0.005 M EDTA, pH 8.0), 10 µl of o-

phthalaldehyde (OPT, 100 µg per 100 µl methanol) and 10 µl of sample. The final reaction mixture 

for GSSG measurement contained 140 µl of 0.1 N NaOH, 20 µl of OPT, and 40 µl of sample. The 

fluorescence intensity was measured in a multimode microplate reader (Varioskan Flash, Thermo 

Fisher Scientific, Finland) at excitation and emission wavelengths of 350 nm and 450 nm, 

respectively. The Bradford method was employed for quantification of the protein content in the 

samples (n = 4) (Bradford, 1976). The GSH and GSSH content was expressed as μg per mg of 

protein. Lipid peroxidation (LPO), another index of oxidative stress, was measured by the 

determination of malondialdehyde (MDA) content, using a commercially available assay kit 

(Abcam, USA). Each replicate was a pool of 2-3 brain samples and 5 replicates per treatment were 

used for LPO measurement.  

4.2.6. Gene expression measurement 

The expression of following genes was assessed, based on their involvement in cognitive functions 

and their localization in the zebrafish telencephalon as reported previously: D1 receptor (DRD1, 

also known as DRD1b), D2 receptors (DRD2b, DRD2c, DRD3, DRD4a, DRD4b subtypes), TH, 

DAT, MAO, BDNF, and EGR-1. (Manuel et al., 2014; Maximino and Herculano, 2010; Panula et 

al., 2010). Total RNA was isolated from a pool of 4 telencephalons (n = 4 per treatment) using the 

RNeasy Mini Kit (Qiagen, Germany), which included a DNase treatment according to the 

manufacturer's protocol. The RNA concentrations and purity were verified on a Nanodrop 

spectrophotometer (NanoDrop, Thermo Scientific, USA) using the absorbance ratios at 

wavelengths of 260 and 280 nm, respectively. Subsequently, the cDNA was synthesized from 1µg 

total RNA using a QuantiTect Reverse Transcription® kit (Qiagen, Germany). Quantitative real-

time PCR was performed on an iCycler Thermal Cycler (Bio-Rad, USA). The 20 µl reaction 

mixture contained 10 µl of SYBR Green PCR Master Mix (SensiFAST, SYBR No-ROX Kit, 
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Bioline, USA), 0.8 µl of each forward and reverse primers, and 2 µl of the cDNA and nuclease-

free water. PCRs were performed in triplicate. The mRNA expression of each target gene was 

normalized to β-actin as the house-keeping gene. The relative quantification of gene expression 

among treatment groups was analyzed by the 2−ΔΔct method (Livak and Schmittgen, 2001). The 

sequences of primers are presented in Table 4.1. 

Table 4.1. Primer sequences for quantitative PCR used in this study. 

Target 

Gene 
Forward primer (from 5’ to 3’) Reverse primer (from 5’ to 3’) 

GenBank 

accession no. 

DRD1b ACTGCATGGTTCCTTTTTGC GGATTTGTGCTGTCCGTTTT NM_001135976 

DRD2b GTCTCCATCTCCGTCCTCTC TTACCGAACACCACACAGAAG AY333791 

DRD2c ATGCTCCTGACTCTCCTC ATCTGCCACCGCCAAG AY333792 

DRD3 TTCAGACCACCACCAACTACC GCTCCGCCGACCACTTC NM_183067.1 

DRD4a GGTCCCTCAATATGACCGTATG GCGATGAACCTGTCTATGCT AY750152.1 

DRD4b GAGCTCTGGTCGTAACCGCTCACA ACAGGCAGCACCTTCATTGCCTTG AY750153.1 

TH1 GCCATACCAAGACCAGACTTAC GCTTGATGCGGGTCACATA NM_131149.1 

DAT ACTTTCTGCTGTCCGTCATC GCTCCTCCGCCATTCTTG NM_131755 

MAO GCAGTCAGAGCCCGAATC CACACCCATAAACTTGAGGAATC NM_212827 

BDNF AGAGCGGACGAATATCGCAG GTTGGAACTTTACTGTCCAGTCG NM_131595 

EGR-1 GTGAGCCCAACCCCATCTAT CCAGGCTGATCTCACTTTGC NM_131248 

β-Actin AGGTCATCACCATTGGCAAT GATGTCCACGTCGCACTTCAT AF057040 

 

4.2.7. Statistical analysis 

Data were analyzed using SPSS software (version 23.0, IBM SPSS Inc., USA) and presented as 

mean ± the standard error of the mean. The data were checked for normality and homogeneity of 

variance using the Kolmogorov–Smirnov one-sample test and Levene's test, respectively. 

Statistical analysis was performed on parametric data using one-way analysis of variance 

(ANOVA) with Tukey's multiple comparisons. The Welch's test followed by the Games–Howell 

post hoc test was used if the equality of variance assumption was rejected. When nonparametric 

tests were required, statistical analysis was performed using the Kruskal–Wallis test with Dunn's 

post hoc analysis. In addition, a chi-square test (with Bonferroni's correction) was used to determine 

significant differences in mortality among the treatment groups. The alpha level was set at 0.05 

except when a Bonferroni's correction was applied (α = 0.016). No sex-specific differences in 
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learning performance of fish and the expression of dopaminergic genes were found, and therefore 

the data were pooled for sexes. 

4.3. Results 

4.3.1. Selenium concentrations  

The measured Se concentrations in water, food, and whole-body of fish are outlined in Table 4.2. 

Concentrations of dissolved Se in water samples differed significantly among fish aquaria (one-

way ANOVA: F 4,10 = 56.54, p < 0.001). Tukey's post hoc comparison showed higher dissolved Se 

concentrations in water collected from aquaria in the two highest dietary treatments compared to 

the control aquaria (p < 0.001). The control food (no added SeMet) contained 0.9 ± 0.1 µg/g dw of 

Se. SeMet-spiked food, prepared by adding 3, 10, 30 and 60 µg/g of Se to the commercial diet, 

contained 2.3 ± 0.2, 9.7 ± 0.1, 32.5 ± 2.4, and 57.5 ± 3.2 µg Se/g dw, respectively. Whole-body 

concentrations of Se in adult zebrafish were also 0.9 ± 0.1, 0.98 ± 0.1, 4.2 ± 0.2, 12.9 ± 0.6, and 

25.5 ± 0.9 g/g wet weight in fish treated with control, 2.3, 9.7, 32.5, and 57.5 g Se/g diets, 

respectively. Whole-body Se concentrations differed significantly among treatments (one-way 

ANOVA: F 4,10 = 398.26, p < 0.001). Tukey's post hoc comparison confirmed that dietary exposure 

to 9.7, 32.5, and 57.5 µg Se/g dw resulted in significantly higher Se body burdens in fish compared 

to that in the control (all p < 0.01).  

Table 4.2. Total Se concentrations in water (µg/l), food (µg/g dry weight), and fish body (µg/g wet weight), and 

cumulative mortality of fish in each treatment after 30 days of exposure to SeMet. 

Nominal 

concentrations of 

Se in diet (µg/g) 

Water 

(µg/l) 

Food 

(µg/g dry 

weight) 

Whole body 

(µg/g wet weight) 
Cumulative % mortality 

Control 0.4 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 5.3 ± 3.4 

3 0.4 ± 0.1 2.3 ± 0.2 0.9 ± 0.1 0 

10 0.8 ± 0.1 9.7 ± 0.1a 4.2 ± 0.2a 7.1 ± 4.1 

30 1.2 ± 0.1a 32.5 ± 2.4a 12.9 ± 0.6a 21.4 ± 2.9b 

60 2.1 ± 0.1a 57.5 ± 3.2a 25.5 ± 0.9a 35.7 ± 5.8b 

a Significantly different from control group at p < 0.05. n = 3 for total Se concentrations per treatment. 

b Significantly different from the control group at p < 0.017. 
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4.3.2. Mortality 

Mortalities were observed in all treatment groups except the group treated with 2.3 µg Se/g dw 

during 30 days of exposure. The results of the chi-square test showed that there is a significant 

difference in fish mortality among different treatment groups (χ2
4 = 39.44, p < 0.001; Table 4.2). 

Mortalities were significantly greater in the groups treated with 32.5 (chi-square test: χ2
1 = 6.23, p 

= 0.012) and 57.5 µg Se/g diets (chi-square test: χ2
1 = 15.81, p < 0.001) compared to the control 

group.  

4.3.3. Latent learning performance  

The Welch test showed a significant difference in the latency to leave the start chamber among 

different treatments (F4, 101.61 = 7.62, p < 0.001). Post hoc test (Games-Howell) showed that fish 

fed with 9.7, 32.5, and 57.5 µg Se/g diets exhibited longer latencies to leave the start chamber (all 

p < 0.02, Fig. 4.1A). As illustrated in Fig. 4.1B and determined by one-way ANOVA (F4, 236 = 9.64, 

p < 0.001), the dietary exposure to SeMet significantly affected the length of time that fish spent 

in the correct versus the incorrect tunnel. Subsequently, Tukey's post hoc test showed that fish 

treated with 32.5 and 57.5 µg Se/g diets spent significantly less time in the correct tunnel compared 

to the control group (p < 0.001 and p < 0.003, respectively). Familiarity with the spatial layout of 

the maze was also assessed by measuring the latency to enter the reward chamber by experimental 

fish. A Kruskal-Wallis test indicated that there was significant variation in the latency to enter the 

reward chamber among treatments (X2
4 = 58.85, p < 0.001). As depicted in Fig. 4.1C, Dunn's post 

hoc test showed that fish fed with 32.5 and 57.5 µg Se/g diets exhibited a prolonged latency to 

reach the reward chamber relative to the control group (both p < 0.001). The length of time that 

fish spent in the reward chamber is depicted in Fig. 4.1D. One-way ANOVA detected a significant 

alteration in this parameter (F4, 236 = 9.13, p < 0.001). Subsequently, Tukey's post hoc test attributed 

this difference to the groups that were exposed to the two highest dietary concentrations of SeMet 

(32.5 and 57.5 µg Se/g) compared to the control group (p = 0.015 and p = 0.004, respectively). Fig. 

4.1E represents the locomotor activity of fish in different groups. One-way ANOVA found a 

significant difference in locomotion among different treatment groups (F4, 236 =2.98, p = 0.020). 

Tukey's post hoc comparisons indicated that fish fed with 32.5 µg Se/g diet had lower locomotion 

than fish treated with 9.7 µg Se/g diet (p = 0.012). However, there were no significant differences 

in locomotor activity among other groups (all p > 0.05). 
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Figure 4.1. The effects of dietary Se exposure on latent learning performance of adult zebrafish measured by: the 

latency to leave the start chamber (A), difference between the time spent in the correct vs. incorrect tunnel, according 

to the training condition (B), the latency to enter the reward chamber (C), the time the fish spent in the reward chamber 

(D), and locomotion (E). Asterisks above error bars denote a significant difference at p < 0.05. The number of fish 

tested in the control, 2.3, 9.7, 32.5, and 57.5 µg Se/g dw was 53, 56, 52, 44, and 36, respectively.   
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4.3.4. Oxidative stress responses 

The GSH and GSSG ratio, and lipid peroxidation (MDA content) were quantified to evaluate the 

degree of Se-induced oxidative stress in the zebrafish brain. As depicted in Fig. 4.2A, the 

GSH:GSSG ratio followed a biphasic pattern of response. One-way ANOVA detected a significant 

treatment effect (F 4, 15 = 45.72, p < 0.001) and Tukey's post hoc test showed a significant increase 

in GSH:GSSG ratio in fish treated with 2.3 µg Se/g diet (p < 0.001), while a significant reduction 

was observed in the brain of fish treated with 32.5 and 57.5 µg Se/g diets relative to the control 

fish (p = 0.012 and p = 0.004, respectively). As shown in Fig. 4.2B and confirmed by ANOVA, 

the MDA content in the whole-brain was also altered significantly (F 4, 20 = 9.74, p < 0.001). Tukey's 

post hoc test showed a significant increase in the brain MDA level in fish fed with 32.5 and 57.5 

µg Se/g diets compared to the control group (p = 0.003 and p = 0.001, respectively).  
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Figure 4.2. The GSH:GSSG ratio (A) and lipid peroxidation level (measured as MDA content) of the zebrafish brain 

(B) exposed to different concentrations of dietary Se. Asterisks above error bars denote a significant difference at p < 

0.05. n = 4 and 5 for GSH:GSSG and LPO, respectively. 

 

4.3.5. Responses of dopaminergic genes 

In the present study, transcription status of DA receptors, as well as important genes involved in 

the DA biosynthesis, re-uptake, and metabolism were assessed in the zebrafish telencephalon. As 

shown in Fig 4.3A, the mRNA expression of DRD1 differed significantly in the telencephalon 

among different treatments (one-way ANOVA; F4, 15 = 11.76, p < 0.001). Subsequently, Tukey's 

post hoc test showed a significant decrease in fish fed with 32.5 and 57.7 µg Se/g diets compared 

to the control fish (p = 0.019 and p = 0.014). One-way ANOVA also noted a significant change in 
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the relative expression of the DRD2b gene among different treatments (F4, 15 = 6.18, p = 0.004, Fig. 

4.3B). Tukey's post hoc test showed a significant up-regulation of DRD2b expression in fish treated 

with 32.5 µg Se/g diet (p = 0.014). However, dietary exposure to Se did not change the mRNA 

abundance of DRD2c (one-way ANOVA; F4, 15 = 2.27, p = 0.10; Fig. 4.3C) and DRD3 (one-way 

ANOVA; F4, 15 =1.67, p = 0.20; Fig. 4.3D) in the zebrafish telencephalon. Fig. 4.3E shows a marked 

up-regulation in the mRNA expression of another D2 receptor subtype DRD4a (one-way ANOVA; 

F4, 15 = 5.46, p = 0.006) following treatment with the highest concentration of dietary Se (p = 0.008). 

However, the mRNA expression of DRD4b in different treatment groups remained unchanged 

compared with the control group (one-way ANOVA; F4, 15 = 1.52, p = 0.24; Fig. 4.3F). 

In addition to the alteration in mRNA expressions of DA receptors, an apparent change in the 

expression of TH and DAT was also noteworthy. For the mRNA expression of TH (Fig. 4.4A), a 

one-way ANOVA (F4, 15 = 6.88, p = 0.002) followed by Tukey's post hoc test showed a significant 

increase in fish treated with 32.5 and 57.7 µg Se/g diets compared to the control fish (p = 0.038 

and p = 0.002, respectively). A similar result was found for the DAT gene (one-way ANOVA; F4, 

15 = 20.51, p < 0.001, Fig. 4.4B), where a higher expression was observed in the telencephalon of 

fish treated with 32.5 and 57.7 µg Se/g diets relative to the control fish (p < 0.001 and p = 0.004, 

respectively). The expression of the MAO gene did not change in fish fed with SeMet-spiked food 

when compared to the control group (one-way ANOVA; F4, 15 = 0.62, p = 0.64, Fig. 4.4C).  
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Figure 4.3. Mean fold change in expression of DRD1 (A), DRD2b (B), DRD2c (C), DRD3 (D), DRD4a (E), and 

DRD4b (F) in the zebrafish telencephalon. Asterisks above error bars denote a significant difference at p < 0.05. n = 4 

per treatment. 
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Figure 4.4. Mean fold change in expression of TH (A), DAT (B), and MAO (C) in the zebrafish telencephalon. 

Asterisks above error bars denote a significant difference at p < 0.05. n = 4 per treatment. 
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A dose-dependent change in the expression of immediate early genes (BDNF and EGR-1− markers 

of neuronal activity) was also observed in this study. A significant alteration was detected in the 

expression of the BDNF gene (the Welch test; F4, 6.85 = 19.95, p = 0.001), and post hoc analysis 

(Games-Howell post hoc test) showed a significant up-regulation in fish exposed to 2.3 µg Se/g 

diet (p = 0.026), and a significant down-regulation in fish fed with 32.5 µg Se/g diet, compared to 

the control group (p = 0.011, Fig. 4.5A). Similarly, the expression of the EGR-1 gene also exhibited 

a significant treatment effect (one way ANOVA; F4, 15 = 21.11, p < 0.001); a marked transcriptional 

up-regulation of the EGR-1 gene was recorded in fish fed with 2.3 µg Se/g diet relative to the 

control (Tukey’s post hoc test; p<0.001, Fig. 4.5B).  
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Figure 4.5. Mean fold change in expression of BDNF (A) and EGR-1 (B) in the zebrafish telencephalon. n = 4 per 

treatment. 

4.4. Discussion 

The present study is the first to investigate the effects of Se on learning and memory in adult 

zebrafish. Our results indicated that chronic dietary exposure to Se (as SeMet) leads to impaired 

latent learning performance, and causes oxidative stress and disruption of the dopaminergic 

transmission in the zebrafish brain. We examined Se neurotoxicity over a fairly broad range of Se 

exposure concentrations (2.3-57.5 g/g), and the adverse effects on zebrafish learning and memory 

were only observed at the two highest exposure concentrations used (32.5 and 57.5 µg/g). These 

exposure concentrations, although high, are still environmentally relevant (Driedger et al., 2009; 

May et al., 2008; Muscatello and Janz, 2009; Schuler et al., 1990). Moreover, these exposure 

concentrations resulted in elevated whole-body Se concentrations in zebrafish (4.2-25.5 g/g), 
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which were comparable to that reported in different wild fish species collected from the Se-

impacted aquatic systems (fathead minnow (Pimephales promelas; 3-29 µg Se/g), white sucker 

(Catostomus commersoni; 3-42 µg Se/g), and burbot (Lota lota; 11 µg Se/g) (Driedger et al., 2009; 

Muscatello and Janz, 2009). The increased accumulation of Se at two highest exposure 

concentrations used in our study was also associated with significantly higher fish mortality, further 

indicating the toxicity of Se.   

In a previous study, SeMet co-exposure was employed to ameliorate the deleterious effects of 

developmental exposure to methylmercury (MeHg) on spatial learning performance in zebrafish. 

Interestingly, SeMet co-exposure not only failed to prevent this deficit, but exposure to SeMet 

alone (in the absence of MeHg) was also associated with decreased learning success (Smith et al., 

2010). In line with this study, the results of the present study clearly demonstrated the detrimental 

effects of Se on learning and memory in zebrafish. The prolonged latency to leave the start 

chamber, increased dwelling time in the incorrect tunnel, and increased latency to reach the reward 

chamber implicated latent learning impairment in fish exposed to dietary SeMet (32.5 and 57.5 µg 

Se/g). A marked decline in the shoaling tendency of fish treated with the two highest dietary Se 

concentrations was also observed in the current study, suggesting negative effects of this metalloid 

on social behaviour and/or reward processing in zebrafish. Since we observed significantly higher 

mortality in fish treated with the two highest Se-enriched diets, one may assume that the learning 

and memory functions in fish in these treatments were compromised by their apparent poor health. 

To exclude that possibility, we tested the learning performance using fish that demonstrated no 

apparent symptoms of poor health (e.g., erratic swimming, freezing or jumping) and actively 

explored the maze during the training sessions. It should also be noted here that although exposure 

to high dietary Se concentrations has been suggested to cause locomotor deficits and impaired 

swimming performance in fish (Tashjian et al., 2006; Thomas and Janz, 2011), we did not record 

any significant change in locomotion (total distance covered) of fish among different treatments 

compared with the control group. This suggests that the impaired learning and memory functions 

recorded in our study were not likely induced by any deficits in the locomotory activity of fish.    

The collective evidence suggests that exposure to elevated SeMet induces oxidative stress in 

animals, particularly in fish. An increased lipid peroxidation and a decreased GSH:GSSG ratio has 

been reported in rainbow trout acutely exposed to SeMet (Schlenk et al., 2003). More recently, a 
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reduced concentration of GSH, and a reduced GSH:GSSG ratio have been found in zebrafish 

embryos following aqueous exposure to SeMet (Arnold et al., 2016). Consistent with these 

findings, results of the present study also demonstrated a marked decrease in GSH:GSSG ratio and 

a marked increase in LPO concentration following chronic dietary exposure to 32.5 and 57.5 µg 

Se/g, indicating the oxidative damage in the zebrafish brain. Interestingly, we also recorded a 

significant increase in GSH:GSSG ratio in the brain of fish fed with 2.3 µg Se/g diet. Mammalian 

studies indicate that an increase in the GSH:GSSG ratio can occur via a combination of two 

different mechanisms. Exposure to low Se concentrations has been reported to increase synthesis 

of GSH by up-regulating the rate-limiting biosynthetic enzyme, γ-glutamyl-cysteine ligase (Richie 

Jr et al., 2011). On the other hand, it has been suggested that  Se can increase the rate of conversion 

of GSSG to GSH by up-regulating glutathione reductase activity (Chung and Maines, 1981). 

Collectively, our results indicate that the anti-oxidative capacity in zebrafish brain might have been 

stimulated by the low Se exposure concentration, while higher Se exposure concentrations 

overwhelmed the cellular antioxidant defense mechanisms, as suggested in previous studies with 

fish (Elia et al., 2014; Zee et al., 2016). 

A consistent body of evidence indicates that elevated oxidative stress in the brain is one of the main 

contributors to the cognitive decline in animals (Dröge and Schipper, 2007; Huang et al., 2015). 

Enhanced oxidative stress in the zebrafish brain has been shown to impede cognitive functions in 

associative and spatial learning tasks (Ruhl et al., 2016). Thus, the increase in Se-induced oxidative 

stress might be attributed to the diminished latent learning performance in zebrafish observed in 

the present study. Oxidative stress may alter neurotransmission, cellular signalling, dendritic 

network, neuronal function, and overall brain activity, which could be possible mechanisms 

underlying the memory impairment (Bouayed et al., 2009).  

It has been suggested that exposure to Se may alter the integrity of dopaminergic neurons in several 

brain regions and DA neurochemistry, including both increase and decrease in the DA levels of the 

brain (Khan, 2010; Qureshi et al., 2006; Romero-Ramos et al., 2000). In a study with male Sprague-

Dawley rats, Se exposure (as sodium selenite) was found to increase synaptic DA in the striatum 

and nucleus accumbens via modulation of D2 receptors (Rasekh et al., 1997). A similar increase 

in DA level following exposure to Se-containing molecules has been reported in mice, where 

activation of both D1 and D2 receptors were involved (Oliveira et al., 2012). Our data showed that 
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dietary exposure to Se alters the mRNA expression of the D1 receptor and specific subtypes of D2 

receptors. The change in the transcriptional activity of DA receptors was evident by the down-

regulation of the DRD1 gene, which occurred in parallel with the up-regulation of DRD2b and 

DRD4a genes. We previously demonstrated that the activity of DA receptors (D2 receptors in 

particular) is crucially important for the regulation of latent learning of spatial information in 

zebrafish (Naderi et al., 2016b). Hence, it is plausible that latent learning impairment observed in 

zebrafish could be attributed to increased DRD2 and decreased DRD1 levels and/or any 

coordinated actions of these two DA receptors. DA receptors regulate different aspects of reward 

processing and socially motivated behaviours in vertebrates, including fish (Krach et al., 2010; 

Naderi et al., 2016b). Therefore, disruption of the dopaminergic system may underlie the reduced 

shoaling tendency in fish fed with the two highest concentrations of Se. 

Besides the activity of DA receptors, we also found a change in the activity of both TH and DA 

transporter, as reflected by the up-regulation of TH and DAT genes, suggesting that the DA 

biosynthesis and re-uptake are other targets of Se neurotoxicity. The increase in DA synthesis and 

turn-over may alter the expression of DA receptors as indicated by our results. Monoamine oxidase 

is the enzyme principally responsible for the metabolism of monoamines, which regulates their 

intracellular concentrations in the brain. It has been claimed that both inorganic and organic Se 

supplements can reduce MAO activity in the rat brain (Tang et al., 2008). However, no significant 

change in MAO activity following treatment with organo-selenium compounds has also been 

reported in rodents by others (Da Rocha et al., 2012). In agreement with the latter report, our results 

showed that dietary exposure to SeMet did not alter the activity of MAO, thereby indicating that 

this enzyme does not directly contribute to the neurotoxic effects of Se in zebrafish.  

The increase in intracellular levels of DA via autoxidation process may also induce oxidative stress 

in dopaminergic neurons and subsequently changes the expression of DA receptors (Martin and 

Teismann, 2009). It has frequently been reported that down-regulation of D1 receptors provides 

neuroprotection against psychostimulants via the reduction in DA content and turn-over, and 

regulate the redistribution of this neurotransmitter inside the neurons where sequestration into 

synaptic vesicles occur (Ares‐Santos et al., 2013). Conversely, the stimulation of D2 receptors 

could also exert neuroprotection via a decrease in extracellular levels of DA (Bozzi and Borrelli, 

2006). Previous research (Bozzi and Borrelli, 2006; Ishige et al., 2001) has shown that D2 and D4 
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subtypes play a more important role in neuroprotection, while the D3 subtype is not involved in 

this process, which is in agreement with our observations. Therefore, alterations in the mRNA 

expression of D1 and D2 receptors in this study might be linked to their neuroprotective roles to 

counteract DA-induced oxidative stress.  

Immediate-early genes are a class of genes that are rapidly up-regulated following neural 

stimulation in the brain. These genes play fundamental roles in neural activation, neurogenesis, 

neuron survival, neuronal maturation, and/or synaptic plasticity (Pérez-Cadahía et al., 2011). In the 

present study, fish fed with 2.3 µg Se/g diet exhibited a higher mRNA expression of BDNF and 

EGR-1 compared to the control group. Contrastingly, the reduction in the mRNA expression of 

IEGs was apparent in fish treated with 32.5 and 57.5 µg Se/g diets, although this reduction was 

only statistically distinguishable for the BDNF gene in fish fed with 32.5 µg Se/g diets. Expression 

of IEGs is stimulated during the initial stages of oxidative stress, contributing to neural cell survival 

(Farooqui, 2014). However, elevated ROS generation may reduce and/or inhibit this 

neuroprotective response (Liu and Arora, 2002), which might have occurred at two highest Se 

exposure concentrations in our study.  The suppressed expression of IEGs may consequently lead 

to an inability to form or maintain neural pathways related to learning the task, as reflected by the 

marked decline in latent learning performance in groups fed with the two highest concentrations of 

Se.  

4.5. Conclusion 

Overall, our results suggest that chronic exposure to dietary Se may lead to adverse 

neurobehavioural effects in zebrafish, mediated by Se-induced oxidative stress and disruption of 

dopaminergic neurotransmission in the brain. Moreover, alterations in DA homeostasis exacerbate 

the Se-induced oxidative stress in the brain, which appears to be the underlying mechanism of 

impaired latent learning in adult zebrafish.
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Chapter 5: Dopaminergic dysregulation and impaired associative learning behaviour 

in zebrafish during chronic dietary exposure to selenium

Preface 

The aim of this chapter is to address the fourth objective of my doctoral research work, which is to 

determine the effects of chronic exposure to dietary selenomethionine (SeMet) on associative 

learning in adult zebrafish. To this end, fish were exposed to environmentally relevant 

concentrations of dietary SeMet (1.2, 3.5, 27.4, 63.4 µg/g Se) for 60 days. The results show that 

chronic exposure to dietary SeMet (mainly the two highest concentrations of Se) impairs 

associative learning in adult zebrafish. Selenium exposure is also found to induce oxidative stress, 

alters dopaminergic signalling, and suppresses the expression of immediate early genes in the 

zebrafish brain. The findings of this chapter complement the findings of Chapter 3 and provide a 

mechanistic understanding of how SeMet impairs associative learning in adult zebrafish. 

Moreover, zebrafish embryos obtained from this study were used in experiment 5 (Chapter 6). 

The content of Chapter 5 was reprinted (adapted) from Environmental Pollution (DOI: 

10.1016/j.envpol.2018.02.033). Naderi, M., Salahinejad, A., Ferrari, M.C.O., Niyogi, S., Chivers, 

D.P. “Dopaminergic dysregulation and impaired associative learning behavior in zebrafish during 

chronic dietary exposure to selenium”. Copyright 2018, with permission from Elsevier Inc. 
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5.1. Introduction 

The rising incidence and prevalence of neurological and neurodegenerative diseases have become 

a significant public health concern worldwide. New insights into the etiology of neurological 

disorders suggest that less than 10% of them have a genetic origin, while a gene-environment 

interaction is a potential candidate for deciphering the other 90% of cases (Johnson and Atchison, 

2009). Trace elements have emerged as one the major concerns of environmental neurotoxicity due 

to their broad range of applications in daily life (e.g., food, dietary supplements, cosmetics, glass, 

plastics, and paints) and their adverse health effect on animals. 

In recent years, selenium (Se) has become a contaminant of considerable environmental importance 

due to its paradoxical role in nature. As an essential trace element, Se is an integral component of 

many selenoproteins, which have crucial roles in many biological functions, such as antioxidant 

defense, neurodevelopment, neuroprotection, synthesis of thyroid hormones, and reproduction 

(Chen and Berry, 2003; Mehdi et al., 2013). However, Se becomes extremely toxic at 

concentrations slightly above its bio-essential level (Janz et al., 2010). Although Se is naturally 

present in the environment at trace amounts (e.g., in rocks, shales, coal deposits, surface water, and 

vegetation), anthropogenic activities such as agriculture, coal combustion, and metal mining and 

refining contribute to Se contamination particularly in the aquatic ecosystems (Janz et al., 2010; 

Wang and Becker, 2013). Se contamination of the aquatic ecosystems has frequently been reported 

in many parts of the world, especially in North America. Se bioaccumulation occurs in different 

components of the food chain such as aquatic plants and aquatic invertebrates in Se-impacted 

ecosystems and subsequently affects predatory animals such as fish (Hamilton, 2004; Muscatello 

and Janz, 2009). Indeed, this metalloid is among the most toxic elements to fish (Janz et al., 2010). 

There is now a general consensus that Se toxicity stems from its ability to promote the generation 

of reactive oxygen species (ROS) and thereby inducing oxidative stress, which can bring about 

developmental abnormalities, reproductive failure, and also death (Janz et al., 2010; Letavayová et 

al., 2006). Oxidative stress has long been considered to be a key driving factor of neurological 

diseases and cognitive decline in animals (Dias et al., 2013; Praticò et al., 2002). Se by virtue of its 

pro-oxidant properties can also lead to the development of several neurological disorders in both 

humans and animals (Ellwanger et al., 2016; Estevez et al., 2014; Vinceti et al., 2010; Vinceti et 

al., 2013). Since Se can be a double-edged sword with both toxic and beneficial properties, there 

is a growing interest in the outcome of exposure to various chemical forms of Se on the central 
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nervous system (CNS) functions. Although low Se concentrations may have neuroprotective 

effects (mainly as inorganic Se), there is a growing body of evidence indicating its neurotoxic 

effects at a higher dose range (Vinceti et al., 2014). Disruption of several different neurotransmitter 

systems, such as cholinergic system, glutamatergic system, and the dopaminergic system has been 

suggested to be the main consequence of Se neurotoxicity (Ardais et al., 2009; Estevez et al., 2012; 

Naderi et al., 2017; Rasekh et al., 1997).  

Dopamine (DA) is the principal monoamine neuromodulator in the CNS of all vertebrates and is 

implicated in the regulation of motor function, emotion, motivation, learning and memory. This 

neurotransmitter has also long been strongly linked to oxidative stress, neurodegenerative diseases, 

and cognitive disorders (Juárez Olguín et al., 2015; Meiser et al., 2013). The dopaminergic system 

is not only a favorable target for a variety environmental neurotoxicants, but is also a fertile source 

of free radicals and oxidative stress (Jones and Miller, 2008; Meiser et al., 2013). Both enzymatic 

and non-enzymatic oxidation of DA itself can generate ROS, and thereby inducing oxidative 

damage in DA neurons (Dias et al., 2013; Meiser et al., 2013). Therefore, a delicate equilibrium of 

antioxidant defense and oxidative stress is crucial for dopaminergic cell viability and function.  

Zebrafish (Danio rerio) are a valuable model in neurobehavioural research, and are increasingly 

used in studies investigating different aspects of learning and memory (Bailey et al., 2015). The 

major dopaminergic pathways and homologous receptors of mammals have been identified in the 

zebrafish brain (Ek et al., 2016). We have recently demonstrated that DA receptors are 

differentially involved in two different forms of learning and memory in zebrafish. While D1 

receptor plays an important role in the associative learning task, D2 receptors mediate the effects 

of DA on different aspects of latent learning in zebrafish (Naderi et al., 2016a; Naderi et al., 2016b). 

Thus, it is reasonable to assume that the dysfunction of the dopaminergic system may lead to 

different forms of cognitive deficit in zebrafish. In our recent study, we have reported that chronic 

exposure to Se can adversely affect the dopaminergic system and latent learning behaviour in 

zebrafish (Naderi et al., 2017). The present study was designed to further explore the 

neurobehavioural effects of dietary Se and investigated how chronic environmentally relevant 

exposure to this element affects associative learning performance in zebrafish. To this end, we used 

a plus-maze associative learning paradigm following chronic exposure of zebrafish to different 

concentrations of organic Se in the form of selenomethionine (SeMet) via diet. It is important to 
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note here that dietary SeMet is the predominant bioavailable form of Se for fish in the natural 

environment (Janz et al., 2014). Redox homeostasis, DA levels, and the mRNA expression of 

dopaminergic cell markers in the zebrafish brain were evaluated. In addition, transcript levels of 

neuronal activity-dependent immediate early genes (IEGs) and late expression genes involved in 

neural plasticity, neurogenesis, and memory formation were also assessed.  

5.2. Materials and methods 

5.2.1. Animals 

Adult wild-type (AB) zebrafish (n = 400, 6 months old) were obtained from a colony present at the 

R.J.F. Smith Center for Aquatic Ecology of the University of Saskatchewan (see section 6.2.1, 

Chapter 6 for more detail). For SeMet exposure and behavioural assessment, a total of 320 fish 

(3.67 ± 0.06 cm and 0.75 ± 0.11 g) were selected and randomly distributed into twenty 30-l 

experimental tanks (16 fish/tank). Then, treatments were randomly allocated to tanks, with four 

replicate tanks per treatment. All tanks were filled with de-chlorinated tap water and maintained 

with continuous aeration at a target temperature of 28 ± 1℃. The illumination of experimental 

tanks was provided by overhead fluorescent light tubes (23 W) mounted above the tanks, on a 

14:10 hr light: dark photoperiod. Fish were fed twice daily with flake food (Nutrafin Max flakes, 

Germany). Fish were allowed to acclimate to these conditions for at least 3 weeks before the start 

of the experiment. 

5.2.2. Diet preparation and exposure 

Diet preparation and exposure duration were based on previous research (Chernick et al., 2016; 

Thomas and Janz, 2011). Diets containing varying concentrations of Se (i.e. 3, 10, 30, and 60 µg/g 

dry weight (dw)) were prepared by adding appropriate amounts of SeMet (Seleno-L-methionine, 

purity >98%, Sigma-Aldrich, USA) to the flake food as described previously (Naderi et al., 2017). 

These concentrations were selected to cover a broad range of environmentally relevant Se 

concentrations that have previously been reported in aquatic invertebrates and small prey fish 

species collected from Se contaminated waters (Driedger et al., 2009; May et al., 2008; Muscatello 

and Janz, 2009). The control diet was made by adding deionized distilled water without SeMet to 

flake food. Fish were fed with either a control diet or SeMet-spiked diet at 5% body weight/day for 

30 days. After 30 days, fish were fed equal portions (2.5%) of control or SeMet spiked foods and 

frozen brine shrimp (Sally's, San Francisco Bay Brand Inc., USA) for a further 30 days. Fish were 
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fed with frozen brine shrimp to improve egg production because in a companion study we also 

investigated the effects of the maternal SeMet transfer on the learning ability of F1-generation (see 

Chapter 6). Triplicate samples from each SeMet-spiked diet and three replicates from brine shrimp 

were collected for determination of total concentrations of Se. During the exposure, the excess food 

at the bottom of tanks was siphoned out, 1 hr after the last feeding time. A 75% water change was 

performed in each day daily. On 30th and 60th day of the exposure period, water samples (n = 3 per 

treatment) were collected, filtered (using 0.45 µm disposable filters), and stored at 4 ℃ for 

quantification of dissolved Se.  

5.2.3. Associative learning  

In order to evaluate learning performance of zebrafish after 60 days of exposure to dietary Se, a 

plus-maze associative learning paradigm was used: fish were required to develop a relationship 

between a conditioned visual stimulus (CS) and the presence of conspecifics as the reward or 

unconditioned stimulus (UC). The apparatus used in this study was a plus-shaped maze we 

employed previously (see Fig. 3.1; Chapter 3). The testing paradigm included 3 phases: (1) a 4-day 

habituation phase, to acclimate the fish to their novel environment. Fish were placed for 2 h in the 

maze. All fish in each exposure tank were introduced to the maze, but the number was gradually 

reduced each day (16, 8, 4, and 1), until a single fish was placed in the maze and allowed to freely 

swim. (2) A 4-day training trial, to allow the fish to make the correct association between a visual 

cue (a red card) and a social reward. In the plus maze, one arm was randomly selected as the target 

arm and contained a red-cue card at the end of it, while the other arms (the incorrect arms) had 

white cue cards. Four identical glass aquaria were placed at the end and adjacent to the left side of 

each arm of the maze. The aquarium adjacent to the target arm contained six fish originating from 

the same source as the focal fish (hereafter referred as stimulus group), while the other tanks were 

empty. Therefore, the red and white cure cards served as indicators of the presence or absence of 

the stimulus group, respectively. Zebrafish are highly social animals. Accordingly, the sight of 

stimulus group has been established as a potential reward in reward-related associative learning 

task (Al-Imari and Gerlai, 2008). During training trials, a single fish was placed in the center of the 

maze and released after 30 s. The fish was allowed to explore the maze for 5 min. Each focal fish 

experienced four daily training sessions for 4 days (16 training sessions in total). All fish received 

associative learning training. (3) The probe trial which was conducted the following day of the last 

training trial to evaluate the learning performance of the focal fish. During this phase, all stimulus 
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tanks were empty and only the red and white cue cards were presented at the end of the arms. 

Twenty fish from each treatment group were randomly selected and tested in a probe trial. 

Zebrafish behaviour during the probe trial was recorded and analyzed by MATLAB software 

(Academic version R2016). To determine the location of the fish in each frame, the motion 

detection technique was used. Each fish was detected as a group of black pixels in a white 

background. The mathematical average of these pixels was calculated, which resulted in a single 

pixel in the image that was interpreted as the fish central coordinate. We extracted the following 

data for each trial: percentage of time that the focal fish spent in the target arm, the number of times 

that focal fish visit the target arm, the number of incorrect arm entries, and locomotion (total 

distance moved). The average body length of fish was scored as an arm entry. Immediately after 

the probe trial, the focal fish was euthanized with an overdose of Aquacalm solution 

(Syndel Laboratories, Canada), and its brain removed using a dissecting microscope mounted with 

an Axiocam camera (Zeiss, Germany). Brain and whole-body samples were stored at −80 ℃ for 

further analysis.  

5.2.4. Selenium analysis  

Total Se concentrations in the water, food, and fish whole-body samples (n = 3) were quantified 

using a graphite furnace atomic absorption spectrometer (AAnalyst 800, Perkin Elmer, USA) as 

described elsewhere (see section 4.2.4; Chapter 4). 

5.2.5. Biochemical assays 

The ratio of reduced GSH to oxidized GSH is widely employed as a marker of oxidative stress and 

redox status (Owen and Butterfield, 2010). The concentration of the GSH and GSSG in the 

zebrafish whole brain (pools of three brains, n = 4) was measured using a fluorometric method as 

described previously (Jamwal et al., 2016). Lipid peroxidation (LPO) is another important 

manifestation of oxidative stress, which can alter membrane functions (Niki, 2008). LPO in 

zebrafish whole-brain (pools of three brains, n = 4) was analyzed using a lipid hydroperoxide assay 

kit following the manufacturer's protocol (Abcam, USA). This kit directly measures lipid 

hydroperoxides utilizing redox reaction with ferrous ions, rather than malondialdehyde degradation 

products. Homogenization of the brain tissues (pools of 3 brains) was conducted using ice-cold 

phosphate buffered saline (PBS) followed by centrifugation at 10,000 g for 10 min. Supernatants 

were carefully collected and transferred to new Eppendorf tubes. 500 µl of Extract R saturated 
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methanol solution was added to each tube and thoroughly vortexed. Then, 1 ml of cold chloroform 

was added to each tube followed by centrifuging at 1,500 g for 5 min at 0 °C. 500 μl of the bottom 

chloroform layer was collected and transferred to glass vials and mixed with 450 μl of chloroform-

methanol (2:1) mixture. Then standard chromogen (50 μl, freshly prepared) was added to each vial 

and vortexed. The absorbance was read at 490 nm using a multimode microplate reader (Varioskan 

Flash, Thermo Fisher Scientific, Finland). LPO in the brain samples was expressed as µM. 

Measurement of total DA was performed using a DA enzyme-linked immunosorbent assay kit 

following the manufacturer's instructions (ELISA, Biovison, USA). The brain tissues (pools of 2-

3 brains, 50 mg) were homogenized in ice-cold PBS and centrifuged at 5,000 g for 5 min to retrieve 

the supernatant. 50 µl of supernatant was transferred to 96-well ELISA plates and incubated with 

Biotin-detection antibody for 45 min at 37 ℃. The solution was discarded and the plate washed 3 

consecutive times using a wash buffer. A volume of 100 µl of HRP-Conjugated Streptavidin was 

added to each well and the plates were again incubated at 37 ℃. After 30 min the solution was 

discarded and the plate was washed 5 times using the wash buffer. Subsequently, 90 µl of TMP 

chromogenic substrate (3, 3', 5, 5'-Tetramethylbenzidine) was added to each well, the plate was 

incubated at 37 ℃ in the dark for 20 min prior to the addition of the stop solution. DA levels were 

determined in the microplate reader at an absorbance of 450 nm and expressed as pg/ml. 

5.2.6. Quantitative real-time polymerase chain reaction 

The mRNA expression of genes encoding for antioxidant enzymes, including manganese 

superoxide dismutase (Mn-SOD), copper/zinc superoxide dismutase (Cu/Zn-SOD), catalase 

(CAT), and glutathione peroxidase 1a (GPX1a) was quantified in the zebrafish whole-brain. 

Furthermore, the mRNA expression of genes associated with DA receptors (DA receptor D1b 

[DRD1] and D2 [DRD2b, DRD2c, DRD3, DRD4a, DRD4b], DA synthesis (tyrosine hydroxylase 

1 [TH]), storage (vesicular monoamine transporter-2 [VMAT2]), transportation (dopamine 

transporter [DAT]), and metabolism (monoamine oxidase [MAO]) was assessed. Moreover, the 

mRNA expression of genes involved in neural plasticity was evaluated in the zebrafish brain. This 

included brain-derived neurotrophic factor ([BDNF], involved in the modification of synaptic 

strength), neuronal PAS domain protein 4a ([NPAS4], involved in activity-dependent synaptic 

modulation in both excitatory and inhibitory neurons), and neuronal differentiation 1(NEUROD 1, 

involved in adult neurogenesis) (Aimone et al., 2014; Leal et al., 2015; Lin et al., 2008). Total RNA 
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extraction from the zebrafish whole-brain (pools of 3 brains, n = 3) was performed using the 

RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer's protocol. The cDNA was 

produced using a QuantiTect Reverse Transcription® kit (Qiagen, Germany). Quantitative real-

time in triplicates was conducted using SYBR Green PCR Master Mix (SensiFAST, Bioline, USA) 

on an iCycler Thermal Cycler (Bio-Rad, USA). Target gene mRNA abundance was quantified by 

normalizing to the expression of β-actin as the housekeeping gene. It is to be noted that the 

expression of β-actin was found to be unaffected in zebrafish brain during chronic exposure to 

similar dietary concentrations of Se in our previous study (Naderi et al., 2017). Likewise, in the 

present study, there was no significant change in the mRNA expression of β-actin in response to 

Se treatment (data not shown). The relative expression of target genes was calculated by the 2-ΔΔct 

method (Livak and Schmittgen, 2001). The sequences of primers are provided in Table 5.1. 

Table 5.1. Primer sequences for quantitative PCR used in this study. Detailed information on the primers used can be 

read in previous reports (Filby et al., 2010; Oliveira et al., 2016; Pan et al., 2012; Sarkar et al., 2014; Teles et al., 2016; 

Yamamoto et al., 2011). 

Target Gene Forward primer (from 5’ to 3’) Reverse primer (from 5’ to 3’) GenBank accession 

no. 

DRD1b ACTGCATGGTTCCTTTTTGC GGATTTGTGCTGTCCGTTTT NM_001135976 

DRD2b GTCTCCATCTCCGTCCTCTC TTACCGAACACCACACAGAAG AY333791 

DRD2c ATGCTCCTGACTCTCCTC ATCTGCCACCGCCAAG AY333792 

DRD3 TTCAGACCACCACCAACTACC GCTCCGCCGACCACTTC NM_183067.1 

DRD4a GGTCCCTCAATATGACCGTATG GCGATGAACCTGTCTATGCT AY750152.1 

DRD4b GAGCTCTGGTCGTAACCGCTCACA ACAGGCAGCACCTTCATTGCCTTG AY750153.1 

TH1 GCCATACCAAGACCAGACTTAC GCTTGATGCGGGTCACATA NM_131149.1 

DAT ACTTTCTGCTGTCCGTCATC GCTCCTCCGCCATTCTTG NM_131755 

MAO GCAGTCAGAGCCCGAATC CACACCCATAAACTTGAGGAATC NM_212827 

VMAT2 ATGGGGATGCTGGCAAGTGTTTAC GAGCGGGTCTTCATTGAGCAGTTA BC090766 

CAT CTCCTGATGTGGCCCGATAC TCAGATGCCCGGCCATATTC AF170069.1 

Cu/Zn SOD CAACACAAACGGCTGCATCA TTTGCAACACCACTGGCATC BC055516.1 

Mn-SOD AGCGTGACTTTGGCTCATTT ATGAGACCTGTGGTCCCTTG NM_199976.1 

GPX1a CCCTCTGTTTGCGTTCCTGA  TCTTGAATGGTTCCCCGTCC BC164790.1 

NEUROD 1 AAGTCAGATCCCTGCGTCAT GGGAATTGTGCAACTCTGC NM_130978 

NPAS4 GACACGGGTTGAGAATGGTT GCACCAAGCACCCTGTAAAT NM_001045321.1 

β-Actin AGGTCATCACCATTGGCAAT GATGTCCACGTCGCACTTCAT AF057040 
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5.2.7. Statistical analysis 

Data are expressed as mean ± the standard error of the mean (SEM), unless stated otherwise. All 

data were tested for normality and homogeneity of variance by use of the Kolmogorov–Smirnov 

one-sample test and Levene’s test, respectively (SPSS software, version 23.0, IBM SPSS Inc., 

USA). One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was employed 

to determine significant differences in different parameters among treatment groups. Data for the 

number of incorrect arm entries, Se concentrations in whole-body zebrafish, DA levels of the brain, 

and also the expression of BDNF did not meet the assumption of homoscedasticity and therefore 

were tested for significance using a Welch's test followed by Games-Howell post hoc test. 

Statistical significance was accepted when p<0.05. 

5.3. Results 

5.3.1. Selenium analysis 

The concentrations of total Se in diets, water, and in whole-body zebrafish samples are presented 

in Table 5.2. The measured concentrations of Se in the control diet and brine shrimp were 1.2 ± 

0.2 µg/g dry weight (dw) and 1.0 ± 0.1 µg/g wet weight, respectively. Se concentrations in SeMet-

spiked foods (nominal concentrations of 3, 10, 30 and 60 µg/g Se) were 3.5 ± 0.3, 11.1 ± 0.9, 27.4 

± 0.4, and 63.4 ± 0.4 µg/g dw, respectively. These concentrations were significantly different (one-

way ANOVA: F4, 10 = 2351.34, p < 0.001). At the exception of the diet contained 3.5 µg Se/g dw 

group (p = 0.076), the measured Se in other SeMet-spiked foods were significantly higher than the 

control group (Tukey post hoc tests: all p < 0.001). Dietary Se exposure significantly affected the 

whole-body Se burden of zebrafish (Welch's test: F4, 4.74 = 52.79, p < 0.001). Fish in groups 

receiving the two highest concentrations of Se had significantly higher Se concentrations in their 

bodies (Games-Howell post hoc test: both p < 0.001) than the control group. Our results also 

showed that dietary exposure to different concentrations of Se resulted in significantly higher 

dissolved Se concentrations in water (one-way ANOVA: F4, 25 = 48.28, p < 0.001), in exposure 

tanks treated with 27.4 and 63.4 µg Se/g diets (Tukey post hoc tests: both p < 0.001).  
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Table 5.2. Total Se concentrations in the exposure water (µg/l), food (µg/g dry weight), and brine shrimp and fish 

(µg/g wet weight). 

Nominal concentrations of 

Se in diet (µg/g) 

Food 

(µg/g dry weight) 

Water 

(µg/l) 

Whole body 

(µg/g wet weight) 

Control 1.2 ± 0.2 0.4 ± 0.1 2.24 ± 0.3 

3 3.5 ± 0.3 0.3 ± 0.1 2.66 ± 0.3 

10 11.1 ± 0.9* 0.8 ± 0.2 5.91 ± 0.4 

30 27.4 ± 0.4* 1.6 ± 0.1* 16.57 ± 2.0* 

60 63.3 ± 0.4* 2.4 ± 0.2* 39.21 ± 2.6* 

   Brine shrimp  

1.0 ± 0.1 

*
Significantly different from the control group at p < 0.05 (n = 3 per treatment except for dissolved Se (n = 6)). 

5.3.2. Associative learning performance  

Exposure to Se significantly affected the percent time that fish spent in the target arm (one-way 

ANOVA: F4, 95 = 7.30, p < 0.001, Fig. 5.1A). Fish fed with 11.1, 27.4, and 63.4 µg Se/g diets spent 

significantly lower time in the target arm compared to the control group (Tukey post hoc tests: all 

p < 0.005). Se exposure also altered the number of target arm entries among groups (F4, 95 = 13.08, 

p < 0.001, Fig. 5.1B). Fish fed with each of the four SeMet-spiked diets exhibited significantly 

fewer target arm entries compared to the control group (Tukey post hoc tests: all p < 0.001). Fig. 

5.1C illustrates the number of incorrect arm entries made by fish in different groups during the 

probe trial. Dietary exposure to Se resulted in a significant difference in the number of incorrect 

arm entries among treatment groups (Welch's test: F4, 42.06 = 10.75, p < 0.001). This difference was 

attributed to the groups exposed to the two highest dietary concentrations of SeMet (27.4 and 63.4 

µg Se/g) compared to the control group (Games-Howell post hoc test: p = 0.005 and p = 0.001, 

respectively). A significant difference in total distance traveled by fish was also found among 

different treatment groups (one-way ANOVA: F4, 95 = 3.26, p = 0.015, Fig. 5.1D). However, this 

difference was only attributed to the lower locomotor activity of fish fed with 3.5 µg Se/g diet 

compared to fish treated with 27.4 µg Se/g diet (Tukey post hoc tests: p = 0.017). Indeed, there 

were no significant differences in locomotor activity among Se treated groups when compared to 

the control group (Tukey post hoc tests: all p > 0.05), suggesting that fish in different treatment 

groups actively explored the maze.   
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Figure 5.1. The effects of dietary Se exposure on associative learning performance of adult zebrafish indicated by: the 

percentage of time zebrafish spent in the target arm during the probe (A), target arm entries (B), incorrect arm entries 

(C), and locomotion (D). Asterisks above data bars denote a significant difference vs. control group at p < 0.05 (n = 

20). 

5.3.3. Estimation of oxidative stress in the zebrafish brain 

GSH:GSSG ratio was measured to evaluate the extent of oxidative stress in the brain of zebrafish 

exposed to different dietary concentrations of Se (Fig. 5.2A). A significant effect of Se on this 

biomarker was found in zebrafish brain (one-way ANOVA: F4, 15 = 11.75, p < 0.001). A significant 

reduction in GSH:GSSG ratio was found in the fish fed with 27.4 and 63.4 µg Se/g diets (Tukey 

post hoc tests: p = 0.046 and p = 0.028, respectively), indicating a significant depletion in GSH 

levels in the brain of fish in these groups. Lipid peroxidation, another indicator of oxidative stress, 

also appeared to differ among the treatment groups (one-way ANOVA: F4, 15 = 433.51, p < 0.001, 

Fig. 5.2B). A significant induction in LPO levels was observed in fish treated with 27.4 and 63.4 

µg Se/g diets (Tukey post hoc tests: both p < 0.001). 
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Figure 5.2. The GSH:GSSG ratio (A) and lipid peroxidation levels (B) of the zebrafish brain exposed to different 

concentrations of dietary Se. Asterisks above bars represent a significant difference vs. control group at p < 0.05 (n = 

4).  

A significant alteration was found in transcript level of Mn-SOD (F4, 10 = 22.44, p < 0.001, Fig. 

5.3A) and Cu/Zn-SOD (F4, 10 = 32.87, p < 0.001, Fig. 5.3B). It was subsequently elucidated that 

these changes stemmed from the marked up-regulation of both Mn-SOD and Cu/Zn-SOD in fish 

treated with 27.4 and 63.5 µg Se/g diets (Tukey post hoc tests: all p < 0.003). A significant change 

in the mRNA expression of CAT was also found (one-way ANOVA: F4, 10 = 79.46, Fig. 5.3C). 

Exposure to 27.4 and 63.5 µg Se/g diets resulted in a significant up-regulation of CAT mRNA 

expression (Tukey post hoc tests: both p < 0.001). Likewise, the mRNA level of GPX1a was 

significantly affected by Se treatment (one-way ANOVA: F4, 10 = 7.70, p = 0.004, Fig. 5.3D). 

Although fish treated with the two highest concentrations of Se exhibited a relative increase in the 

mRNA level of GPX1a, only a significant increase in fish treated with 27.4 µg Se/g diet was 

confirmed compared to the control group (Tukey's post hoc tests: p = 0.041).  
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Figure 5.3. Mean fold change in the expression of antioxidant genes, including Mn-SOD (A), Cu/Zn-SOD (B), CAT 

(C), and GPX1a (D) in the zebrafish brain after 60 days of exposure to dietary Se. Asterisks above data bars denote a 

significant difference vs. control group at p<0.05 (n=3). 

5.3.4. Dopaminergic cell markers in the brain 

Dietary Se exposure induced a significant change in DA levels of fish among different groups 

(Welch's test: F4, 6.04 = 12.19, p < 0.001, Fig. 5.4A). DA levels in the groups treated with 11.1, 27.4, 

and 63.4 µg Se/g diets were significantly higher than fish fed with only control diet (Games-Howell 

post hoc test: all p < 0.005). Fig. 5.4 also depicts the mRNA expression profile of different genes 

involved in dopaminergic neurotransmission. As to the four genes associated with the DA 

biosynthesis, transport, storage, and degradation (TH, DAT, VMAT2, and MAO), one-way 

ANOVA declared a significant effect of Se exposure on TH (F4, 10 = 6.50, p = 0.008, Fig. 5.4B), 

DAT (F4, 10 = 34.07, p < 0.001, Fig. 5.4C), and VMAT2 (F4, 10 = 12.99, p = 0.001, Fig. 5.4D), but 

indicated no significant change in the transcription status of MAO (F4, 10 = 0.911, p = 0.494, Fig. 

5.4E). A significant induction of TH mRNA expression was found in fish fed with 11.1, 27.4, and 

63.4 µg Se/g diets (Tukey's post hoc tests: p = 0.035 and p = 0.036), and also a significant increase 

in the mRNA levels of DAT was found in fish treated with 27.4 and 63.4 µg Se/g (Tukey's post 
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hoc tests: both p < 0.008). However, a significant down-regulation in the transcript level of VMAT2 

was observed in fish treated with 11.1, 27.4, and 63.4 µg Se/g diets (Tukey's post hoc tests: p = 

0.016, p = 0.039, and p = 0.033, respectively).  
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Figure 5.4. DA levels of the zebrafish brain exposed to different dietary concentrations of Se (A). Mean fold change 

in the expression of TH (B), DAT (C), VMAT2 (D), and MAO (E) in the zebrafish brain. Asterisks above data bars 

denote a significant difference vs. control group at p < 0.05 (n = 4 for DA and n = 3 for genes). 
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Dietary Se exposure significantly altered the mRNA expression of DRD1 (one-way ANOVA: F4, 

10 = 40.35, p < 0.001, Fig. 5.5A). This gene was up-regulated in fish fed with 11.1, 27.4, and 63.4 

µg Se/g diets in comparison to the control group (Tukey's post hoc tests: p = 0.011, p = 0.006, and 

p < 0.001, respectively). Moreover, there was a significant treatment effect on the mRNA 

expression levels of DRD2b (one-way ANOVA: F4, 10 = 9.19, p = 0.002, Fig. 5.4B) and DRD2c 

(one-way ANOVA: F4, 10 = 6.86, p = 0.006, Fig. 5.4C). However, there was no significant 

difference in the mRNA expression of the DRD3 gene among different treatment groups (one-way 

ANOVA: F4, 10 = 2.31, p = 0.129, Fig. 5.5D). A marked transcriptional up-regulation of these genes 

was found in fish treated with 11.1 (Tukey's post hoc tests: p = 0.009) and 3.5 µg Se/g diets (Tukey's 

post hoc tests: p = 0.031), respectively. There was also a significant difference in the mRNA 

abundance of DRD4a (one-way ANOVA: F4, 10 = 46.65, p < 0.001, Fig. 5.5E) and DRD4b among 

groups (one-way ANOVA: F4, 10 = 10.94, p = 0.001, Fig. 5.5F). For DRD4a, post hoc comparisons 

attributed this difference to the up-regulation of mRNA expressions in fish treated with 11.1, 27.4, 

and 63.4 µg Se/g diets (Tukey's post hoc tests: all p < 0.001). A significant increase in the mRNA 

expression of DRD4b was noted in fish receiving the two highest concentrations of Se (Tukey's 

post hoc tests: p = 0.002 and p = 0.009).  



113 
 

A

D ie ta ry  S e  C o n c e n tra t io n  (µ g /g )

M
e

a
n

 f
o

ld
 c

h
a

n
g

e
 i

n
 g

e
n

e
 e

x
p

r
e

s
s

io
n

C o n tro l (1 .2 ) 3 .5 1 1 .1 2 7 .4 6 3 .4

0

2

4

6

8

1 0

*

*

*

D R D 1 B

D ie ta ry  S e  C o n c e n tra t io n  (µ g /g )

M
e

a
n

 f
o

ld
 c

h
a

n
g

e
 i

n
 g

e
n

e
 e

x
p

r
e

s
s

io
n

C o n tro l (1 .2 ) 3 .5 1 1 .1 2 7 .4 6 3 .4

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5 *

D R D 2 b

C

D ie ta ry  S e  C o n c e n tra t io n  (µ g /g )

M
e

a
n

 f
o

ld
 c

h
a

n
g

e
 i

n
 g

e
n

e
 e

x
p

r
e

s
s

io
n

C o n tro l (1 .2 ) 3 .5 1 1 .1 2 7 .4 6 3 .4

0

2

4

6

*

D R D 2 c D

D ie ta ry  S e  C o n c e n tra t io n  (µ g /g )

M
e

a
n

 f
o

ld
 c

h
a

n
g

e
 i

n
 g

e
n

e
 e

x
p

r
e

s
s

io
n

C o n tro l (1 .2 ) 3 .5 1 1 .1 2 7 .4 6 3 .4

0

1

2

3

4

D R D 3

E

D ie ta ry  S e  C o n c e n tra t io n  (µ g /g )

M
e

a
n

 f
o

ld
 c

h
a

n
g

e
 i

n
 g

e
n

e
 e

x
p

r
e

s
s

io
n

C o n tro l (1 .2 ) 3 .5 1 1 .1 2 7 .4 6 3 .4

0

5

1 0

1 5

D R D 4 a

*

*

*

F

D ie ta ry  S e  C o n c e n tra t io n  (µ g /g )

M
e

a
n

 f
o

ld
 c

h
a

n
g

e
 i

n
 g

e
n

e
 e

x
p

r
e

s
s

io
n

C o n tro l (1 .2 ) 3 .5 1 1 .1 2 7 .4 6 3 .4

0

1

2

3

4

D R D 4 b

*

*

 

Figure 5.5. Mean fold change in the expression of DRD1 (A), DRD2b (B), DRD2c (C), DRD3 (D), DRD4a (E), and 

DRD4b (F) in the zebrafish brain. Asterisks above data bars denote a significant difference vs. control group at p < 

0.05 (n = 3). 
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5.3.5. Expression of immediate early and late response genes 

A significant change in the mRNA expression of the BDNF gene was observed (Welch's test: F4, 

4.60 = 34.60, p = 0.001). Se treatment suppressed the expression of this gene in fish treated with 

27.4 and 63.4 µg Se/g diets compared to the control group (Games-Howell post hoc test: p = 0.024 

and p = 0.002, Fig. 5.6A). As represented in Fig. 5.6B, a biphasic change in the mRNA expression 

of NPAS4 was observed (one-way ANOVA, F4, 10 = 49.80, p < 0.001). A significant up-regulation 

was found in fish fed with the lowest concentration of dietary Se (Tukey's post hoc tests: p < 0.001) 

relative to the control, while a marked down-regulation in the expression of this gene was noted in 

fish that received the two highest dietary concentrations of Se (Tukey's post hoc tests: p = 0.026 

and p = 0.010, respectively). Se treatment also significantly affected the mRNA expression of 

NEUROD 1 (one-way ANOVA: F4, 10 = 6.90, p = 0.006). A significant down-regulation in the 

NEUROD 1 expression was detected in fish treated with the highest concentration of dietary Se 

(Tukey's post hoc tests: p = 0.004, Fig. 5.6C).  
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Figure 5.6. Mean fold change in the expression of BDNF (A), NPAS4 (B), and NEUROD 1 (C) in the zebrafish brain 

after 60 days of exposure to dietary Se. Asterisks above data bars denote a significant difference vs. control group at p 

< 0.05 (n = 3). 

 

5.4. Discussion  

The results of the present study suggest that chronic sublethal dietary SeMet exposure can impair 

associative learning in zebrafish. Whole-body Se concentrations found in this study ranged from 2 

to 39 µg Se/g wet weight. These concentrations were similar to the Se body burden reported in 

different wild fish species collected from Se-contaminated natural waters (Driedger et al., 2009; 
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Muscatello and Janz, 2009). Therefore, it is possible that Se neurotoxicity affects the cognitive 

ability of fish inhibiting the contaminated waters. Despite the increasing evidence indicating 

neurotoxic effects of Se, few have addressed the negative effects of Se on learning and memory. 

For example, in a study using mice, exposure to selenite impaired active avoidance learning 

(Ajarem et al., 2011a). In another study, Smith et al. (2010) have reported that developmental 

exposure to SeMet compromised spatial learning in zebrafish. In our recent study, we have also 

found that 30 days of exposure to SeMet impaired latent learning performance in adult zebrafish 

(Naderi et al., 2017). The results of the present study add to the growing body of literature on the 

neurobehavioural effects of this trace element. Here, we reported that exposure to dietary Se 

diminished the target arm preference of zebrafish, as evidenced by a decline in the duration of time 

fish spent in the target arm, fewer correct arm entries, and more incorrect arm entries. These results 

imply that chronic exposure to environmentally relevant concentrations of Se may perturb the 

cognitive ability of fish to associate a conditioned visual stimulus with the location of the reward, 

suggesting an impaired associative learning. Our results showed that chronic Se exposure, even at 

low concentrations triggered a confusion with regards to locating the reward, as demonstrated by 

a significant decrease in target-arm entries. Reciprocally, we found an increase in incorrect arm 

entries in all Se treatment groups. However, this reached a significant level only in fish treated with 

the two highest concentrations of dietary Se (27.4 and 63.4 µg Se/g). It seems that fish in groups 

treated with the two highest concentrations of Se preferred to explore the maze by randomly 

entering into the arms to find the location of the reward, which resulted in higher incorrect arm 

entries. On the other hand, it is likely that fish treated with the two lowest concentrations of Se (3.5 

and 11.1 µg Se/g) preferred to spend more time in each arm they entered in to find the reward. 

There was also no difference in total distance traveled between Se-treated fish in comparison to the 

control fish. Therefore, we conclude that exploratory activity was not an influencing factor in Se-

induced learning impairment observed in this study.      

The unique characteristics of the brain such as high oxygen demand, high content of 

polyunsaturated fatty acids, and low activity of antioxidant defenses make this organ highly liable 

to oxidative stress (Li et al., 2013). Induction of oxidative has been associated with several types 

of cognitive impairment in both humans and animals (Glade, 2010). In zebrafish, the induction of 

oxidative stress in the brain led to an impairment of associative and spatial learning (Ruhl et al., 

2016). Se-induced oxidative stress has also been found to disrupt latent learning in zebrafish 
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(Naderi et al., 2017). Therefore, oxidative stress might be one of the major upstream pathways in 

the induction of learning deficit in zebrafish. In this study, we found a marked reduction in 

GSH:GSSG ratio in parallel with an induction in LPO levels in the zebrafish brain, clearly 

indicating the occurrence of oxidative damage. Cellular GSH depletion is closely related to the loss 

of detoxification capability. Decreased GSH content may also result in disruption of signalling 

pathways that are tightly related to alterations in the cellular redox status (Amado and Monserrat, 

2010), which might be important in the cognitive processing of information. The induction of LPO 

is one of the most damaging effects of ROS. The peroxidation of membrane lipids, which 

subsequently results in the leaky membrane may disrupt the intracellular homeostasis of essential 

ions, specifically calcium (Ca2+). Ca2+ plays a pivotal role in the regulation of neuronal plasticity 

underlying learning and memory and neuronal survival (Zündorf and Reiser, 2011). Thus, it is 

plausible that dysregulation of Ca2+ in the brain contributes to learning impairment observed in our 

study.       

In the present study, we also measured the mRNA expression of four antioxidant enzyme genes 

(Mn-SOD, Cu/Zn-SOD, Cat, and GPX1a). Our results, for the first time, showed chronic exposure 

to dietary Se induced the transcriptional expression of the antioxidant genes in the zebrafish brain. 

However, this up-regulation was mainly observed in fish treated with the two highest 

concentrations of Se (27.4 and 63.4 µg Se/g). Increase in SOD activity is considered as a primary 

component of the intracellular anti-oxidative defense system against the oxidative stress damage 

(Wang et al., 2011). The primary role of SOD is to catalyze the dismutation reaction of superoxide 

anion which ultimately forms oxygen and hydrogen peroxide (H2O2). The results of our study 

showed an increase in the mRNA expression of Mn-SOD and Cu/Zn-SOD in the zebrafish brain 

treated with 27.4 and 63.4 µg Se/g diets. These up-regulations might be a cascading anti-oxidative 

mechanism to cope with the Se-induced accumulation of superoxide radicals in the zebrafish brain. 

The complete protective effect of SOD can only be achieved by subsequent actions of CAT and 

GPX1a enzymes to further decompose H2O2 generated into the water and oxygen (Wang et al., 

2011). The increase in the transcriptional level of both CAT and GPX1a enzymes was evident in 

fish treated with the two highest dietary concentrations of Se. This indicates that the up-regulation 

of CAT and GPX1a genes might have occurred as an adaptive response to the accumulation of 

H2O2 and to protect the zebrafish brain against Se-induced oxidative stress.  
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It is widely believed that the dopaminergic system is the Achille’s heel of the CNS in response to 

environmental neurotoxicants. There is a diverse collection of environmental neurotoxicants that 

preferentially target the dopaminergic system and disturb single or multiple aspects of DA 

neurotransmission to alter behaviour. Se has been shown to increase synaptic DA in the striatum 

and nucleus accumbens of male Sprague-Dawley rats (Rasekh et al., 1997). Likewise, elevated 

levels of this neurotransmitter in the mice brain have also been reported following exposure to Se 

(Oliveira et al., 2012). Our data showed that chronic exposure to dietary Se increased DA levels of 

the brain in the treatment groups received more than 3.5 µg/g of Se relative to the control group, 

further confirming the stimulatory effect of Se on the brain DA level reported in previous 

mammalian studies.  

The DA homeostasis is regulated via several linked processes including synthesis, release, uptake, 

storage, degradation, and receptor activation. DA is synthesized from conversion of tyrosine to L-

DOPA under the action of the key enzyme TH. Once synthesized, DA is sequestrated into the 

synaptic vesicles via VMAT2, released in response to the pre-synaptic action potential and then 

activates a variety of pre- and post-synaptic receptors associated with numerous signalling 

mechanisms. DA transmission is terminated by re-uptake of DA through DAT into the pre-synaptic 

neuron where it is partly reloaded back into the vesicles by VMAT2 for storage and subsequent 

release. The surplus DA in the cytoplasm is metabolized by MAO and catechol-O-methyl 

transferase enzymes (Meiser et al., 2013). Therefore, dopaminergic signalling is a heavily regulated 

and interconnected process. Hence, this is not unexpected that alteration even in a single process 

negatively affects other processes involved in DA transmission. Alterations in the activity of TH, 

DAT, VMAT2, and MAO have frequently been reported as common mechanisms underlying 

metal-induced neurotoxicity (Altenhofen et al., 2017; Jones and Miller, 2008; Kumar et al., 2010). 

We have also shown that dietary exposure to Se increased the mRNA expression of TH and DAT 

in adult zebrafish (Naderi et al., 2017). In agreement with our previous study, the results of the 

present study showed that 60 days of exposure to dietary Se induced the mRNA expression of TH 

in fish treated with 11.1, 27.4, and 63.4 µg Se/g – an observation that is consistent with the observed 

increase in the brain DA levels in these treatments. Presumably, this up-regulation of TH 

transcription contributed to the increase in DA levels and subsequently also led to the increase in 

DA turn-over in the zebrafish brain. The transcription of DAT was also up-regulated in fish fed 

with the two highest concentrations of dietary Se (27.4 and 63.4 µg Se/g). Elevated DAT 
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transcription may occur as a compensatory mechanism in response to the increased biosynthesis of 

DA, as indicated by the increased TH mRNA expression. In contrast, exposure to dietary Se 

reduced the transcription of VMAT2, indicating a reduction in loading of DA into the vesicles. It 

is also conceivable that the decrease in DA storage might have triggered an induction of TH mRNA 

expression in order to produce more DA, which subsequently resulted in increased re-uptake of 

DA. While Se exposure appeared to have altered DA synthesis, storage, and re-uptake pathways, 

the transcription of MAO was unaffected in all treatment groups. This is consistent with our 

previous observation that 30 days of dietary exposure to SeMet did not affect the mRNA expression 

of MAO in zebrafish brain (Naderi et al., 2017), further indicating that DA metabolism is not a 

target of Se neurotoxicity. Taken together, the changes in the mRNA expression documented in 

our study elucidate the increase of the cytoplasmic DA content of the zebrafish brain. Since 

cytosolic DA is notoriously prone to autoxidation, the excessive amount of this neurotransmitter 

and its improper sequestration could potentially lead to increased production of ROS and DA-

quinones. In this situation, the depletion of cellular GSH content due to SeMet metabolism (Misra 

et al., 2012a) can exacerbate the oxidative stress induced by the autoxidation of DA. 

The effects of DA are elicited through its interaction with D1 receptors, which are located in the 

post-synaptic neurons and functioning to increase the adenylyl cyclase (AC) activity and cyclic 

adenosine monophosphate (cAMP) levels. In addition, DA also acts via its interaction with D2 

receptor family, which are located in both pre- and post-synaptic neurons to negatively regulate 

AC and cAMP. Following the synaptic release, DA via interaction with DA receptors mediates 

synaptic modifications underpinning associative learning and mnemonic processes (Schultz, 2002). 

There is convincing evidence indicating the adverse effects of a wide range of environmental 

compounds on DA receptors and their associated signalling pathways (Jones and Miller, 2008). 

The elevated activities of both D1 and D2 receptors have been demonstrated in mice treated with 

Se-containing compounds (Oliveira et al., 2012). However, we previously demonstrated that 

exposure to 32.5 and 57.5 µg/g of Se decreased the mRNA expression of D1 receptor, while up-

regulated the transcription of D2 receptors (DRD2b and DRD4a subtypes) (Naderi et al., 2017). 

The results of the present study showed a marked increase in the mRNA expression of both D1 and 

D2 receptors (except DRD3 subtype) in the brain of zebrafish following dietary exposure to similar 

concentrations of Se. These findings indicate that Se affects the transcriptional activity of DA 

receptors in a task-specific manner. It seems that Se exposure stimulated DA production via 
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induction of TH. Subsequently, the increase in DA levels of the brain might have stimulated the 

activation of D1 receptors and led to the increase in abundance of post-synaptic D1 receptors. It is 

widely accepted that phasic DA release through the activation of D1 receptor pathway plays a 

critical role in the initiation and facilitation of reward-related behaviours (Beninger and Miller, 

1998; Messias et al., 2016). Moreover, since D2 autoreceptors reduce the DA synthesis, release, 

and re-uptake, the increase in the expression of D2 receptors might have occurred in response to 

increased DA synthesis observed in our study. Post-synaptic D2 receptors also regulate DA 

transmission by increasing the activity of DAT (Schmitz et al., 2003). Therefore, the increase in 

the expression of DAT recorded in our study further confirms the regulatory role of D2 receptors. 

We have previously shown that D1 and D2 receptors play important roles in associative learning 

performance in zebrafish with a more prominent role for the D1 receptor (Naderi et al., 2016a). 

However, since D1 and D2 receptors mediate opposing excitatory and inhibitory cellular responses, 

their simultaneous stimulation seems to be problematic in a psychological situation. We previously 

demonstrated that activation of both D1 and D2 receptors disrupted the latent learning of spatial 

information in adult zebrafish (Naderi et al., 2016b). Concomitant activation of these receptors has 

also been implicated in impairment of associative learning in healthy humans (Breitenstein et al., 

2006). This might be due to opposite roles of DA receptors in regulating long-term potentiation 

(LTP; an increase in synaptic efficacy believed to underlie learning and memory mechanisms). 

While the activation of D1 receptors facilitates induction of LTP, stimulation of D2 receptors 

directly inhibits this process in the brain structures associated with learning (Gurden et al., 1999; 

Xu et al., 2009). Therefore, the elevated transcriptional activity of D2 and D4 receptors might have 

blocked the facilitating effect of D1 receptors on LTP, which resulted in impaired associative 

learning in adult zebrafish in the present study. Different subtypes of D2 receptors (i.e. D2 and D4 

receptor subtypes) might have mediated this inhibitory effect. While the up-regulation of DRD2b 

and DRD2c might have affected D1 receptor’s function at lower Se exposure concentrations, the 

increased transcription of DRD4a and DRD4b might have compromised the facilitating effect of 

DRD1 at higher Se exposure concentrations. It is also noteworthy that a delicate transition from 

tonic to phasic firing in dopaminergic neurons essentially regulates associative learning (Day et al., 

2007). The phasic DA release and an optimal post-synaptic activation of D1 receptors enhance the 

discrimination of behaviourally relevant stimuli and promote attention to predictors for reward 

during associative learning (Fiorillo et al., 2005; Popescu et al., 2016). Overexpression of D2 
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receptors has been shown to alter the firing pattern of dopaminergic neurons and activation of the 

midbrain in response to reward stimuli in mice and humans (Breitenstein et al., 2006; Krabbe et 

al., 2015). It has also been shown that the overexpression of D2 receptor via imbalance in the 

activation of D1 receptors leads to the deficit in the working memory task in mice (Kellendonk et 

al., 2006). Therefore, it is possible that the increased expression of D2 receptors due to the 

imbalance between phasic and tonic DA signals or imbalance in the activation of D1 receptor led 

to associative learning impairment in zebrafish.  

Interestingly, alterations in the mRNA abundance of different D2 receptor subtypes displayed a 

dose-specific effect. While the expression of DRD2b and DRD2c increased in the lower Se 

concentrations, the up-regulation of DRD4a and DRD4b was evident in fish treated with higher 

concentrations of dietary Se. However, no change in DRD3 expression was recorded among any 

treatments. Therefore, it seems that the increase in DA levels stimulated the expression of different 

D2 receptor subtypes in a dose-specific manner. In addition, Se may have changed the binding 

affinity and/or ligand sensitivity of these subtypes. Future studies are required to examine the 

precise neuronal basis of this effect. Although our results clearly show that chronic exposure to 

dietary Se affects the dopaminergic system in zebrafish, we cannot rule out the possibility that Se 

may act on multiple neurotransmitter systems, which might also contribute to learning impairment 

observed in this study. Further studies are required to elucidate the effects of Se on other 

neuromodulatory systems (e.g., norepinephrine and serotonin) which are also involved in learning 

and memory in zebrafish.  

In order to further elucidate the molecular pathways underlying Se-induced cognitive deficit, we 

examined the expression of two IEGs (BDNF and NPAS4) and a late expression gene (NEUROD 

1). These genes are implicated in neural plasticity, synaptic strength, and memory formation (Sun 

and Lin, 2016). We previously showed that chronic exposure to dietary Se led to a biphasic change 

in the mRNA expression of BDNF in the zebrafish brain. While the lowest concentration of Se (2.3 

µg/g) increased the mRNA expression of BDNF, a down-regulation was observed in fish treated 

with the higher Se concentrations (32.5 and 57.5 µg/g) (Naderi et al., 2017). In the present study, 

we found a down-regulation of BDNF mRNA in fish treated with the two highest concentrations 

of Se (27.4 and 63.4 µg Se/g). BDNF is a key molecule which controls neuronal survival, 

differentiation, and synapse formation. Since it is known as a major regulator of activity-dependent 
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synaptic plasticity, BDNF alterations are implicated in memory acquisition and consolidation 

(Bekinschtein et al., 2014). Thus, the down-regulation of this gene concomitant with impaired 

associative learning in fish exposed to high concentrations of Se is not surprising, and might 

suggest that high levels of Se triggered synaptic changes in the zebrafish brain. NPAS4 is a novel 

neuronal activity-dependent transcription factor which regulates homeostatic excitatory/inhibitory 

balance in neurons and controls the expression of a wide variety of activity-dependent genes 

involved in synaptic plasticity and long-term memory formation (Sun and Lin, 2016). NPAS4 

knockout mice displayed memory impairments in several different learning paradigms (Coutellier 

et al., 2012; Ramamoorthi et al., 2011). Our results showed an increase in the mRNA expression 

of NPAS4 in fish treated with 3.5 µg Se/g diet. This induction might be due to the neuroprotective 

role of NPAS4 against Se-induced oxidative stress at the lowest exposure dose, limiting progressive 

neurodegeneration. The down-regulation of NPAS4 in the higher Se exposure concentrations might 

be a consequence of intensive oxidative stress, which through dysregulation of the balance between 

neuronal excitation and inhibition contributed to the impairment of associative learning in 

zebrafish. Interestingly, NPAS4 can also directly control the expression of BDNF (Ramamoorthi 

et al., 2011). Therefore, it can be assumed that the down-regulation of NPAS4 gene expression 

may contribute to the decreased transcriptional activity of BDNF leading to the cognitive 

impairment in zebrafish. Our results also showed a marked reduction in NEUROD 1 transcript 

level in fish treated with the highest dietary concentration of Se (63.4 µg Se/g). NEUROD 1 is a 

key transcription factor which regulates neuronal differentiation, dendritic spine stability, and the 

maturation of neurons (Aimone et al., 2014). The decrease in the expression of this late neuronal 

marker in fish brain treated with the highest concentration of dietary Se probably reflects a loss of 

certain sub-populations of neurons or reduced neurogenesis in the zebrafish brain. Taken together, 

our results showed that the exposure to the two lower concentrations of dietary Se (3.5 and 11.1 

µg Se/g) changed the expression of certain dopaminergic cell markers, and immediate-early and 

late response genes in the zebrafish brain. These changes may compromise learning ability or 

reward responsivity in zebrafish, as indicated by lower dwelling time in the target arm and less 

target arm entries. However, Se-induced oxidative stress was only observed in fish treated with the 

two highest concentrations of Se (27.4 and 63.4 µg Se/g). Enhanced oxidative stress may trigger a 

cascade of events that lead to cell dysfunction and death. This was indicated by the down-regulation 

of genes involved in neuronal growth and survival, neurogenesis, and synaptic plasticity in these 
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groups. Therefore, it seems that the induction of oxidative stress along with the alterations in gene 

expressions provide a reasonable explanation for more pronounced learning impairment observed 

in fish treated with two highest concentrations of dietary Se. 

5.5. Conclusion 

In conclusion, the present study is the first to demonstrate that exposure to environmentally relevant 

concentrations of dietary Se impaired associative learning in zebrafish. We have shown that chronic 

dietary Se exposure induced oxidative stress in the zebrafish brain, which subsequently altered the 

integrity of the dopaminergic system, including perturbations in the DA synthesis, release, uptake, 

and receptor activation. The normal functioning of the dopaminergic system is essential for reward-

based stimulus association learning. Therefore, an imbalance in DA levels and altered expression 

of DA receptors in the brain may be the underlying contributors to the significant learning deficit 

induced by Se in adult zebrafish. Finally, our observation that chronic exposure to dietary Se led 

to the down-regulation of genes involved in neural plasticity and memory formation suggests the 

perturbation of potential downstream pathways leading to impaired memory in zebrafish. Although 

Se is an essential micronutrient, its multi-faceted effects at supranutritional doses on fish are still 

being discovered, and thus further investigations may provide more insights into the neurotoxic 

effects of this metalloid on the CNS.
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Chapter 6: Maternal exposure to dietary selenium causes dopaminergic 

hyperfunction and cognitive impairment in zebrafish offspring

Preface 

The aim of this chapter is to address the fifth objective of my doctoral research work, which is to 

investigate the effects of maternal exposure to dietary selenomethionine on latent learning in F1-

generation adult zebrafish. To this end, zebrafish embryos obtained from experiment 4 (Chapter 5) 

were raised up to the age of six months in the clean water and fed a normal diet. F1-generation 

adult zebrafish were tested in a latent learning task. The results of this study show that maternal 

transfer of Se to embryos leads to a long-lasting learning impairment in offspring, which is 

associated with the hyperfunctional dopamine (DA) neurotransmission and up-regulation in the 

transcript levels of immediate early genes in the brain. Elevated DA levels are also accompanied 

by oxidative damage in the zebrafish brain. The findings of this chapter complement the findings 

of Chapter 2, 4, and 5 and provide a mechanistic explanation of how maternal exposure to SeMet 

influences latent learning performance in zebrafish offspring.   

The content of Chapter 6 was adapted from our manuscript which has been published in 

Environmental Science and Technology (DOI: 10.1021/acs.est.8b04768). Naderi, M., Ferrari, 

M.C.O., Chivers, D.P., Niyogi, S. “Maternal exposure to dietary selenium causes dopaminergic 

hyperfunction and cognitive impairment in zebrafish offspring”. Copyright 2018, with permission 

from American Chemical Society Publications. 

Author contribution 

Mohammad Naderi (University of Saskatchewan) designed and conducted the experiment, 

generated and analyzed the data, prepared all the figures and the table, and drafted and revised the 

manuscript. Maud Ferrari (University of Saskatchewan) provided assistance with data analysis and 

also edited the manuscript. Doug Chivers and Som Niyogi (University of Saskatchewan) provided 

inspiration, scientific input and guidance, commented on and edited the manuscript, and provided 

funding for the research.    



125 
 

6.1. Introduction 

The early development of the central nervous system (CNS) is a critical period in the ontogeny of 

vertebrates that requires a choreographed sequence of events. This involves gene transcription, 

neurogenesis, neuronal migration, differentiation, and synaptic connectivity that eventually leads 

to the development of a functional brain connectome (Stiles and Jernigan, 2010). Neurotransmitters 

and their receptors appear early during nervous system development and are thought to play 

important roles in these paramount processes (Nguyen et al., 2001). Development, structure, and 

functions of neurotransmitter systems are profoundly affected by maternal nutrition (Prado and 

Dewey, 2014). In addition, maternal exposure to environmental contaminants could also result in 

the transfer of toxic chemicals from the mother to the embryo/fetus, influencing the early 

development of the brain and predisposing offspring to neurodevelopmental disorders (Mendola et 

al., 2002). Over the last decade, a small but growing number of studies have begun to draw attention 

to the role of prenatal and postnatal exposure to excess amounts of essential trace elements in the 

pathogenesis of neurodevelopmental disorders (Yang et al., 2013; Yanik et al., 2004). 

Selenium (Se) is an essential trace element, but also considered to be a priority aquatic contaminant 

(Janz et al., 2010). As a constituent of various selenoproteins, Se is involved in diverse biological 

functions including neurodevelopment and normal functions of the brain in animals (Chen and 

Berry, 2003; Mehdi et al., 2013). Despite its biological importance, excess Se can be extremely 

toxic to a wide range of organisms (Janz et al., 2010; Vinceti et al., 2014). Anthropogenic activities 

such as agriculture on seleniferous soils, coal and uranium mining, and fossil-fuel processing 

operations can release Se into the environment. Se eventually enters aquatic ecosystems where it 

is biotransformed to selenomethionine (SeMet) and transferred through trophic chains to higher 

trophic level organisms (Janz et al., 2010). This organic form of Se can be incorporated into egg-

yolk protein precursor vitellogenin and maternally transferred to developing embryos. Particularly 

affected are oviparous vertebrates such as fish, which are at risk of ingesting Se-enriched prey 

(Hamilton, 2004; Janz et al., 2010). Maternal transfer of Se to eggs has been reported to occur in 

various fish species inhabiting Se-contaminated aquatic ecosystems (Brandt et al., 2017; Janz et 

al., 2014). Exposure to Se at this stage commonly manifests as a suite of developmental 

abnormalities that include spinal curvatures, and craniofacial and fin deformities (Thomas and 

Janz, 2014, 2015). However, to date very little is known about the neurobehavioural consequences 

of maternal exposure to Se in fish.  
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There is burgeoning evidence that oxidative stress is the main underlying cause of  Se (including 

SeMet) toxicity (Kupsco and Schlenk, 2016; Palace et al., 2004). Oxidative stress is, in turn, a 

common pathogenic mechanism shared by etiological determinants of neurodevelopment disorders 

(Wells et al., 2009). Moreover, Se can interfere with and disrupt the normal functions of the 

dopaminergic system (Rasekh et al., 1997). Dopamine (DA) is one of the earliest neurotransmitters 

to emerge in the fish brain (Souza and Tropepe, 2011), and plays an important role in the 

development and functions of neural circuits involved in the movement, emotion, learning and 

memory, social, and reward-related behaviours (Buske and Gerlai, 2012; Lambert et al., 2012; 

Roberts et al., 2013). Importantly, the dopaminergic system is one of the most redox-sensitive 

transmitter systems in the vertebrate brain. Indeed, a plethora of reactive oxygen species (ROS) is 

produced by the dopaminergic system itself, which makes it more susceptible to external oxidative 

insult (Meiser et al., 2013). A wealth of mammalian research points to dysfunction of the 

dopaminergic system as a common denominator of neurodevelopmental disorders, including 

attention deficit-hyperactivity disorder, autism, and schizophrenia (Money and Stanwood, 2013). 

In zebrafish, early transient alterations in the dopaminergic system have also been associated with 

the persistent behavioural abnormalities in adult zebrafish (Formella et al., 2012). Moreover, it has 

been demonstrated that exposure to SeMet during early development (from 2 to 24 hours post 

fertilization; hpf) leads to a long-lasting spatial learning impairment in adult zebrafish (Smith et 

al., 2010), while the underlying mechanism(s) remains to be elucidated. We have previously 

demonstrated that exposure to dietary SeMet induces oxidative stress and impairs the dopaminergic 

signalling in the brain, ultimately leading to learning impairment in adult zebrafish (Naderi et al., 

2018; Naderi et al., 2017). Therefore, it is logical to hypothesize that embryonic exposure to SeMet 

via maternal transfer can lead to long-lasting behavioural abnormalities in adult fish, due to the 

induction of oxidative stress and dysfunction of the DA neurotransmission in the brain.  

Learning and memory directly or indirectly modulate a broad spectrum of fish behaviour in their 

natural environment. For instance, learning and memory play a decisive role in foraging activities, 

mate choice strategies, anti-predatory behaviours, agonistic interactions, shoaling behaviour, and 

group joining decision of fish (Brown et al., 2008). All these behaviours are strongly tied to fish 

fitness and survival, and thus learning impairment may bring about a wide array of negative 

consequences for fish. This study was aimed to investigate the effects of maternal exposure to 

dietary SeMet on the learning and memory in zebrafish offspring using a latent learning paradigm. 
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Latent learning is defined as a form of learning that occurs in the absence of any environmental 

reward and does not immediately manifest itself (Brown et al., 2008). This form of learning plays 

a crucial role in the spatial navigation of fish within their environment. Moreover, we have 

previously shown that DA is critically involved in the regulation of this type of learning in zebrafish 

(Naderi et al., 2016b). 

6.2. Materials and methods 

6.2.1. Fish maintenance and exposure 

Mature adult zebrafish (n = 400) were sourced from the R.J.F. Smith Center for Aquatic Ecology 

of the University of Saskatchewan. Fish were housed in 30-l glass tanks supplied with aerated de-

chlorinated tap water at 28 ± 1 ℃ on a 14/10 hr, light/dark cycle. Fish were fed twice daily with 

flake food (Nutrafin Max flakes, Germany) and allowed to acclimate to these conditions for at least 

3 weeks before the start of the experiment. This acclimation period consisted of a 14-day pre-

exposure period to ascertain that unexposed fish were reproductively active (Ankley et al., 2001). 

A total of 320 fish (3.67 ± 0.06 cm and 0.75 ± 0.11 g) were then selected and randomly allocated 

into twenty 30-l experimental tanks (12 females and 4 males per tank), with four replicate tanks 

per treatment. Fish were exposed to different nominal concentrations of dietary Se (3, 10, 30, and 

60 µg/g; as SeMet) as described previously, for 60 days (see section 5.2.1, Chapter 5). These 

concentrations reflect the range of dietary Se concentration that fish are exposed to in Se 

contaminated natural waters (Driedger et al., 2009; May et al., 2008; Muscatello and Janz, 2009). 

For the first 30 days of exposure, fish were fed either the control diet or SeMet-spiked food at 5% 

body weight/day ration. After the first 30 days, fish received equal portions (2.5%) of the control 

or SeMet-spiked foods and frozen brine shrimp (Sally's, San Francisco Bay Brand Inc., USA) for 

a further 30 days. This exposure regime was based on a previous study, which resulted in the 

improved egg production by fish (Thomas and Janz, 2011). Triplicate samples from each SeMet-

spiked diet and frozen brine shrimp were taken for the measurement of total concentrations of Se. 

Moreover, water samples (n = 3) were collected from each experimental treatment on 30th and 60th 

days of the exposure period, and filtered using 0.45 µm disposable nylon filters for measurement 

of dissolved Se. 

Zebrafish have asynchronous ovaries, containing follicles at all stages of development and eggs 

are spawned throughout the year under laboratory conditions (Selman et al., 1993). However, 
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maximal embryo viability is observed when adult females are isolated and allowed to breed in 10-

day intervals (Niimi and LaHam, 1974). Moreover, zebrafish are estimated to complete 

vitellogenesis and oocyte maturation within 10 days of oviposition (Wang and Ge, 2004a, b). 

During this period, dietary consumption of Se results in the substantial deposition of newly 

acquired Se into eggs (Conley et al., 2014). It is also noteworthy that previous studies have 

suggested that in asynchronous spawners such as zebrafish and medaka, the concentrations of 

maternally exposed Se might differ among spawning events (Chernick et al., 2016; Thomas and 

Janz, 2014). Therefore, in this study, we used a modified mixed exposure-breeding regime to 

minimize the variability of maternal transfer of Se to eggs during the spawning event and possible 

subsequent effects on developing fish. After 50 days of exposure, adult male fish were removed 

from each exposure tank while female fish were still feeding on SeMet-spiked diets. In the evening 

of day 60, female fish (n = 8) from each exposure tank were netted and placed in breeding tanks. 

Moreover, 4 sexually mature untreated male fish originating from the same source as the exposed 

fish were added to each breeding tank to make breeding colonies of 4 untreated males and 8 Se-

treated females (4 replicates per treatment). Fish were then left to settle overnight. The following 

morning, spawned eggs were collected from the bottom of the breeding tanks 2 hrs after the light 

was turned on. Collected eggs were inspected under a dissecting microscope and scored for 

viability. Embryos were then transferred to deep Petri dishes containing E3 embryo medium (5 

mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4) and incubated at 28℃. The 

percent egg hatchability, larval survival, and larval deformities were determined in F1- generation 

larval fish as described previously (Thomas and Janz, 2014). To ascertain maternal transfer of Se 

from female fish to eggs, Se concentrations in whole-body female fish (n = 3, see section 5.2.4, 

Chapter 5) and their eggs (n = 4 replicates of 80-100 pooled eggs) were quantified. A sub-group of 

surviving larval zebrafish with no apparent symptoms of skeletal deformities from each treatment 

group was reared to 180 days post fertilization (dpf) to evaluate the persistent adverse effects of 

maternal exposure to SeMet on learning performance of adults. It is of note that embryos obtained 

from fish treated with 60 µg/g Se diet were excluded from this study due to high rates of mortality 

and deformity.   

6.2.2. Latent learning performance 

In this study, we employed a latent learning paradigm to evaluate the learning performance of F1-

generation adult zebrafish maternally exposed to dietary Se. Latent learning task was conducted in 
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a maze (see Fig. 2.1, Chapter 2) comprising a start chamber, a reward chamber, and two tunnels 

that linked these two chambers to each other. The learning procedure has been described in detail 

elsewhere (see section 2.2.3, Chapter 2). Briefly, the learning paradigm consisted of two phases: a 

training phase followed by a probe phase. During the training phase, only one of the two tunnels 

leading to the reward chamber was open. Fish in groups of 15 were trained with the maze for 30 

min each day while either the right or left tunnel was open. Moreover, no reward was presented in 

the maze. After 16 consecutive days of training, a probe trial was conducted to test the leaning 

performance of fish. During this phase, a single fish was located in the start chamber while both 

right and left tunnels were open and the reward chamber contained a group of fish (n = 6). Since 

zebrafish are highly social animals, the sight of conspecifics is used as a powerful rewarding 

stimulus for such studies (Al-Imari and Gerlai, 2008). During the probe trial, zebrafish performance 

was recorded for 10 min using an over-head HD camera (Logitech c310, USA). The latency to 

leave the start chamber, the time spent in the correct versus incorrect tunnel, the latency to enter 

the reward chamber, the time spent in the reward chamber, and locomotion (total distance traveled 

by the fish) were quantified by MATLAB (Academic version R2015a). At the conclusion of probe 

trials, fish were euthanized by of Aquacalm (Syndel Laboratories, Canada) and the whole-brain 

was removed under a dissecting microscope that was equipped with an Axiocam camera (Zeiss, 

Germany). In addition, the telencephalon was separated from a subset of brains as described 

previously (see section 4.2.3, Chapter 4). Brain tissues were stored at −80°C until further analysis. 

6.2.3. Measurement of selenium 

Selenium concentrations in water samples (dissolved Se), food (SeMet-spiked food and brine 

shrimp), whole-body female fish, and eggs were measured using a graphite furnace atomic 

absorption spectrometer (AAnalyst 800, Perkin Elmer, USA) as described previously (Naderi et 

al., 2017). Briefly, Se concentrations were directly measured in water samples treated with 0.2% 

(v/v) of concentrated nitric acid. Food, fish body, and eggs samples were digested with 1N nitric 

acid (1 to 5 mass (g): volume (ml) ratio) at 60 °C for 48 hrs. Subsequently, the digested samples 

were centrifuged at 15,000 g for 4 min and supernatants were collected for Se analysis. The 

concentrations of Se in eggs were measured on wet weight basis and converted to dry weight based 

on a moisture content of 90% as previously suggested (Thomas and Janz, 2014). Reagent blank 

and certified reference material (Dolt-4 dogfish liver; National Research Council of Canada) were 
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processed simultaneously to validate the Se measurement procedure used. The recovery rate of Se 

was found to be 96%.  

6.2.4. Biochemical assays 

Quantification of DA levels in the zebrafish brain (pools of 2-3 brains) was performed using an 

enzyme-linked immunosorbent assay kit following the manufacturer's instructions (Biovison, 

USA; detail in section 5.2.5, Chapter 5). To evaluate oxidative stress and antioxidant balance in 

the brain of zebrafish maternally exposed to Se, we measured the ratio of reduced glutathione 

(GSH) to oxidized glutathione (GSSG) and the lipid peroxidation (LPO). For these measurements, 

2-3 whole-brains were pooled together. The GSH:GSSG ratio was determined using a fluorometric 

method in the presence of o-phthalaldehyde as described previously (Naderi et al., 2018; Naderi et 

al., 2017). LPO was quantified using a commercially available kit following the manufacturer's 

protocol (Abcam, USA; see section 5.2.5, Chapter 5).  

6.2.5. Quantitative real-time polymerase chain reaction  

The mRNA expression of genes associated with DA receptors (DA receptor D1b [DRD1] and D2 

[DRD2b, DRD2c, DRD3, DRD4a, DRD4b]) as well as genes involved in the DA synthesis 

(tyrosine hydroxylase1 [TH]), storage (vesicular monoamine transporter-2 [VMAT2]), re-uptake 

(dopamine transporter [DAT]), and metabolism (monoamine oxidase [MAO]) was evaluated. We 

also quantified the mRNA expression of brain-derived neurotrophic factor (BDNF) and early 

growth response 1 (EGR-1), which are involved in the modulation of neuronal growth, maturation, 

and plasticity. In addition, the transcription level of neuronal differentiation 1 (NEUROD 1) was 

also examined as an indicator of early neurogenesis in the zebrafish brain (Close et al., 2002; De 

Felice et al., 2014; Korzh et al., 1998). As described in our previous study (section 4.1, Chapter 4), 

the expression of dopaminergic cell markers and genes involved in synaptic plasticity and 

neurogenesis was assessed in the telencephalon of the brain (pools of 3, n = 5) (Naderi et al., 2017). 

This brain region was specifically chosen for its involvement in various forms of learning and 

memory in fish, including latent learning (Saito and Watanabe, 2006). Moreover, the 

aforementioned genes are mainly localized in the telencephalon (Maximino et al., 2016). Thus, 

measuring the expression of these genes in the telencephalon specifically provides a higher 

resolution relative to the whole-brain analysis. Moreover, to further evaluate the induction of 

oxidative stress in the zebrafish brain, we measured the expression level of genes encoding for 
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antioxidant enzymes, including copper/zinc superoxide dismutase (Cu/Zn-SOD), manganese 

superoxide dismutase (Mn-SOD), catalase (CAT), and glutathione peroxidase 1a (GPX1a) in the 

zebrafish whole-brain (pools of 2 brains, n = 5). 

Total RNA was extracted from the telencephalon (pools of 3) or the whole-brain tissues (pools of 

2) using the RNeasy Mini Kit (Qiagen, Germany), followed by a DNase treatment and verification 

by Nanodrop (NanoDrop, Thermo Scientific, USA). Subsequently, the cDNA was produced using 

a QuantiTect Reverse Transcription® kit (Qiagen, Germany). The gene encoding β-actin was used 

as the housekeeping gene. For each sample (n = 5), transcript levels of candidate genes and the 

reference gene were measured in triplicate in 20 μl reaction volumes on an iCycler Thermal Cycler 

(Bio-Rad, USA) using SYBR Green PCR Master Mix (SensiFAST, SYBR No-ROX Kit, Bioline, 

USA) as described previously (Naderi et al., 2017). The relative expression of target genes was 

calculated by the 2-ΔΔct method (Livak and Schmittgen, 2001). The sequences of primers have been 

reported elsewhere (see Table 5.1, Chapter 5; Naderi et al., 2018). 

6.2.6. Statistical analysis 

Data are expressed as mean ± the standard error of the mean (SEM), unless stated otherwise. The 

data were checked for normality and homogeneity of variance using the Kolmogorov−Smirnov 

one-sample test and Levene’s test, respectively. Once data met the normal distribution and showed 

homogeneity of variance, one-way analysis of variance (ANOVA) followed by Tukey's post hoc 

test was employed to determine significant differences among treatment groups. In the case of 

heteroscedasticity, the Welch’s test with the Games−Howell post hoc test was performed. If the 

data did not have equal variance and normal distribution, Kruskal-Wallis test with Dunn's posthoc 

test was performed. When data were percentages (percent viability, hatchability, and total 

deformities) they were normalized using an arcsine square root transformation. A Kaplan–Meier 

survival analysis with the log-rank test was carried out to determine differences in cumulative 

survival rates among different treatment groups. The alpha level was set at 0.05. However, the 

Bonferroni's correction was applied to minimize Type I error rate resulting from multiple 

comparisons, when appropriate. 
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6.3. Results 

6.3.1. Selenium concentrations 

The concentrations of total Se in water samples, diets (both in flake food and brine shrimp), and 

whole-body adult zebrafish are shown in Table 5.2, Chapter 5. Our results showed that maternal 

transfer of Se to eggs were proportional to the Se concentrations in diets fed to the female fish 

(Table 6.1). In other words, Se concentrations of 2.3 ± 0.6, 3.9 ± 0.7, 9.2 ± 1.4, and 24.2 ± 3.2 µg/g 

dry weight were found in eggs of adult zebrafish fed with diets containing 1.2 ± 0.2 (control food), 

3.5 ± 0.3, 11.1 ± 0.9, and 27.4 ± 0.4 µg Se/g dw, respectively. The Se concentrations in eggs 

collected from adult female zebrafish fed with SeMet-spiked diets were significantly different 

relative to the control (Welch's test: F3, 6.25 = 16.03, p < 0.001). A significantly higher Se 

accumulation was observed in eggs collected from adult female fish treated with 11.1 ± 0.9 and 

27.4 ± 0.4 µg Se/g dw diets (Games-Howell post hoc test: p=0.037 and p = 0.017). 

6.3.2. Embryo viability, hatchability, larval deformities, and survival rate 

Maternal exposure to different concentrations of dietary Se did not significantly affect percent egg 

viability (one-way ANOVA: F3, 12 = 1.10, p = 0.385; Table 6.1). However, the hatching rate 

significantly differed among treatment groups (one-way ANOVA: F3, 12 = 7.08, p = 0.005; Table 

6.1). The percent hatch of eggs laid by fish treated with the highest concentration of Se was 

significantly less than that of controls (Tukey post hoc tests: p = 0.045). Maternal transfer of Se to 

eggs also resulted in larval deformities evaluated at 6 dpf (one-way ANOVA: F3, 12 = 68.68, p < 

0.001; Table 6.1). The occurrence of larval deformities was higher in groups maternally exposed 

to 11.1 and 27.4 µg Se/g diets compared to the control (Tukey post hoc tests: both p < 0.001). The 

survival distributions of embryos/larvae (2-6 dpf) were also significantly different among treatment 

groups (Kaplan–Meier survival analysis: X2
3 = 143.55, p < 0.001; Fig. 6.1). A higher mortality rate 

was observed in embryo/larval fish maternally exposed to 11.1 and 27.4 µg Se/g diet compared to 

the control (both p < 0.001).  
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Table 6.1. Total Se concentrations in eggs and percent egg viability (at 2 hpf), embryo hatchability (at 72 hpf), and 

total deformities (at 6 dpf) in F1-generation larval fish maternally exposed to increasing concentrations of SeMet via 

diet a. 

Nominal Se 

concentrations 

(µg/g dry weight) 

Egg Se (µg/g dry 

weight) 

Percent egg 

viability 

Percent embryo 

hatchability 

Percent total 

deformities b 

Control 2.3 ± 0.6 85 ± 2.1 90.5 ± 1.1 3.1 ± 0.6 

3 3.9 ± 0.7 84.7 ± 4.1 93.4 ± 1.7 5.8 ± 0.8 

10 9.2 ± 1.4* 83.7 ± 1.6 88.3 ± 1.5 13.3 ± 0.9* 

30 24.2 ± 3.2* 79.2 ± 1.1  82.5 ± 2.1* 23.8 ± 1.5* 

a 
Data are mean ± SEM (n = 4 replicates of 80-100 pooled eggs for quantification of Se in eggs; n = 4 replicates of 100 eggs/larvae for quantification 

of mortalities and developmental toxicities in offspring). 
b 

Larval deformities included skeletal, craniofacial and fin deformities, and edema. 
*
 Significantly different from the control group using one-way ANOVA followed by Tukey's post hoc test (p < 0.05). 
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Figure 6.1. Kaplan-Meier survival curves of zebrafish larvae (2-6 dpf) maternally exposed to different concentrations 

of dietary Se. The survival curve of groups treated with 11.1 and 27.4 was significantly different compared to that of 

the control group (both p < 0.001). Letters on the graph denote significant differences from controls (p < 0.008). n = 4 

replicates of 100 embryos. 

 

6.3.3. Latent learning performance 

Fig. 6.2 illustrates changes in parameters related to latent learning performance in F1-generation 

adult zebrafish. The latency to leave the start chamber differed significantly among treatment 

groups (Kruskal-Wallis test: X2
3 = 36.21, p < 0.001). A prolonged latency to leave the start chamber 
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was observed in all Se-treated groups compared to controls (Dunn's post hoc tests: all p < 0.001; 

Fig. 6.2A). The amount of time that fish spent in the correct versus incorrect tunnel was also 

significantly different among groups (one-way ANOVA: F3, 185 = 14.01, p < 0.001; Fig. 6.2B). Fish 

in groups maternally treated with 3.5, 11.1, and 27.4 μg Se/g diets spent significantly less time in 

their training tunnel (Tukey post hoc tests: all p < 0.001).  Moreover, the latency to enter the reward 

chamber was significantly affected in F1-generation adult zebrafish (Kruskal-Wallis test: X2
3 = 

37.57, p < 0.001; Fig. 6.2C). A prolonged latency to reach and enter the reward chamber was found 

in all groups maternally exposed to dietary Se compared to controls (Dunn's post hoc tests: all p < 

0.001). A significant difference in the amount of time fish spent in the reward chamber was found 

among treatment groups (one-way ANOVA: F3, 185 = 7.20, p < 0.001). As represented in Fig. 6.2D, 

maternal exposure to all SeMet-spiked diets reduced the amount of time that fish spent in the 

reward chamber, which contained their conspecifics (Tukey post hoc tests: all p < 0.009). The 

locomotion (total distance traveled by the fish) was another parameter altered significantly among 

treatment groups (Kruskal-Wallis test: X2
3 = 17.45, p = 0.001). However, as shown in Fig. 6.2E, 

the locomotor activity decreased in fish maternally exposed to 3.5 µg Se/g diet compared to fish 

maternally treated with 27.4 μg Se/g diet (Dunn's post hoc tests: p < 0.001). However, no 

statistically significant differences were found in Se treated groups when compared with the control 

group (Dunn's post hoc tests: all p > 0.05).   
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Figure 6.2. Latent learning performance of adult fish maternally exposed to different concentrations of dietary Se 

indicated by: the latency to leave the start chamber (A), difference between the time spent in the correct vs. incorrect 

tunnel, according to the training condition (B), the latency to enter the reward chamber (C), the time the fish spent in 

the reward chamber (D), and locomotion (E). Asterisks above data bars denote a significant difference relative to the 

control group at p < 0.05 (n = 4 replicates of 36-56 fish). 
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6.3.4. Dopaminergic cell markers in the brain  

Maternal exposure to dietary Se induced a significant change in DA levels of the brain (one-way 

ANOVA: F3, 12 = 33.18, p < 0.001; Fig. 6.3A). An elevated level of DA was found in groups 

maternally exposed to 11.1 and 27.4 μg Se/g diets (Tukey post hoc tests: p = 0.014 and p < 0.001, 

respectively). Our results showed a significant change in the expression of TH gene (Kruskal-

Wallis test: X2
3 = 14.95, p = 0.002; Fig. 6.3B). This change was due to an up-regulation in the 

expression of this gene in groups maternally treated with the two highest concentrations of dietary 

Se (Dunn's post hoc tests: p = 0.015 and p = 0.011, respectively). Maternal exposure to Se also 

induced significant alterations in the transcription of VMAT2 (Welch's test: F3, 7.95 = 14.91, p = 

0.002; Fig. 6.3C) and DAT (one-way ANOVA: F3, 16 = 17.04, p = 0.002; Fig. 6.3D). The elevated 

expression level of these genes was found in fish maternally exposed to the two highest 

concentrations of dietary Se (for VMAT, Games-Howell post hoc tests: p = 0.019 and p < 0.001; 

for DAT, Tukey post hoc tests: both p < 0.001). A notable change in the relative expression of 

MAO was also detected (one-way ANOVA: F3, 16 = 30.76, p = 0.001; Fig. 6.3E). The expression 

of MAO exhibited a marked up-regulation in all Se treated groups (Tukey post hoc tests: all p < 

0.007).  

Our results also showed a significant change in the expression level of DRD1 (Welch's test: F3, 6.67 

= 19.30, p < 0.001; Fig. 6.4A). The expression of this gene increased significantly in groups that 

were maternally exposed to the two highest concentrations of dietary Se (Games-Howell post hoc 

tests: both p < 0.006). Similarly, the expression level of D2 receptor subtypes differed significantly 

among treatments. A significant alteration in the expression of DRD2b (one-way ANOVA: F3, 16 = 

4.62, p = 0.016; Fig. 6.4B) and DRD2c (Welch's test: F3, 7.05 = 50.17, p < 0.001; Fig. 6.4C) was 

detected. The mRNA expression of DRD2b was up-regulated in fish maternally exposed to 11.1 

and 27.4 μg Se/g diets (Tukey post hoc tests: both p ≤ 0.037). For DRD2c, this up-regulation was 

observed in all Se treatment groups (Games-Howell post hoc tests: all p < 0.038). Moreover, the 

mRNA expression of the DRD3 gene also differed significantly among treatments (one-way 

ANOVA: F3, 16 = 10.85, p < 0.001; Fig. 6.4D), which resulted from the up-regulation of this gene 

in fish maternally fed with 11.1 and 27.4 μg Se/g diets (Tukey post hoc tests: p = 0.002 and p = 

0.01, respectively). A significant alteration in the transcript level of DRD4a (Welch's test: F3, 7.66 = 

11.81, p = 0.003; Fig. 6.4E) and DRD4b (one-way ANOVA: F3, 16 = 7.87, p = 0.002; Fig. 6.4F) 

was also found. The expression of DRD4a was up-regulated in groups maternally treated with the 
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two highest concentrations of dietary Se (Games-Howell post hoc tests: both p < 0.028). For 

DRD4b, however, this increase was found only in the group maternally exposed to 27.4 μg Se/g 

diet (Tukey post hoc test: p = 0.003). 
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Figure 6.3. The effects of maternal exposure to dietary Se on DA levels of the brain (A), and the mRNA expression 

of TH (B), VMAT2 (C), DAT (D), and MAO (E) in the zebrafish telencephalon. Asterisks above data bars denote a 

significant difference relative to the control group at p < 0.05 (n = 4 for DA and n = 5 for genes). 
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Figure 6.4. The mRNA abundance of DRD1 (A), DRD2b (B), DRD2c (C), DRD3 (D), DRD4a (E), and DRD4b (F) 

in the zebrafish telencephalon maternally exposed to dietary Se. Asterisks above data bars denote a significant 

difference relative to the control group at p < 0.05 (n = 5). 
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6.3.5. Markers of neural activity and development of the brain 

Maternal exposure to dietary Se also changed the mRNA abundance of IEGs in F1-generation adult 

zebrafish. The BDNF gene showed a different level of expression among treatment groups (one-

way ANOVA: F3, 16 = 10.21, p = 0.001; Fig. 6.5A). The enhanced mRNA expression of this gene 

was found in groups maternally exposed to 11.1 and 27.4 μg Se/g diets (Tukey post hoc tests: p = 

0.001 and p = 0.012, respectively). Likewise, our results showed a significant change in the 

expression of EGR-1 (one-way ANOVA: F3, 16 = 20.19, p < 0.001; Fig. 6.5B). This gene was up-

regulated in groups that were maternally treated with the two highest dietary Se concentrations 

(Tukey post hoc tests: both p < 0.001). Similarly, a significant difference in the mRNA abundance 

of NEUROD 1 (one-way ANOVA: F3, 16 = 7.27, p = 0.003; Fig. 6.5C) was recorded, due to the up-

regulation of this gene in fish maternally treated with 11.1 and 27.4 μg Se/g diets (Tukey post hoc 

tests: both p ≤ 0.031). 
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Figure 6.5. The mRNA abundance of BDNF (A), EGR-1 (B), and NEUROD 1 (C) in the zebrafish telencephalon 

maternally exposed to dietary Se. Asterisks above data bars denote a significant difference relative to the control group 

at p < 0.05 (n = 5). 

6.3.6. Antioxidative responses in the brain 

As shown in Fig. 6.6A, GSH:GSSG ratio in the zebrafish brain differed significantly among 

treatment groups (one-way ANOVA: F3, 16 = 6.95, p = 0.006). This ratio was significantly 

diminished in groups maternally exposed to 11.1 and 27.4 μg Se/g diets (Tukey post hoc tests: p = 

0.029 and p = 0.005, respectively). Moreover, LPO content of the brain varied significantly among 
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treatment groups (one-way ANOVA: F3, 16 = 62.04, p < 0.001; Fig. 6.6B). This marker of oxidative 

damage showed a significant increase in groups maternally treated with the two highest dietary Se 

concentrations (Tukey post hoc tests: p = 0.014 and p < 0.001, respectively). In line with these 

biochemical alterations, the maternal exposure to Se also induced changes in the mRNA expression 

of several antioxidant genes. As Fig. 6.6 further depicts, a significant change in the expression of 

Cu/Zn-SOD (Kruskal-Wallis test: X2
3 = 14.29, p = 0.003; Fig. 6.6C), Mn-SOD (Welch's test: F3, 

7.25 = 10.85, p < 0.001; Fig. 6.6D), CAT (Welch's test: F3, 7.45 = 11.24, p = 0.004; Fig. 6.6E), and 

GPX1a (Welch's test: F3, 6.86 = 35.93, p < 0.001; Fig. 6.6F) was detected. The expression level of 

Cu/Zn-SOD, CAT, and GPX1a genes was higher in fish maternally exposed to 11.1 and 27.4 μg 

Se/g diets (all p < 0.048). The transcription level of Mn-SOD up-regulated only in the group 

maternally exposed to 27.4 μg Se/g diet (Games-Howell post hoc test: p = 0.032).     
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Figure 6.6. The GSH:GSSG ratio (A), LPO content of the brain (B), and the mRNA levels of Cu/Zn-SOD (C), Mn-

SOD (D), CAT (E), and GPX1a (F) in the zebrafish brain maternally treated with different concentrations of dietary 

Se. Asterisks above data bars denote a significant difference relative to the control group at p < 0.05 (n = 4 for 

GSH:GSSG ratio and LPO levels; n = 5 for genes). 
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6.4. Discussion 

The early maternal environment can be challenged by exposure to environmental contaminants or 

abnormal nutritional state. This is subsequently transmitted to the embryo/fetus and may lead to 

developmental abnormalities in the offspring that persist later into adulthood. In aquatic 

ecosystems, dietary intake and maternal transfer are two major exposure routes of Se to adult fish 

and their embryos, respectively (Janz et al., 2010). In this study, maternal exposure to dietary Se 

led to the accumulation of this element in zebrafish eggs, which consequently brought about 

developmental toxicities and neurobehavioural abnormalities in zebrafish offspring.  

The concentrations of Se in zebrafish eggs recorded in our study were comparable to Se 

concentrations in fish eggs collected from Se contaminated natural waters (McDonald et al., 2010; 

Muscatello et al., 2006; Rudolph et al., 2008), suggesting that the dietary Se exposure 

concentrations and the exposure regime used in this study were environmentally relevant. As our 

results showed, the maternal transfer of Se to eggs did not affect the egg viability. However, there 

was a marked reduction in the number of hatching eggs in fish that were maternally exposed to the 

highest concentration of dietary Se. Furthermore, an increase in larval deformities (including 

skeletal, craniofacial, and fin deformities as well as edema) and larval mortality rates were observed 

in groups maternally exposed to 11.1 and 27.4 µg Se/g diets. Previous studies showed that maternal 

exposure to SeMet did not affect the viability of zebrafish embryos (Thomas and Janz, 2014, 2015). 

The alterations in hatchability, deformity, and survival rate were also consistent with previous 

studies in zebrafish and medaka (Oryzias latipes) exposed to SeMet (Chernick et al., 2016; Lavado 

et al., 2012; Thomas and Janz, 2016; Thomas and Janz, 2014). Free SeMet can be incorporated into 

eggs in place of methionine, which can consequently disrupt protein synthesis or functions, 

influencing embryo hatchability (Thomas and Janz, 2016). Metabolism of free SeMet for energy 

production may also result in the generation of ROS (Palace et al., 2004), causing a subsequent 

embryo mortality or reduced hatchability. SeMet can also impair skeletogenesis process in fish 

embryos. It has been established that embryonic exposure to SeMet via induction of oxidative stress 

and the unfolded protein response altered skeletal gene expression in medaka (Kupsco and Schlenk, 

2016). Taken together, the elevated oxidative stress might account for reduced hatchability and 

increased larval deformities and mortalities in fish maternally treated with SeMet.  
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Learning plays a crucial role in fish for adapting to environmental change (Brown et al., 2008). 

Therefore, maternal exposure to Se in fish may compromise the ability of the offspring to survive 

and thrive in a challenging environment, by inducing learning impairment. Our results, for the first 

time, revealed that maternal exposure to SeMet impaired latent learning performance in F1-

generation of adult zebrafish. It is important to note here that there were no apparent morphological 

differences (skeletal deformities) in fish among different treatments used in the learning trials of 

our study. Almost every fish, regardless of treatment group, left the start chamber and actively 

browsed the maze. However, fish that were maternally treated with SeMet showed a prolonged 

latency to leave the start chamber indicating a lower motivation to browse the maze or even less 

familiarity to the maze environment. These fish also spent markedly less time in their 

corresponding tunnels (according to their past training experience) indicating disturbed acquisition 

and/or consolidation of memory in F1-generation adult fish. The increased latency to enter the 

reward chamber may stand for impaired spatial memory in maternally treated fish. The length of 

time that fish spent in the reward chamber reduced markedly, further indicating the inability of fish 

to locate the reward chamber. It might also implicate lower social preference (grouping) in fish. In 

this study, fish with abnormal swimming performance or physical condition were excluded from 

training and probe phases of the experiment. Moreover, locomotion (distance traveled in the maze 

during probe) in fish maternally exposed to SeMet was unchanged in comparison to the control 

group. Thus, we argue that learning deficit observed in this study is not simply due to the physical 

condition of fish. In accordance with our findings, a previous study has highlighted that embryonic 

exposure (2-24 hpf) to SeMet resulted in spatial learning deficits in adult zebrafish (Smith et al., 

2010). Collectively, it seems that developmental exposure to Se produces long-lasting effects on 

cognitive and social functioning in zebrafish. 

DA innervation and its corresponding receptors are present early in development even prior to 

synaptogenesis, assembling and sculpting neural circuits involved in motor function, social 

behaviour, and cognition (Money and Stanwood, 2013). Mammalian studies have clearly 

demonstrated that abnormalities in the structure and function of the dopaminergic circuitry during 

early development contribute to a broad range of neurobehavioural disorders later in life (Robinson 

and Gradinaru, 2018). It has also been reported that early transient alterations in the dopaminergic 

system produced persistent alterations in brain function and behavioural abnormalities in adult 

zebrafish (Formella et al., 2012). The first appearance of dopaminergic neurons in the zebrafish 
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brain occurs between 15 and 18 hpf. Moreover, all DA receptors are strongly expressed in the 

zebrafish telencephalon by 5 dpf indicating the significant role of dopaminergic signalling in the 

development of this brain region (Boehmler et al., 2004; Souza and Tropepe, 2011). Notably, this 

period overlaps with yolk resorption in zebrafish (Jardine and Litvak, 2003). Therefore, resorption 

of Se-rich yolk during this window might have disrupted primary dopaminergic neurotransmission 

and alter brain structure and connectivity with enduring behavioural effects through adulthood.  

Excessive subcortical dopaminergic activity with the increased DA release, synthesis, and storage 

are the characteristic features of neurodevelopmental disorders such as schizophrenia (Eyles et al., 

2012). In this study, we also found an elevated level of DA in F1-generation of zebrafish maternally 

exposed to SeMet. This increase was accompanied by the up-regulation of TH, VMAT2, and DAT 

genes in the zebrafish telencephalon. TH is a critical enzyme in the synthesis of DA. Therefore, the 

elevated levels of DA might have occurred due to the up-regulation of this enzyme. The 

enhancement of DA synthesis requires increased vesicular storage capacity, which is aided by the 

enhanced VMAT2 expression. Accordingly, our data showed an increase in the transcription of 

VMAT2. In monoaminergic neurons, VMAT2 plays a neuroprotective role by providing a slightly 

acidic environment to stabilize oxidation-prone DA (Meiser et al., 2013). Besides mitigating DA 

toxicity, VMAT2 determines peak DA release from pre-synaptic neurons and hence regulates 

neurochemical output (Meiser et al., 2013). This means that the increased vesicular packaging can 

translate to the elevation of DA release and subsequently change DA-related functions, including 

learning and memory as proposed previously (Zubieta et al., 2000). Alternatively, the up-regulation 

of VMAT2 could also be due to an increase in DA re-uptake by DAT. Our results showed a marked 

increase in the expression of DAT in groups maternally treated with 11.1 and 27.4 μg Se/g diets, 

lending support to this notion. Indeed, the elevated mRNA levels of DAT may be a response to 

increased extracellular DA levels. Consistent with these findings, we have previously found that 

dietary exposure to SeMet led to a concomitant increase in DA levels of the brain and the mRNA 

expression of TH and DAT in adult zebrafish (Naderi et al., 2018; Naderi et al., 2017). However, 

in contrast to the findings of the present study, we previously observed that Se reduced transcript 

abundance of VMAT2 in the adult zebrafish brain (Naderi et al., 2018). The reason for this apparent 

discrepancy may lie in differences in exposure regimes (adult vs maternal exposure) between these 

studies. In fact, the up-regulation of VMAT2 might be a compensatory mechanism to minimize 

DA-induced oxidative stress during development. MAO is a mitochondrial enzyme that catalyzes 
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the oxidative deamination of monoamine neurotransmitters, including DA, norepinephrine, and 

serotonin, producing hydrogen peroxide (H2O2) as a by-product (Meiser et al., 2013). In the present 

study, a substantial increase in the transcription of MAO was found in all maternally-transferred 

Se treatment groups. This is in contradiction with our previous studies in which dietary Se did not 

affect the mRNA abundance of MAO in the adult zebrafish brain (Naderi et al., 2018; Naderi et 

al., 2017). A possible explanation for this disparity may derive from life cycle-dependent response 

of the dopaminergic system to Se neurotoxicity. On the other hand, this increase might be in 

response to the elevated levels of DA in the zebrafish brain. However, it should be noted that MAO 

in zebrafish plays a more pronounced role in the catabolism of other monoamines such as serotonin 

than DA metabolism (Anichtchik et al., 2006). Therefore, we speculate that maternal exposure to 

dietary Se may provoke alterations in other monoaminergic neurotransmitter systems in the 

zebrafish brain. This is quite conceivable since the expression of MAO was one of the few genes 

examined in this study that changed in the group maternally treated with the lowest concentration 

of Se (3.5 μg Se/g), the same fish that showed a marked learning impairment. Further studies are 

needed to elucidate the maternal effects of dietary Se on other neurotransmitter systems.  

The increase in DA synthesis and turn-over may alter the transcription of DA receptors as indicated 

by our results. There was a marked increase in the expression of DRD1 and all DRD2 subtypes, 

mostly attributable to the groups maternally fed with 11.1 and 27.4 μg Se/g diets. Similar Se 

concentrations have been shown to cause an up-regulation of both DRD1 and DRD2 receptors in 

adult zebrafish (Naderi et al., 2018). However, we have previously reported that 30 days exposure 

to dietary Se (32.5 and 57.5 µg/g) in adult zebrafish decreased the telencephalic expression of 

DRD1 receptors, while increasing the expression level of distinct D2 receptors (DRD2b and 

DRD4a) (Naderi et al., 2017). Our present study reinforces our previous findings that alteration in 

the expression of DA receptors is an inevitable consequence of exposure to dietary SeMet. We 

have previously established that D2 receptors play a leading role in latent learning in zebrafish. We 

demonstrated that D2 receptor agonist quinpirole impaired latent learning in zebrafish, while 

antagonism of this receptor family improved their learning performance (Naderi et al., 2016b). 

Hence, the abnormal increase in the transcriptional activity of D2 receptors might be a plausible 

explanation for the latent learning deficit found in F1-generation adult zebrafish maternally 

exposed to SeMet. Rodent studies have repeatedly shown that developmental up-regulation of D2 

receptors can cause persistent cognitive deficits in adults (reviewed in Kellendonk, 2009). 
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Moreover, overexpression of D2 receptors through the change in efficiency of the cortico-striatal 

synapses involved in learning and memory, as well as via an increase in the activity of D1 receptors 

led to cognitive impairment in mice (Kellendonk et al., 2006). It is also noteworthy that DRD2c is 

the only altered DA receptor in fish maternally treated with the lowest concentration of Se (3.5 μg 

Se/g). Similarly, we previously found that this receptor subtype was up-regulated in adult fish 

exposed to the similar concentration of Se (Naderi et al., 2018). This may imply that DRD2c as an 

autoreceptor is activated in lower concentrations of DA to control DA release. D2 receptors can 

also modulate social and reward-seeking behaviours. Overexpression of this receptor family has 

been implicated in social deficits and reduced effortful behaviour to obtain rewards in mice 

(Kabitzke et al., 2015; Ward et al., 2012). Our previous studies also showed that dietary exposure 

to Se reduced shoaling preference used as the reward in associative and latent learning tasks. The 

common thread between these studies was the up-regulation of D2 receptors (Naderi et al., 2018; 

Naderi et al., 2017). Consequently, the telencephalic up-regulation of D2 receptors might account 

for learning impairment and social deficit in zebrafish maternally exposed to Se.  

Our results revealed an elevated level of mRNA transcripts encoding BDNF and EGR-1 in the 

zebrafish telencephalon maternally treated with the two highest concentrations of dietary Se (11.1 

and 27.4 μg Se/g). IEGs are a heterogeneous group of genes in the CNS that respond rapidly to a 

spectrum of extracellular stimuli and participate in diverse functions (Bahrami and Drabløs, 2016). 

BDNF and EGR-1 are well-known IEGs that act as transcription factors to coordinate the activation 

and repression of target genes in the developing CNS leading to long-term functional changes in 

neurons (Close et al., 2002; De Felice et al., 2014). Primary alterations in the activity of these genes 

can bring about inappropriate changes in cortical circuitry and synaptic transmission in the 

developing brain, which subsequently translates into the neural dysfunction (Gallo et al., 2018). 

The increase in BDNF levels has been detected in the cortical areas and hippocampus of 

schizophrenic humans (Durany et al., 2001; Takahashi et al., 2000). Interestingly, there is a positive 

relationship between the functions of DA and BDNF (Iwakura et al., 2008). A previous study has 

also shown that stimulation of DA receptors increased the production of BDNF, which in turn 

enhanced morphological maturation and differentiation of striatal neurons in the mice brain (Hasbi 

et al., 2009). Therefore, maternal exposure to SeMet, via perturbation of this pathway, may 

undermine neuronal morphology and network development and cause learning impairment in 

zebrafish. In addition to IEGs, we found an increase in the telencephalic mRNA expression of 
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NEUROD1. This gene is a member of the basic helix-loop-helix transcription factors involved in 

primary neurogenesis in the zebrafish brain (Korzh et al., 1998). Primary neurogenesis is a highly 

regulated process in zebrafish (Schmidt et al., 2013). Therefore, any interference with this process 

may result in an atypical architecture of the brain and abnormal neural patterning and wiring lasting 

throughout the life. As a result, we propose that maternal exposure to Se may cause an aberrant 

increase in the expression of neurogenic and synaptogenic factors and thus impairs the process of 

shaping and fine-tuning of neural circuits involved in learning and memory in zebrafish.   

The high oxidative load is a signature of dopaminergic neurons. It is well known that both 

enzymatic and non-enzymatic oxidation of DA generates ROS such as hydroxyl radical (•OH) and 

superoxide anion (O2•̶ ) (Meiser et al., 2013). In this study, we found an elevated level of oxidative 

stress in F1-generation zebrafish brain maternally treated with 11.1 and 27.4 μg Se/g diets. This 

increase was evident by a reduction in GSH:GSSG ratio. In the brain, GSH is the main intracellular 

antioxidant that plays a central role in the protection against DA-induced toxicity (Grima et al., 

2003). DA oxidation combined with a depletion of GSH can lead to increased LPO with 

concomitant changes in membrane permeability and cell damage (Grima et al., 2003). In line with 

this, we found an increase in LPO content of the brain in groups that also showed low GSH:GSSG 

ratio. Besides its antioxidative activity, GSH regulates a myriad of redox-sensitive molecules 

implicated in neurotransmission and synaptic plasticity (Esposito et al., 2004). Specifically, GSH 

deficit in the brain alters intracellular pathways implicated in DA signalling (Steullet et al., 2008). 

Thus, it is possible that a reduction in GSH levels altered DA signalling in the developing brain of 

zebrafish maternally exposed to dietary SeMet. The enhanced oxidative stress in this study was 

further confirmed by the up-regulation of antioxidant enzyme genes, including Mn-SOD, Cu/Zn-

SOD, CAT, and GPX1a in fish maternally treated with 11.1 and 27.4 μg Se/g diets. Since SOD is 

directly related to dismutation of O2•̶  to H2O2 (Halliwell and Gutteridge, 2015), the up-regulation 

of SOD expression in this study may reflect an adaptive mechanism against DA-induced 

superoxide radicals. The other antioxidative enzymes, GPX1a and CAT, work in concert with SOD 

to decompose H2O2 into the water (Halliwell and Gutteridge, 2015). The up-regulation of GPX1a 

and CAT may also represent a compensatory mechanism to detoxify H2O2 generated by DA 

oxidation. ROS can interfere with signal transduction pathways, cause DNA damage, and bring 

about the modification of gene expression. The over-production of free radicals can also alter 

neuronal functions and brain morphology in fish (Halliwell, 2006; Hensley et al., 2000). Moreover, 
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enhanced oxidative stress in the brain can impair different forms of learning and memory in 

zebrafish (Ruhl et al., 2016). Therefore, it is possible that DA-induced oxidative stress via 

disturbances of the brain structures involved in learning and memory impaired the ability to 

generate a latent memory in zebrafish maternally exposed to Se. It should also be noted that induced 

oxidative stress and lipid peroxidation in the zebrafish brain cannot be solely attributed to Se-

induced increase in DA levels. Exposure to Se may cause alterations in the homeostasis of other 

neurotransmitters systems, which can produce ROS. This possibility warrants further examination 

in future studies. 

6.5. Conclusion 

In summary, our findings are the first to demonstrate that maternal exposure to environmentally 

relevant concentrations of dietary Se can impair latent learning in F1-generation adult fish. The 

incidental learning about the important landmarks/stimuli of the environment enables animals to 

demonstrate an efficient, goal-directed, and error-less navigation in their natural environment. 

Therefore, the transgenerational impairment of latent learning in fish inhibiting Se-contaminated 

ecosystems may alter the spatial orientation and navigation of individuals and consequently 

compromise their ability to appropriately respond to their environmental needs.  
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Chapter 7: General discussion

7.1. Introduction 

The overall objective of this study was to investigate the direct and transgenerational effects of 

dietary SeMet on learning and memory in zebrafish as the model organism with a focus on 

alterations in DA neurotransmission in the brain. While DA is well-known to play an important 

role in social behaviour and motor control in zebrafish, its role in the regulation of learning and 

memory is yet to be determined. Since mammalian studies have shown that DA regulates both 

reinforced and unreinforced learning tasks (Seel, 2011), two different learning paradigms were 

used to determine the role of DA in learning and memory in zebrafish. Using dopaminergic drugs 

in experiments 1 and 2 (Chapter 2 and 3), I examined the role of DA receptors in the regulation of 

latent learning and associative learning (unreinforced and reinforced learning tasks, respectively) 

in adult zebrafish. In experiments 3 and 4 (Chapter 4 and 5), I investigated the effects of dietary 

exposure to SeMet on the dopaminergic system and its consequences in these two forms of learning 

in zebrafish. Since DA plays a fundamental role in the brain development in zebrafish and due to 

the fact that the maternal transfer is the major exposure pathway of Se to larval and juvenile fish, 

in experiment 5 (Chapter 6), I also investigated the effects of maternal exposure to dietary SeMet 

on the dopaminergic system and latent learning in F1-generation of zebrafish. 

7.2. Differential roles of dopamine receptors in the regulation of latent learning and 

associative learning in adult zebrafish 

The purpose of these experiments was to investigate the role of DA in two different forms of 

learning in zebrafish by pharmacological manipulation of DA receptors. The results of these two 

studies demonstrate a significant and task-dependant role of DA receptors in learning and memory 

in zebrafish. In experiment 1 (Chapter 2), the activation of both D1 and D2 receptors impaired the 

acquisition and consolidation of latent learning. However, antagonism of D2 receptors, but not D1 

receptors improved both phases of learning in zebrafish. These results indicate that D2 receptors 

contribute significantly to the dopaminergic modulation of latent learning in zebrafish. This might 
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be due to the prominent role of D2 receptors in the regulation of selective attention, a process which 

is known to modulate the latent learning process by optimizing or enhancing the selection of 

information needed for further processing. Although latent learning occurs in the absence of the 

reward, the novelty of the maze environment per se can act as a reinforcer. DA is considered as a 

primary neurotransmitter modulator of novelty-seeking (Costa et al., 2014) and high novelty 

responsive animals possess higher DA levels in the nucleus accumbens and striatum (correspond 

to sub-pallium in zebrafish) than low novelty responders (Tournier et al., 2013; Zald et al., 2008). 

Therefore, memory enhancing effects of D2 receptor blockade might be due to the decreased 

inhibitory autoreceptor control of DA producing neurons in the zebrafish brain. 

While D2 receptors are critically involved in the acquisition and consolidation of latent learning, 

the results of experiment 2 (Chapter 3) show that D1 receptors play a greater role in associative 

learning in zebrafish. In fact, the stimulation of D1 receptors improved both acquisition and 

consolidation of associative learning. The phasic DA release and subsequent activation of D1 

receptors are necessary to encode the acquisition of cue-reward association (Ford, 2014; Grace, 

1991). Therefore, in the present study, it seems that the stimulation of D1 receptors has potentiated 

the phasic DA signal during associative learning. D2 receptors can also be involved in these phases 

of associative learning. However, the results suggest that the effects of D2 receptors might be 

mediated through their interaction with D1 receptors. Indeed, it is possible that the activation or 

inactivation of D2 receptors via the change in tonic DA availability affects the phasic DA signal 

required for associative learning. However, D2 receptors appear to be more critically involved in 

the regulation of memory retrieval in zebrafish. This is due to the fact that that activation and 

inhibition of this receptor family improved and impaired, respectively, associative learning 

performance in zebrafish.  

7.3. Effects of chronic exposure to dietary selenomethionine on dopamine 

neurotransmission and learning and memory in zebrafish 

There is a growing body of evidence that oxidative stress is the main mechanism of Se (including 

SeMet) toxicity. This factor can be particularly detrimental to the dopaminergic system. Therefore, 

experiments 3 and 4 sought to uncover whether exposure to dietary SeMet via induction of 

oxidative stress disrupts the normal functions of the dopaminergic system leading to learning 

impairment in zebrafish. For this purpose, fish were exposed to either a control diet or SeMet-
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spiked diets (3, 10, 30, and 60 μg/g dw; nominal concentrations). The results of these studies 

showed that chronic exposure to dietary SeMet impairs both latent learning and associative learning 

in adult zebrafish. In both experiments, an increased oxidative stress was observed in the zebrafish 

brain treated with the two highest Se exposure concentrations used indicating Se in excess can 

generate ROS. The induced oxidative stress through a myriad of pathways may lead to learning 

impairment (Dröge and Schipper, 2007; Praticò et al., 2002). The results of these experiments 

revealed that the dysfunction of the dopaminergic system is one of the main pathological 

characteristics of Se-induced oxidative stress in zebrafish. The up-regulated expression of TH and 

DAT genes involved in DA synthesis and re-uptake was the common manifestation of 

dopaminergic dysfunction in Se-treated fish exhibiting impaired latent learning and associative 

learning performance. As confirmed in experiment 4 (Chapter 5), the up-regulated expression of 

these genes was associated with elevated DA levels in the zebrafish brain. This indicates that Se 

primarily perturbs the homeostasis of the dopaminergic system via stimulation of DA synthesis 

and turn-over. Transcriptional, translational, and post-translational levels of TH are finely tuned 

by several regulatory systems. For instance, TH gene expression and subsequent translation are 

strictly regulated by Ca2+, neuronal activity, oxygen levels, and stress. Phosphorylation and 

dephosphorylation of TH are important post-translational regulatory mechanisms of the enzymatic 

activity which determine the amount of catecholamine synthesized in the dopaminergic system 

(Tekin et al., 2014). Substantial evidence exists supporting that oxidative stress can alter the TH 

gene expression and activity via interference with these processes (Di Giovanni et al., 2012). 

Therefore, it is possible that SeMet via induction of oxidative stress increases the TH expression 

and activity in the zebrafish brain. Moreover, GSH is involved in the cytosolic storage of DA 

(Drukarch et al., 1996). Since the results of experiment 4 showed, dietary exposure to SeMet 

reduces the mRNA expression of VMAT2 indicating a reduction in cytosolic storage of DA in 

adult zebrafish. The reduced DA storage can increase both TH and DAT mRNA levels in order to 

maintain the intracellular pool of DA (Romero-Ramos et al., 2000). Therefore, Se may lead to a 

decrease in DA storage through depletion of GSH, which could bring a plausible answer for the 

subsequent increase in DA synthesis and turn-over in the adult zebrafish brain. The accumulation 

of DA in the cytosol is itself known as a source of oxidative stress and neurotoxicity (Meiser et al., 

2013). Since in both studies the mRNA levels of MAO remained unchanged, the non-enzymatic 
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oxidation (autoxidation) of cytosolic DA may lead to the generation of ROS further exacerbating 

Se-induced oxidative stress in the adult zebrafish brain.  

Changes in DA levels of the brain were also associated with alterations in the mRNA expression 

of DA receptors. However, the results were to some extent different in latent learning and 

associative learning experiments. An increase and decrease in the transcript levels of D1 and D2 

receptors, respectively, were detected in fish treated with high concentrations of Se (32.5 and 57.5 

µg/g Se). Nonetheless, an up-regulation in the expression of both DA receptor families was found 

in the zebrafish brain with associative learning impairment. This discrepancy may stem from 

different exposure regimes and learning paradigms used in these experiments. As it has been 

established in experiment 1 (Chapter 2), the activation of D2 receptors has disruptive effects on 

latent learning. Therefore, it seems that exposure to dietary SeMet leads to latent learning 

impairment in zebrafish through an increase in the transcriptional activity of D2 receptors. 

Moreover, the results of experiment 2 (Chapter 3) indicate that D1 receptors are primarily involved 

in the regulation of associative learning (the acquisition and consolidation phases), while the effects 

of D2 receptors are mainly mediated through their interaction with D1 receptors. Therefore, it is 

possible that the up-regulation of D2 receptors leads to associative learning impairment in zebrafish 

via an imbalance in the activation of D1 receptors. Indeed, the increased expression of D2 receptors 

indicates high levels of tonic DA at post-synaptic receptors (D1 in particular), which consequently 

reduces the phasic DA signalling required for coding of the rewarding stimulus. Furthermore, the 

opposite roles of DA receptors in synaptic plasticity cannot be ruled out. D1 receptors facilitate the 

formation of LTP while the activation of D2 receptors inhibits the expression of this process in 

learning-critical brain structures. Alterations in the mRNA expression of IEGs further confirmed a 

change in synaptic plasticity in the zebrafish. Interestingly, a bi-phasic pattern of response was 

found. In both experiments 3 and 4, the exposure to low concentrations of dietary SeMet (2.3 and 

3.5 µg/g Se) increased the mRNA abundance of IEGs (including BDNF, EGR-1, and NPAS4) in 

the zebrafish brain. However, higher concentrations of Se (experiment 3: 32.5 and 57.5 µg/g Se; 

experiment 4: 27.4 and 63.4 µg/g Se) suppressed the expression of these genes as well as down-

regulated the transcript levels of  NEUROD 1, a gene which is involved in neurogenesis in the 

zebrafish brain. This might be due to the disruptive effects of Se-induced oxidative stress on 

neuronal structures and functions and intracellular signalling pathways involved in synaptic 

plasticity. These findings shed more light on different facets of Se, from essentiality to 
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neurotoxicity. Overall, the results of experiment 3 and 4 revealed that chronic exposure to dietary 

SeMet impairs two different forms of learning and memory in zebrafish. Induction of oxidative 

stress and dysfunction of the dopaminergic system are two mechanisms by which Se exerts its 

neurotoxic effects. However, the effects of this toxic trace element on other neurotransmitter 

systems cannot be ruled out.  

7.4. Transgenerational effects of dietary exposure to SeMet on learning and memory 

in zebrafish offspring       

The maternal transfer is the main pathway of Se exposure to fish embryo/larvae which is commonly 

manifested as a suit of developmental toxicities in early life stages of F1-generation of fishes (Janz, 

2012). It has also been documented that early life exposure to SeMet (from 2 to 24 hpf) causes 

enduring learning deficits in adult zebrafish (Smith et al., 2010). DA and its corresponding 

receptors appear early during brain development in zebrafish and are believed to play an important 

role in the neuronal development (Formella et al., 2012; Souza and Tropepe, 2011). Therefore, 

alterations in DA innervation patterns and receptor expression during early development may 

produce long-lasting changes in DA-related neurological functions including learning and memory. 

Experiment 5 sought to assess whether maternal exposure to dietary SeMet via changes in 

dopaminergic signalling would result in a learning deficit in F1-generation adult zebrafish. The 

results showed that adult fish maternally treated with low, medium, and high concentrations of 

dietary SeMet exhibit a marked latent learning impairment. The elevated levels of DA were found 

in the fish brain maternally treated with 11.1 and 27.4 µg/g Se diets, which was accompanied by 

the up-regulation of TH and DAT genes. These results, in addition to the findings of experiments 

3 and 4, suggest that hyperfunction of the dopaminergic system is an inevitable consequence of 

zebrafish exposure to excess dietary SeMet. However, maternal exposure to SeMet caused an up-

regulation in the expression of VMAT2 and MAO genes, which was in contrast with the findings 

of experiments 3 and 4 where a down-regulation in the expression of VMAT2 (experiment 4) and 

an unchanged mRNA expression pattern of MAO (experiments 3 and 4) were observed. The reason 

for these discrepancies may reside in differences in exposure regimes (adult vs maternal exposure) 

between these studies. In addition to DA, VMAT2 and MAO are also involved in the sequestration 

and metabolism of other monoamine neurotransmitters such as serotonin (Maximino et al., 2016). 

Notably, the up-regulation in the expression of MAO was detected in fish maternally treated with 

the lowest concentrations of dietary SeMet (3.5 µg/g Se). This was one of two genes (along with 
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DRD2c) that changed in this treatment group, which was associated with a marked learning 

impairment. Thus, it is feasible to suggest that maternal exposure to Se triggers changes in 

neurotransmitter systems other than DA resulting in long-lasting cognitive impairment in zebrafish 

offspring. An up-regulation in the expression of different DA receptor subtypes was found in all 

treatment groups. As shown in experiment 1 (Chapter 2), a concomitant activation of D1 and D2 

receptors using apomorphine impairs latent learning performance in zebrafish. This disruptive 

effect was in large part due to the activation of D2 receptors. Therefore, the impaired latent learning 

observed in fish maternally exposed to dietary SeMet could be attributed to the increased 

expression of DA receptors, D2 receptors in particular. In addition to changes in the expression of 

DA receptors, hyperfunctioning of the dopaminergic system in fish maternally treated with 11.1 

and 27.4 µg/g Se diets led to elevated levels of oxidative stress in the zebrafish brain, which was 

evident by a decreased GSH:GSSG ratio, increased LPO levels, and increased mRNA expression 

of antioxidant enzymes. The increased oxidative stress may have resulted from the generation of 

ROS by enzymatic and/or non-enzymatic degradation of DA further resulting in learning 

impairment in zebrafish. Maternal exposure to 11.1 and 27.4 µg/g Se diets also led to an up-

regulation in the expression of IEGs including BDNF and EGR-1 as well as the expression of 

NEUROD 1 gene in the zebrafish brain. These results are in sharp contrast with those of 

experiments 3 and 4 indicating that developmental exposure to dietary SeMet hampers synaptic 

refinement and the normal brain development in zebrafish via stimulatory effects on synaptogenic 

and neurogenic factors. The mechanism(s) underlying transgenerational effects of Se remains to 

be fully understood. However, it is possible that Se-induced oxidative stress during early life stages 

of zebrafish by dysregulation of signal transduction and/or macromolecular damage (e.g. lipids, 

proteins, and DNA) contributes to permanent neurobehavioural abnormalities. This is highly likely 

given that oxidative stress can alter DA signalling in the CNS (Steullet et al., 2008). Further studies 

are required to elucidate the neurodevelopmental effects of dietary exposure to SeMet.   

7.5. Conclusion and environmental implications 

The research presented in this thesis suggests that environmentally relevant dietary SeMet exposure 

can lead to learning deficits in adult fishes and their offspring. Latent learning and associative 

learning are two main components of fish cognition in the natural environment, which strongly 

linked to a wide array of fish behaviours including foraging activities, mate choice strategies, anti-

predatory behaviours, and social interactions. Therefore, the learning impairment in fish inhibiting 
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Se-contaminated ecosystems may alter fish responses to a broad range of environmental stimuli 

and subsequently compromises fish health and survival.  

Learning and memory reflect multiple neurological, physiological, and behavioural changes and 

links individual- to population-level processes, thereby representing favorable endpoints for 

assessing organismal and ecological effects of environmental contaminants. Moreover, the results 

presented in my thesis indicate that these cognitive functions are susceptible even to relatively low 

exposure concentrations of dietary Se, and therefore warrant further attention as tools for assessing 

the neurotoxicological effects of environmental contaminants. Moreover, the dysfunction of the 

dopaminergic system, enhanced oxidative stress, and impaired learning performance are the main 

characteristics of several neuropsychiatric and neurodevelopmental disorders. Therefore, my 

research offers new insights into the potential of the zebrafish model to explore the possible role 

of environmental contaminants such as Se in the development of brain disorders. 

7.6. Future research perspectives and recommendations 

Se is a priority aquatic contaminant in aquatic ecosystems, which can be extremely toxic to aquatic 

organisms including fish. However, most of our knowledge about Se toxicity comes from its 

reproductive and developmental effects. My research has provided novel and important 

mechanistic information on the neurobehavioural effects of this toxic trace element. Nonetheless, 

some aspects of my research could be expanded to provide a more comprehensive understanding 

of SeMet neurotoxicity in fish. Areas that require future research attention are listed below. 

 In experiments 1 and 2, I demonstrated that activation and/or inactivation of DA receptors 

affect different phases of latent learning and associative learning in zebrafish. Future studies 

should investigate intracellular pathways underlying DA receptor-mediated effects on the 

acquisition, consolidation, and recall of these forms of learning and memory in zebrafish. 

Moreover, the role of other neurotransmitter pathways (e.g., serotonergic system and 

GABAergic system) in the modulation of these cognitive functions can be investigated.  

 In experiments 3 and 4, I demonstrated that excess dietary SeMet exposure can cause latent 

and associative learning impairment in adult zebrafish mainly via induction of oxidative 

stress and dysfunction of the dopaminergic system. Future investigations can further 

explore the effects of this trace element on other neurotransmitter pathways relevant to 

learning and memory. For example, the glutamatergic system is known to be involved in 
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learning and memory in zebrafish (Sison and Gerlai, 2011). I found that SeMet changes the 

expression of BDNF in the zebrafish brain. BDNF enhances excitatory synaptic 

transmission through the regulation of glutamate release (Martin and Finsterwald, 2011). 

Therefore, it can be addressed whether SeMet would interfere with this neurotransmitter 

system and lead to learning deficits in the zebrafish. Moreover, the results of experiment 3 

and 5 revealed that dietary exposure to SeMet may reduce the social preference in zebrafish. 

This was evident by the lower time that SeMet-treated fish spent in the reward chamber. 

DA plays a critical role in the regulation of social behaviours including social preference, 

shoaling, and aggressive behaviour (Scerbina et al., 2012; Shams et al., 2018; Teles et al., 

2013). It will be interesting to examine the effects of dietary SeMet on different social 

behaviours such as social preference, shoaling, and aggressive interaction in adult zebrafish 

using specific behavioural paradigms. 

 In experiment 5, I established that maternal exposure to dietary SeMet impairs the 

dopaminergic system and consequently leads to learning impairment in F1-generation of 

zebrafish. Future studies can investigate how DA intervention and activation of its receptors 

influence the development of brain structures and/or neural circuits involved in learning 

and memory in zebrafish. Moreover, while a dopaminergic hyperfunction was found in 

zebrafish offspring maternally exposed to SeMet, the mechanism(s) underlying this 

phenomenon is not clear. Therefore, more research is needed to uncover factors that might 

be responsible for neurodevelopmental effects of SeMet. Maternal exposure to dietary 

SeMet also altered the mRNA expression of MAO and VMAT2 which are involved in the 

degradation and storage of other monoamine neurotransmitters such as serotonin. 

Therefore, it can be interesting to examine whether maternal exposure to SeMet induces 

changes in other neurotransmitter systems relevant to learning and memory in zebrafish.   

 The common trend among the effects of SeMet on the dopaminergic system in the 

experiments 3, 4, and 5 is an up-regulation in the expression of TH and DAT as well as an 

elevation in DA levels of the brain. However, the mechanisms underlying this stimulatory 

effect of Se remain to be elucidated. Hence, future studies should investigate how Se 

induces DA synthesis and turn-over. In addition to transcriptional levels, these studies can 

further focus on translational and post-translational levels of enzymes involved in DA 

synthesis and re-uptake.   
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