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ABSTRACT 

Elevated levels of contaminants from anthropogenic activities are a pernicious problem in 

various ecosystems. The presence of bisphenol analogues and especially bisphenol S (BPS) in 

the aquatic environment has been a growing issue of concern over the past few years. BPS 

concentrations in surface water range from <1- 65600 ng/L. Although these concentrations are 

much lower than the levels of BPS that cause acute toxicity, the sub-lethal effects of this 

exogenous compound under chronic exposure remain largely unknown. My thesis addressed this 

knowledge gap by evaluating how chronic exposure to three different field-relevant 

concentrations of BPS impact non-reproductive behaviours in zebrafish (Danio rerio). 

Furthermore, I investigated the possible molecular mechanisms underlying the intragenerational 

and transgenerational neurobehavioural effects of BPS. To this end, adult male and female 

zebrafish were exposed to either 1, 10, 30 µg/L BPS or 1 µg/L E2 as a positive control for 75 

days. Subsequently, shoal cohesion, excursion from the shoals, group preferences, locomotor 

activity, anxiety and fear responses were assessed. 

The results suggest that environmentally relevant concentrations of BPS significantly reduced 

zebrafish sociality, anxiety and dysregulate the fear responses in adult male and female 

zebrafish. In the first data chapter, I found that exposure of adult zebrafish to all concentrations 

of BPS or E2 caused a marked decline in male and female group preference. Meanwhile, 

locomotor responses and the number of excursions from shoals did not change, and shoal 

cohesion was only decreased at the highest concentrations of BPS (30 µg/L) and E2. Similarly, 

in the second data chapter, I documented that 30 µg/L BPS and E2 induced a significant decrease 

in fear-related responses. At the same time, BPS, irrespective of exposure concentrations, and E2 

significantly decreased bottom-dwelling behaviour in both male and female fish. The impaired 

behavioural responses were associated with a sex-specific dysregulation in the transcription of 

the neuropeptide signalling system, including isotocinergic and vasotocinergic neuro-endocrine 

systems, as well as a down-regulation in the transcription of enzymatic antioxidant genes (gpx1a, 

Cu/Zn-sod, Mn-sod, cat) in the brain of male and female adult zebrafish.  

In my final experiment, I exposed female zebrafish to various concentrations of BPS and E2 and 

afterwards bred them with untreated male zebrafish so as to investigate the transgenerational 

maternal effects of BPS on social behaviours and anxiety responses in offspring. Chronic 
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maternal exposure to BPS (60 days) resulted in alteration in social behaviours and anxiety 

responses of male offspring in a dose-specific manner likely through oxidative stress and 

changes in the neuropeptide signalling system. These novel findings expand our current 

knowledge of the transgenerational effects of BPS, which has been quite limited to date. In 

summary, this thesis has made significant contributions to identifying the neurobehavioural 

consequences of chronic exposure to environmentally relevant BPS levels in fish.  
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Chapter 1: General Introduction 

1.1. Social behaviours 

1.1.1 Group living 

Social behaviours, the interactions between organisms, play a fundamental role in the survival of 

all animals. Social interactions are crucial not only for cooperation within a group but also for 

protection from environmental threats, which is one of the most beneficial aspects of forming a 

society (Kikusui et al., 2006). Across the animal kingdom, each species may experience different 

degrees of complexity in their social life. At the most basic level, social behaviours allow 

individuals to find their own conspecifics, mate and produce offspring (Robinson et al., 2019). 

Meanwhile, many species have additionally evolved to show more social complexity, which is 

evident by more frequent interactions with many of the same individuals over time (Freeberg et 

al., 2012), such as the coordinated movements of bird flocks and fish schools (Aureli and Schino, 

2019; Robinson et al., 2019).  

Sociality or the tendency for individuals to stay together in space and time (Alexander, 1974) is 

one of the most significant components of social behaviour. The degree of sociality varies among 

individuals, populations, and species whereas the extent to which animals form groups mainly 

depends on the trade-off between the benefits and costs of social living (Krause and Ruxton, 

2002). Through the rapid transfer of information, living in a group provide various fitness-related 

benefits for individual animals. One major advantage of living in a group is to have better 

protection against predators (Chivers et al., 1995) by mechanisms that include improving 

predator detection, reducing the chance of predation, and confusing predators (Peichel, 2004). 

For example, “the many eyes hypothesis” explains that fish in a shoal swim together to increase 

the probability of predator detection and escape (Lima and Dill, 1990; Pitcher, 1993). Consistent 

with this hypothesis, Ward et al., (2011) showed that the eastern mosquitofish (Gambusia 

holbrooki) can identify predators more accurately and faster in groups. In addition, scanning the 

environment for predators can be distributed over many individuals which subsequently lets 

individuals have more time for other tasks like foraging (Magurran and Pitcher, 1983; Miller and 

Gerlai, 2011). Even when attacked, being in a group also helps individuals reduce the chance of 

being captured by predators, referred to as the dilution effect (Pitcher, 1993; Olson et al., 2015). 

In addition, a synchronized and/or rapid dispersal may confuse predators as it is challenging for 
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them to select and follow a single target (Pitcher and Parish, 1993). In social animals, the 

presence of conspecifics also helps individuals to recover better from aversive events such as 

predator attacks or missing family members, a phenomenon that is called social buffering 

(Faustino et al., 2017; Kiyokawa et al., 2018). Social buffering is commonly observed in 

mammals including humans (Kikusui et al., 2006; Kiyokawa et al., 2014) where it can improve 

health as a part of the benefits of social support (Hostinar et al., 2014). Likewise, recent studies 

on fish and birds showed that the presence of conspecifics offers a safer environment and aid 

individuals in recovery from stress (Culbert et al., 2019; Edgar et al., 2015). For example, fish 

exposed to chemical alarm cues showed a shorter fear response in the presence of conspecifics 

than when tested alone (Faustino et al., 2017). Other possible benefits of group living include 

increased mating success, improved foraging efficiency, enhanced offspring protection, reduced 

movement costs, increased social learning, and better problem-solving (Smith and Warburton, 

1992; Hoare and Krause, 2003). 

However, living in a group may also carry considerable costs for group members, including but 

not limited to higher competition for resources, aggression between the group members, or an 

increased likelihood of catching infections and parasites (Krause and Ruxton, 2002; Reddon et 

al., 2011). For example, limited resources may lead to the emergence of competitive behaviours 

and subsequently increasing agonistic encounters between individuals (Martins et al., 2012). 

Therefore, there is a  trade-off between the advantages and disadvantages of social living. 

Nevertheless, when the balance of benefits and cost favours group living, decisions to join a 

group or stay with it are preferred (Pitcher, 1998). 

1.1.2. Fear and anxiety responses 

Fear and anxiety are coping mechanisms in a risky world that enable organisms to trigger 

appropriate adaptive responses to avoid or reduce harm. The terms fear and anxiety are 

sometimes used interchangeably; however, there are clear differences. In clinical studies, fear is 

considered to be a cognitive response to a specific identified threat while anxiety is a frequent 

negative emotional response to fear (Nuss, 2015; Mezzomo et al., 2019). In the context of animal 

behaviour, fear is referred to a set of behaviours displayed when exposed directly to a known 

external threat, and it often disappears quickly upon the disappearance of the eliciting cue. In 

comparison, anxiety refers to a set of behavioural responses to potential and predicted aversive 
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conditions that may be observable for extended periods (Steimer, 2002; Jesuthasan, 2012; Gerlai 

and Tran, 2016). Fear and anxiety can be easily investigated in humans with the use of 

questionaries and/or verbal communication. In animal studies, antipredatory paradigms help 

investigators to analyze fear responses (Gerlai, 2011). In these tests, the organism is often 

exposed to stimuli specific to its natural predator and then typical antipredator responses are 

quantified. Although fear and anxiety responses are natural adaptive reactions, excessive or 

abnormal levels of these behaviours can become pathological and reduce an individual’s ability 

to cope with other environmental challenges (Steimer, 2002; Nuss, 2015). For example, anxiety-

related disorders such as generalized anxiety disorder, post-traumatic stress, and phobia can 

dramatically reduce the quality of life in humans.   

1.2. The oxytocinergic and vasopressinergic  system 

Oxytocin (OT) and arginine vasopressin (AVP) are two closely related neuropeptides that belong 

to an ancient class of molecules known as nonapeptides. OT and AVP have appeared early in 

evolution with ancestors that are phylogenetically linked to invertebrates such as snails and 

leeches (Stoop, 2012). OT and AVP likely evolved from the ancestral nonapeptide vasotocin, 

which differs from these peptides in a single amino acid and is a common ancestral neuropeptide 

in jawless fish that is at least 500 million years old (Stoop, 2012). OT, AVP, and their 

nonmammalian homologs, isotocin (IT, in teleost fish), mesotocin (MT, in lungfish, amphibians, 

reptiles, birds), and arginine vasotocin (AVT), all consist of nine amino acids that vary by either 

one or two amino acids (Table 1.1).  

Table 1.1.  Peptide sequences of vasopressin, oxytocin, and their homologs in fish (Stoop, 2012) 

Peptide name Peptide sequences 

Arginine vasopersin (mammals) Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-

NH2 

Arginine vasotocin (non-mammals) Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Arg-Gly-

NH2 

Oxytocin (mammals) Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-

NH2 

Isotocin (bony fish) Cys-Tyr-Ile-Ser-Asn-Cys-Pro-Ile-Gly-NH2 

Mesoticin (birds, reptiles, amphibians, and 

lungfish) 

Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Ile-Gly-NH2 
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In mammals, OT and AVP are primarily synthesized in magnocellular neurons (MCNs) located 

inside the supraoptic nuclei (SON) and paraventricular nuclei (PVN) of the hypothalamus 

(Lemos, 2012). The synthesis of these neuropeptides in other brain regions might be also 

possible and previous studies detected AVP and OT-synthesizing neurons in the medial 

amygdala, suprachiasmatic nucleus, and the bed nucleus of the stria terminals (de Vries and 

Buijs, 1983; Stoop, 2012). Following their neuronal synthesis, OT and AVP are transported via 

supraoptic and paraventricular axons down to the posterior pituitary for peripheral release (Fig. 

1.1) (Balment et al., 2006; Donaldson and Young, 2008; Gruber, 2014), and thus after 

stimulation, they are secreted into the bloodstream to act on target organs. The peripheral release 

of OT plays a critical role as a neurohypophysial hormone in uterine contraction during 

parturition, milk ejection during lactation, regulation of osmoregulation, and energy balance 

(Jacqueline and Blevins, 2013). AVP (also known as antidiuretic hormone; ADH) is secreted 

primarily during dehydration, allowing adaptive renal water conservation. AVP also is secreted 

in relatively huge amounts during hypovolemia and hypotension in the absence of changes in 

plasma osmolality (Weisman et al., 2013).  

In addition, following their neuronal synthesis, OT and AVP are centrally released as 

neurotransmitters/neuromodulators to regulate neuronal processes. Contrary to the classical 

neurotransmitters stored in small synaptic vesicles for release into the synaptic cleft, peptides are 

stored in large dense-core vesicles that can be released from all parts of a neuron (Stoop, 2012; 

Neumann and Landgraf, 2012). As neurotransmitters, they contribute to the synaptic mode of 

information processing via neuronal connections, which refers to fast point-to-point signalling. 

For example, it has been shown in rats that OT originating from hypothalamic cells was axonally 

delivered to forebrain regions including the central amygdala to mediate fear suppression 

(Knobloch et al., 2012). OT and AVP are also non-synaptically released from multiple sites of 

the neurons including soma and dendrites into the extracellular fluid (ECF) and may diffuse to 

act upon neurons that are not in synaptic contact with the axonal terminals (Landgraf and 

Neumann, 2004). Within the ECF, neuropeptide movement occurs primarily by diffusion 

following the concentration gradient (Bittencourt and Sawchenko, 2000). As neuromodulators, 

neuropeptides are often extensively released and they seem to persist in the extracellular fluid for 

relatively long periods of time (half-life of 20 min in cerebrospinal fluid) while they influence 

the activity of other neurons in the brain (Landgraf and Neumann, 2004). Additionally, 
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magnocellular OT and AVP may release into limbic areas via axon collaterals (Fig. 1.1). 

Therefore, neuropeptides can also reach receptors on neurons that are distant from their sites of 

release. In the meantime, our knowledge about how these neuropeptides spread out after release, 

to where they diffuse, and how quickly they diffuse,  remains vague (Stoop, 2012). Upon 

diffusion, OT and AVP exert their effects on multiple behavioural functions by binding to OT 

receptor (OTR) and AVP receptor (AVPR) subtypes. In mammalian species, one receptor for 

OT, OTR, and three subtypes of receptors for AVP, namely, V1a, V1b, and V2 have been 

identified. These are G coupled protein receptors that are typically expressed in different brain 

regions to mediate neuropeptide effects. Within the brain, OT and AVP are degraded and cleaved 

by aminopeptidases into shorter peptides (Stoop, 2012). 

 

Fig. 1.1. The brain oxytocin (OT) and vasopressin (AVP) system. Physiologically, OT and AVP are 

secreted as neurohormones into the bloodstream from axon terminals of magnocellular hypothalamic 

AVP and OT within the posterior pituitary upon stimulations. These neurons may also target other brain 

regions via axon collaterals as neurotransmitters. As neuromodulators, these peptides can be released 

from different parts of the neurons into the extracellular fluid (ECF) and cerebrospinal fluid (CSF), 
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influencing the activity of several neurons in the brain. The central release of these peptides contributes to 

the regulation of different behaviours. 

1.2.1. Neuromodulatory effects of oxytocin and arginine vasopressin 

The distinct and sometimes opposite functions of OT and AVP in the periphery indicate a certain 

complementary development in the evolution of their functions. Several studies have indicated 

that OT, AVP and their receptors are often expressed in distinct regions of the brain, and where 

these regions are close neighbours, their expression often takes place in a nonoverlapping area in 

a separate set of neurons (reviewed by Stoop, 2012). For example, OTR in the rat brain have 

been most prominently found in the anterior olfactory nucleus islands of Calleja, olfactory bulb, 

central and extended amygdala, ventromedial hypothalamus, brainstem, and spinal cord, whereas 

AVP1A, the main AVP receptor in the brain, has been found most notably within the brainstem, 

anterior amygdala (Stoop, 2012). Generally, due to the widespread distribution of OTR and 

AVPR within the brain, central AVP and OT can alter neuronal activity within many brain 

regions including the hippocampus, central amygdala, hypothalamic and brain stem regions 

(Hernando et al., 2001). These brain areas are associated with stress, anxiety and social 

behaviour (Veenema and Neumann, 2008), and several studies suggest that central OT and AVP 

contribute to behavioural variation within and between individuals, between sexes, and between 

closely related species (Campbell, 2008; Dewan et al., 2011; Albers, 2012; Wilczynski et al., 

2019).  

1.2.2. Effects of OT and AVP on behaviour 

The effects of OT and AVP on social behaviour have been the intense focus of research in the 

past few decades and several studies showed that these two peptides have regulatory roles in a 

variety of social processes including social preferences, social recognition, maternal care, 

aggression, sexual behaviour, pair-bonding, and social recognition. For example, in a rodent 

model of defeat-induced social phobia, central microinjection of OT reversed social avoidance 

and rescued social preference (Lukas et al., 2011). Similarly, microinjection of AVP into the 

anterior hypothalamus triggerred grooming and flank-making behaviour in golden hamsters 

(Albers et al., 1988; Albers, 2012). It has also been reported that disruption in social recognition 

in OTR knock-out mice can be rescued by local microinjections of OT and an OT antagonist 

within the amygdala (Ferguson et al., 2001). Although both sexes have OT and AVP, some 

studies suggest that OT is of special relevance to females because it is likely regulated by 
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estrogen in the brain while AVP is more of special relevance to males (Campbell, 2008). For 

example, OT administration was found to facilitate partner preference in female prairie vole 

(Microtus ochrogaster) while OT antagonists blocked it (Campbell, 2010). Meanwhile, other 

studies suggested that the presocial effects of OT are not limited to females and brain OT is 

similarly important for the regulation of many social behaviours in males (Sabihi et al., 2014; 

Lukas et al., 2011).  

Both OT and AVP are also important in the regulation of anxiety and fear responses, although 

usually in contradictory directions. OT often reduces anxiety levels in response to anxiogenic 

stimuli and modulates neuronal functions related to physiological stress responses whereas AVP 

exerts anxiogenic/depressive effects (Skuse and Gallagher, 2009). This has been evident in rats, 

where central administration of synthetic OT induced anxiolytic and antistress effects, in contrast  

AVP increased anxiety-like behaviour (Mak et al., 2012). OT administration reduces amygdala 

activation and decreases corticosteroid release in rodents, resulting in lower levels of fearful 

behaviour (Campbell, 2008). Transgenic mice lacking either OT or OTR provided further 

support for the anxiolytic effects of OT (Sala et al., 2011). Similarly, transgenic rats that do not 

produce AVP and AVPR knockout mice showed lower levels of anxiety than wild types (Zelena 

et al., 2008). Similarly, Sabihi et al., (2014) showed that administration of OT into the prelimbic 

region decreased anxiety regardless of sex, while neither AVP nor the presence of OTR affected 

anxiety-like behaviour in males or female mice. 

1.3. Bisphenols 

There is a wide variety of synthetic environmental contaminants that are potentially capable of 

inducing adverse health effects in organisms. Among these contaminants, endocrine-disrupting 

chemicals (EDCs) have become a focus of substantial attention in recent years because of their 

wide applications in consumer products, their ubiquitous occurrence in the environment, their 

high bioaccumulation potential, and ability to cause adverse effects at low concentrations 

(Naderi and Kwong, 2020). Early studies pointed out that EDCs are exogenous chemicals which 

inadvertently interfere with the normal function of endocrine systems including hormone 

synthesis, catabolism, secretion, transport, binding, and signal transduction (Tyler et al., 1998). 

In the last few years, it has also become clear that a large subset of EDCs has significant effects 

on the central nervous system (CNS) (Trudeau et al., 2011). Waye and Trudeau (2011) stated 
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that EDCs are capable of acting as agonists/antagonists by altering the synthesis of 

neuropeptides, neurotransmitters, or neurohormones. These modifications in the central nervous 

system (CNS) subsequently alter diverse physiological, behavioural, or hormonal processes 

(Trudeau et al., 2011) that may result in serious fitness consequences and put long-term 

population survival at risk.  

Bisphenols (BPs) are one of the most well-known synthetic EDCs that are commonly used in 

manufacturing polycarbonates, epoxy and phenolic resins, water pipes, paper products, dental 

sealants, food and beverage packaging, toys, and many electronic products (Chen et al., 2016). 

There are a total of seventeen biphenolic compounds and Bisphenol A (4,4’-(propane-2,2-

diyl)diphenol; BPA) is the most widely used industrial chemical of this group, with global 

production of approximately 7.7 million metric tons in 2015 and that can increase to up to 10.6 

million metric tones by 2022 (Lehmler et al., 2018). Owing to its widespread use, BPA is 

ubiquitous in the environment, and a large body of research has documented adverse effects of 

BPA on reproduction and development, metabolic and immune systems, neuronal network, and 

cardiovascular systems both in vitro and in vivo studies (Chen et al., 2016; Naderi and Kwong, 

2020; Nunez et al., 2001; Inadera, 2015). Growing public health concerns about BPA toxicity in 

infants and adults have prompted many regulatory agencies, including Health Canada (2009) and 

the US food and Drug Administration (2010) to restrict or even ban its production and 

applications in many consumer products (Chen et al., 2016). Accordingly, manufacturers are 

gradually replacing BPA with other related compounds in an attempt to circumvent international 

restrictions (Herrero et al., 2018). This resulted in the production and release of several bisphenol 

analogues without any sufficient knowledge of their toxicological properties during chronic 

exposure at low doses (Naderi and Kwong, 2020).  

1.3.1. Bisphenol S 

Bisphenol S (BPS) (bis-(4-hydroxyphenyl)-sulfone; 4,4’-Sulfonyldiphenol; 4,4 

dihydroxydiphenyl sulfone) was originally synthesized as a dye in 1869 and gradually introduced 

as a BPA substitute in the 2000s (Wu et al., 2018). Today, BPS is one of the main substitutes of 

BPA that is widely used as a monomer in countless applications, including polycarbonate 

plastics, epoxy glues, can coatings, baby bottles and toys, thermal receipt papers, currency bills, 

additives in dyes and tanning agents as well as in many products marked as “BPA-free” (Liao et 
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al., 2012b; Liao and Kannan, 2014; Chen et al., 2016; Dong et al., 2018). The reason for this 

replacement is mainly associated with the physicochemical properties of BPS including the 

presence of strong double O=S=O bonds (Table 1.2) in BPS that makes it resistant to physical 

and biological degradation. For example, BPS is more resistant to sunlight, heat, and acidity than 

BPA (Wu et al., 2018). Accordingly, BPS occupies a substantial role in the global market, and 

just in Europe 1,000 to 10,000 tonnes of BPS are manufactured or imported. The 

biodegradability of BPS is also lower than BPA in aquatic environments, which makes BPS 

more amenable to bioaccumulation and persistence in the environment (Ike et al., 2006; Danzl et 

al., 2009). Traces of BPS have shown its prevalence in various environmental matrices, 

including fluvial water, surface water, marine sediment, sewage sludge, indoor dust and air 

(Table 1.3). Hence, daily exposure of humans and animals to BPS is inevitable (Chen et al., 

2016; Wu et al., 2018). In addition to environmental exposure, dietary exposure appears to be a 

major source of BPS exposure in humans, as BPS has been identified in various food samples, 

including but not limited to beverages, milk, eggs, meats, vegetables, fruits, cereals and canned 

food (Qiu et al., 2019b). It has been estimated that the median dietary intake of BPS is 9.55 

ng/kg body weight/day (Liao and Kannan, 2014). There is a growing body of literature revealing 

the occurrence of BPS in serum, blood, urine, placental tissue and breast milk (Table 1.4) at the 

same order of magnitude as BPA (Wu et al., 2018).  

 

Table 1.2. Physicochemical properties of BPS and BPA 

Compound Chemical Structure Molecular 

formula 

Molecular 

weight 

Boiling 

point 

Water 

solubility 

Bioconcentration 

factors 

Bisphenol 

A 
 

C15H16O2 228,029 

g/mol 

220 °C 120 mg/L  

(at 25 °C) 

172.7 L/kg wet weight 

Bisphenol 

S 

 

C12H10O4S 250.27 

g/mol 

240-

241 °C 

1100 

mg/L (at 

20 °C) 

3.535 L/kg wet weight 
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Table 1.3. Concentrations of BPS in the environment. 

BPS levels Sample type Location References 

5.6-25,500 (620) Indoor dust (ng/g) USA (Liao et al., 2012b) 

0.83-12,600 (130) Indoor dust (ng/g) China (Liao et al., 2012b) 

250-2,550 (820) Indoor dust (ng/g) Japan (Liao et al., 2012b) 

90-26,600 (430) Indoor dust (ng/g) Korea (Liao et al., 2012b) 

ND-4.46 (0.42) Sediment (ng/g dw) Tokyo Bay, Japan (Liao et al., 2012b) 

ND-1,970 (61.4) Sediment (ng/g dw) Shihwa Lake, Korea (Liao et al., 2012b) 

0.06-45.4 (7.25) Sediment (ng/g dw) Guangzhou River, 

China 

(Huang et al., 2018) 

6.2-4,900 (380) House dust (ng/g) Romania (W. Wang et al., 2015) 

<2-35 (3.7) House dust (ng/g) Colombia (W. Wang et al., 2015) 

<2-150 (12) House dust (ng/g) India (W. Wang et al., 2015) 

19.9-65,600 (3,720) Surface water (ng/L) Guangzhou River, 

China 

(Huang et al., 2018) 

ND-7,200 (768) Surface water (ng/L) Adyar River, India (Yamazaki et al., 2015) 

ND-135 Surface water (ng/L) Pear river, China (Yamazaki et al., 2015) 

15-3,640 (768) Surface water (ng/L) Cooum River, India (Yamazaki et al., 2015) 

58-2,100 (1,080) Surface water (ng/L) Buckingham River, 

India 

(Yamazaki et al., 2015) 

1.6-7.6 (4.6) Surface water (ng/L) Arakawa River, Japan (Yamazaki et al., 2015) 

ND-42 Surface water (ng/L) Han River, Korea (Yamazaki et al., 2015) 

0.28-67 (6) Surface water (ng/L) Taihu Lake, China (Jin and Zhu, 2016) 

0.22-52 (14) Surface water (ng/L) Hiaohe River, China (Jin and Zhu, 2016) 

0.18-14.9 (1.39) Surface water (ng/L) China (Wan et al., 2018) 

0.17-110 (3.02) Multiple sewage sludge 

(ng/g dw) 

Yangtze River, China (Song et al., 2014a) 

4.1-160 (16) Surface water (ng/L) Taihu Lake, China (Liu et al., 2017) 

0.22-47 (3.1) Sediment Taiho Lake, China (Liu et al., 2017) 

Concentration range: minimum to maximum and (mean); ND: not detectable; dw: dry weight. 
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Table 1.4. BPS in human samples. 

BPS levels (ng/mL) Location Sample type Sample size References 

0.023 China urine 94 (Yang et al., 2014) 

0.78 ± 0.10 China blood 35 (Jin et al., 2018) 

0.57 ± 1.34 USA urine 31 (Liao et al., 2012a) 

0.63 ± 0.97 China urine 89 (Liao et al., 2012a) 

0.39 ± 0.97 India urine 38 (Liao et al., 2012a) 

1.64 ± 2.43 Japan urine 36 (Liao et al., 2012a) 

0.55 ± 1.26 Kuwait urine 30 (Liao et al., 2012a) 

0.48 ± 1.08 Malaysia urine 29 (Liao et al., 2012a) 

1.43 China serum 240 (Wan et al., 2018) 

13.3 Saudi 

Arabia 

urine 130 (Asimakopoulos et al., 

2016) 

0.04 India urine 49 (Xue et al., 2015) 

1.135 Poland serum   245  (Owczarek et al., 2018) 

 

1.4. Toxicity of BPS. 

1.4.1. Mechanisms of toxic action 

Previous studies have demonstrated that BPS, like BPA, shares structural similarity with 17β-

estradiol (E2), which makes it a potential chemical to disrupt the normal endocrine system 

functions in organisms. Therefore, several studies focused on the estrogenic activity of BPS and 

also its potential adverse effects on the reproductive system of organisms (Molina-Molina et al., 

2013; Ji et al., 2013; Rosenmai et al., 2014; Naderi et al., 2014; Qiu et al., 2016; Catanese and 

Vandenberg, 2017; Zhang et al., 2018). Rochester and Bolden (2015) also pointed out in their 

review that BPS can cause endocrine-disrupting effects in the same order of magnitude as BPA, 

and BPS can interact with a variety of receptor-mediated signalling pathways, including estrogen 

receptors α (ERα), estrogen receptors β (Erβ), G protein-coupled estrogen receptor (GPER), 

androgen receptor (AR), thyroid hormone receptors (TRs), glucocorticoid receptor (GR), and 

several other nuclear receptors. For example, increased plasma concentrations of the androgenic 

hormone testosterone (T) have been observed in BPS-exposed female rats (Ijaz et al., 2020). In 
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zebrafish (Danio rerio) larva, BPS significantly changed whole-body thyroid hormone (TH), 

thyroid-stimulating hormone (TSH) concentrations, and the mRNA expression of corticotrophin-

releasing hormone (Zhang et al., 2017). In an in vitro study, Rosenmai et al., (2014) also showed 

that BPS decreased androgen, and increased progesterone and estrogen levels in human 

adrenocortical carcinoma cell lines, which was accompanied by DNA damage, carcinogenicity, 

and effects on metabolism. Moreover, BPS has exhibited moderate to slight toxicity and weak 

estrogenic activity in yeast-based transcriptional assays (Chen et al., 2002). In line with this, an 

increasing number of research studies have shown that BPS exposure causes multiple adverse 

effects to organisms, such as cytotoxicity, genotoxicity, and immunotoxicity (Zhang et al., 2017; 

Fic et al., 2013; Ivry Del Moral et al., 2016; Qiu et al., 2018; Naderi and Kwong, 2020).  

1.4.2. Neurotoxicity of BPS 

Although the vast majority of studies on BPS focused on its endocrine-disrupting effects and 

generally steroid hormone signalling, growing evidence suggests that BPS exposure can perturb 

normal brain functions and induce several behavioural abnormalities in organisms. A pioneering 

study by Kinch et al., (2015) has shown that environmentally relevant concentrations of BPS 

(0.0068 µM) caused abnormal neuronal birth (neurogenesis) in the hypothalamus of zebrafish 

embryos accompanied by a subsequent increase in the locomotor activity 5 days post-fertilization 

(dpf). Recently, Naderi et al., (2020) suggested that 120 days of exposure to environmentally 

relevant concentrations of BPS (1, 10, 30 µg/L) impaired the object recognition memories 

(object recognition and object placement), and social recognition memories in adult zebrafish 

through disturbances in genes and proteins involved in the glutamatergic/ERK/CREB signalling 

cascades. Wei et al., (2020) also showed that developmental exposure to BPS (1, 10, 100 µg/L) 

from embryos to adulthood (120 days) elicited anxiety-like behavioural responses in male and 

female zebrafish. These changes in anxiety behaviours were associated with the mRNA 

expression level of genes related to the hypothalamic-pituitary-internal axis (HPI).  

A few of these studies have also shown that BPS could induce abnormal neuronal development 

and function during ontogeny, which is likely due to its interaction with estrogen receptors (ERs) 

(membrane ERs and nuclear ERs) within various brain regions. During the first few days of life, 

estradiol (E2) and ERs are at their highest levels in the brain, and play a critical role in the 

development of neural circuits; consequently, the brain is a particularly sensitive target of 



13 
 

xenoestrogens (McCarthy, 2008). For example, developmental exposure of mice to 2 and 200 

µg/Kg/day BPS from pregnancy day 9 to lactational day 20 altered maternal behaviour, time 

spent on the nest and nest building, in both F0 and F1 generations.  This was mainly associated 

with changes in the expression of estrogen receptor α in the medial preoptic area (Catanese and 

Vandenberg, 2017). In mice, early postnatal exposure to 25, 50 and 100 µg/Kg BPS also altered 

orexigenic hypothalamic neuropeptide. This neuropeptide plays an important role in regulating 

feeding behaviour, thus BPS exposure may alter feeding behaviour (Rezg et al., 2018). In line 

with this, da Silva et al., (2019) showed that Wistar rats born from dams that were exposed to 10 

and 50 µg/Kg/day BPS during pregnancy and lactation had lower food intake and abnormal 

anxiety and locomotor activity. Similarly, in mice, maternal exposure to 0.2 mg/kg BW/day BPS 

from pregnancy day 8 through postpartum day 21 induced anxiety and decreased interest in 

social interactions in offspring (Kim et al., 2015a). In an in vitro study, Yin et al., (2019) showed 

that BPS exposure (0.1, 1, 10 µM) to mouse embryonic stem cells (mESCs) disrupted the axon 

guidance process during neuronal differentiation and inhibited cell proliferation. In humans, 

Jiang et al., (2020) reported that parental exposure to BPS impaired psychomotor development in 

2-year-old boys. It is suggested that these changes in mental development might be due to 

interactive effects between BPS and thyroid as well as gonadal hormone signalling (Jiang et al., 

2020). This is important since thyroid and gonadal hormones of maternal origin play essential 

roles in fetal brain development (Schug et al., 2015; Cohen-Bendahan et al., 2005).  

1.4.3. Bisphenol S and oxidative stress 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are highly reactive natural 

derivatives of cellular oxidative processes that are normally produced by living cells during the 

oxidative phosphorylation in the mitochondrial respiratory chain. ROS include hydrogen 

peroxide, nitric oxide, superoxide anion, and hydroxyl radicals that are very transient species due 

to their high chemical reactivity (Matés, 2000). In order to neutralize ROS, cells have evolved 

antioxidant defence mechanisms which include enzymatic oxidants such as glutathione peroxide 

(GSH-Px), catalase (CAT), and superoxide dismutase (SOD). SOD enzymes include CU-Zn 

SOD and Mn-SOD, which destroy the free radical superoxide by converting it to peroxide which 

is later neutralized by CAT and GPX (Matés, 2000). Likewise, catalase and glutathione 

peroxidase detoxify a variety of hydroperoxides such as hydrogen peroxide (H2O2) by converting 

them into water (H2O) and molecular oxygen (O2) (Matés, 2000). In situations where antioxidant 
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defences effectively regulate the level of ROS, the net effect is the promotion of adaptive 

physiological responses, including increased expression of protective antioxidant enzymes and 

stress proteins (Hensley et al., 2000). In addition, in low/moderate concentrations, ROS are 

considered essential for neuronal development and function (Salim, 2017). However, a 

substantial pro-oxidant shift in the balance between ROS and antioxidants induces oxidative 

damage on cellular components (Bouayed et al., 2009). 

There is growing evidence indicating that BPS elicits its adverse effects through oxidative stress 

by either inducing lipid peroxidation or decreasing the activity of antioxidant enzymes (Ullah et 

al., 2019; Qiu et al., 2019a). For instance, Zhang et al., (2016) showed that BPS can change the 

structure and activity of CAT in mouse liver hepatocytes. Similarly, other in vitro studies showed 

that BPS induces the production of ROS and oxidative stress in female mice ovarian tissue 

(Nourian et al., 2017), male mouse spermatogonial cells (Liang et al., 2017), fish kidneys (Qiu et 

al., 2018b), and human red blood cells (Maćczak et al., 2017). Recently, a handful of in vivo 

studies also documented that BPS can induce oxidative stress. For example, Ullah et al., (2016) 

indicated that exposure to 1-50 µg/kg day BPS significantly increases ROS levels and lipid 

peroxidation while decreasing antioxidant enzyme activity in rat testes. Similarly, 60 days of 

exposure to BPS provoked oxidative stress as evident from increased ROS levels and lipid 

peroxidation in the liver of common carp (Cyprinus carpio) (Qiu et al., 2019a). BPS exposure 

has also been reported to induce oxidative stress in embryonic/larval zebrafish (Dong et al., 

2018) and in Caenorhabditis elegans (Xiao et al., 2019). Taken together, these findings suggest 

that oxidative stress can be a major mechanism of BPS toxicity; however, very few study have 

assessed the oxidative stress in the brain of BPS-exposed organisms.  

The brain is highly vulnerable to oxidative stress due to its high oxygen consumption, its high 

lipid content, and its modest antioxidant defences (Bouayed et al., 2009). When ROS production 

exceeds the scavenging capacity of the antioxidant response system, the brain becomes 

succeptible to lipid peroxidation, which causes a decrease in membrane fluidity and damages 

membrane proteins, thereby inactivating receptors, enzymes and ion channels. Consequently, 

oxidative stress can disrupt neurotransmission, neuronal function and overall brain activity 

(Matés, 2000; Bouayed et al., 2009; Salim, 2017). Oxidative stress-induced brain malfunctions 

might contribute to several behavioural abnormalities in organisms. Unsurprisingly, oxidative 
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stress has been associated with various neurodegenerative and neuropsychiatric disorders 

including Alzheimer, Parkinson’s disease, major depressive disorder, schizophrenia, and anxiety 

disorders (Matés, 2000; Khanzode et al., 2003; Patki et al., 2013; Maas et al., 2017). For 

example, reduced levels of the major antioxidant enzymes, SOD, CAT, and GPX have been 

found in patients with schizophrenia (Ng et al., 2008a) and autism (Chauhan and Chauhan, 

2006). Recently, an in vivo study showed that BPS exposure could increase ROS levels in 

hippocampal cell lines (HT-22) which was accompanied by the inhibition of cell proliferation 

(Pang et al., 2019). 

1.5. Study Species 

1.5.1. An introduction to zebrafish 

The zebrafish, Danio rerio, is a small tropical freshwater teleost that has emerged as a powerful 

vertebrate model organism for a wide range of experimental studies. Zebrafish are members of 

the family Cyprinidae and they are native to the Himalayan region and their range includes North 

India, Bangladesh, Pakistan, and part of southern Nepal (Engeszer et al., 2007). These small 

diurnal teleost inhabit and reproduce in shallow and slow-moving waters, slit-bottomed well-

vegetated pools, and rice paddies adjacent to streams (Spence et al., 2008). Zebrafish tolerate a 

wide range of temperatures within their natural environment, from as low as 6 °C in winter to 

over 38 °C in summer. Zebrafish are omnivorous and their natural diet consists mainly of 

zooplankton, insects and invertebrate eggs, although phytoplankton, filamentous algae, and mud 

have been also reported to be part of their gut content (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 stage (⁓ 30-89 dpf), adult fish (⁓ 3-24 

months), and aged zebrafish (>2 years). 

Zebrafish were initially introduced in research on developmental biology and genetics by George 

Streisinger in the 1960s (Guo, 2004), and his group published the first paper using zebrafish as a 

model system (Streisinger et al., 1981). Zebrafish possess a number of attributes that make them 

particularly well-suited for experimental manipulation and controlled laboratory designs. Female 

zebrafish are able to spawn throughout the year under laboratory conditions at frequent but 

irregular intervals, and a single female may produce clutches ranging from 1 to over 700 eggs 

during a single spawning event (Spence et al., 2008; Niimi and LaHam, 1974). The embryo and 
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larvae of zebrafish are transparent and their development is rapid, which makes them suitable for 

various developmental studies. All major organs in zebrafish develop within 24 h after 

fertilization and in merely 5 days, self-feeding larvae emerge from fertilized zygotes (Guo, 

2004). Zebrafish are small (3-5 cm) and their generation time is short, typically 3-4 months, thus 

large numbers can be kept easily and cheaply in the laboratory (Guo, 2004). In addition, the 

zebrafish genome has been completely sequenced;  most of their genes are evolutionarily 

conserved and thus have homologs in mammals. For example, around 70% of human genes have 

at least one zebrafish orthologue, which makes zebrafish an ideal model to explore human 

disease-related genes in fish (Howe et al., 2013). The structural homology of the zebrafish brain, 

including the olfactory bulb, cerebellum, and spinal cord is very similar to other vertebrates such 

as rats, chickens and humans (Basnet et al., 2019). In addition, their brain contains the same 

neurotransmitter systems as higher vertebrates (e.g., dopamine, noradrenaline, serotonin, GABA, 

and glutamate) (Panula et al., 2010). 

1.5.2. Zebrafish behaviour 

Numerous studies have categorized zebrafish behaviour and suggested that they exhibit a wide 

range of behaviours at both larval and adult stages, which make them a useful model for 

behavioural neuroscience research. Larval zebrafish are free-living and need to hunt for food and 

avoid predators. For this purpose, they evolved many patterns of behaviour including locomotor 

behaviour, sleep/wake behaviour, predatory and antipredatory behaviour, startle response, C-

shape response, and thigmotaxis (Basnet et al., 2019). Although many behaviours are relatively 

similar between larval and adult zebrafish models, adult zebrafish develop more sophisticated 

behaviours such as aggression, learning, shoaling, and mating behaviour (Kalueff et al., 2013). 

1.5.2.1. Shoaling and social preference 

Zebrafish are often used as a reliable animal model in studies involving social behaviour due to 

their robust and rigid behavioural phenotype. As a social species, zebrafish naturally express a 

strong preference for their conspecifics, and form multimember groups called shoals in both wild 

and laboratory environments. Members of a shoal prefer to approach each other and remain in 

close proximity to other shoal members while they do not necessarily move in a polarized and 

coordinated manner or face the same direction. Zebrafish begin to exhibit a preference for 

conspecifics relatively early in their development, at ⁓ 13-15 dpf (Engeszer et al., 2007). 
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Shoaling cohesion gradually increases during development and matures with age (Buske and 

Gerlai, 2012).  

Zebrafish shoaling behaviour is often quantified by measuring either interindividual distances 

among shoal members or shoal preference. Measuring the interindividual distances among shoal 

members allows the analysis of the internal dynamics of association among fish members while 

the social preference test mainly measures fish decision-making. Many factors may influence a 

zebrafish’s decision to choose certain shoals or to stay with certain shoals including shoal size 

and age, sexes, and pigment patterns (Ruhl and McRobert, 2005; Peichel, 2004). For example, 

the different phenotypes of zebrafish often prefer to shoal with conspecifics of similar 

phenotype. Meanwhile, previous studies showed that zebrafish always prefer to shoal rather than 

be alone regardless of the phenotype of the fish that are in shoal which is mainly due to several 

advantages that shoal members can provide for individuals (Gumm et al., 2009), including 

protection from predators, enhanced foraging success, and access to potential mates (Engeszer et 

al., 2007). 

1.5.2.2. Zebrafish anxiety and fear responses 

Adult zebrafish are also rapidly emerging as a promising model organism to study anxiety and 

fear responses. A number of behavioural paradigms have been established for zebrafish to 

examine fear and anxiety-like responses including the light-dark preference test, novel tank test, 

open field test, and predator avoidance test (Gerlai and Tran, 2016). Among these tests, the novel 

tank test has become one of the most popular ones to assess anxiety mainly due to the zebrafish's 

robust behavioural responses during this test (Stewart et al., 2013). This test is based on the 

zebrafish’s natural instinct which causes individuals to seek protection in an unfamiliar 

environment by diving, freezing/immobility and reduced exploration (Cachat et al., 2010). In this 

paradigm, zebrafish also stay close to the walls and the bottom of the experimental tanks, 

reducing top dwelling (swimming in the top half of the tank) mainly due to the presence of fish 

or bird predators in their natural habitat. As the fish gradually acclimate to their new 

environment, an increase in locomotion and decrease in freezing behaviour and bottom-dwelling 

usually occurs (Kysil et al., 2017). The novel tank test is an excellent paradigm for drug and 

chemical screening, as anxiety-like behaviour can be modulated by anxiogenic and anxiolytic 

agents. For example, pre-treatment with certain anxiolytics such as diazepam, buspirone, and 
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alcohol has been shown to decrease the initial diving responses, or fish spent less time at the 

bottom of the tank compared to the control group. In contrast, pre-treatment with anxiogenic 

compounds such as caffeine or chemical alarm cue increased bottom-dwelling in zebrafish 

(Gerlai and Tran, 2016). 

Fear responses in zebrafish are often elicited by aversive stimuli that can potentially harm the 

subject. Mounting evidence suggests that zebrafish strongly respond to sympatric or allopatric 

fish predators as well as to animated images of sympatric fish predators (Gerlai, 2013). Zebrafish 

are a diurnal species and their visual system is tetrachromatic; they have 4 different cones that 

are sensitive to particular wavelengths of light, which helps them to detect the presence of 

predators. Zebrafish also show significant alarm reactions to conspecific ‘alarm cues’ (Gerlai, 

2010) which are chemical substances released from damaged epidermal club cells (Chivers and 

Smith, 1998; Ferrari et al., 2010). The response of zebrafish to these stimuli includes moving 

away from the location where the stimuli were detected, increased shoal cohesion and bottom-

dwelling, increased and decreased locomotion, increased erratic movements or zig-zagging (i.e., 

dashing) and freezing responses (Gerlai, 2013). For example, Bass and Gerlai (2008) showed 

that chemical alarm cues induce erratic movement of zebrafish near to or at the bottom of the 

tank where it would stir up debris in their natural environment. In addition, erratic movement is 

often followed by immobility or freezing behaviour, which makes it more difficult for predators 

to detect the zebrafish under a cloud of debris (Speedie and Gerlai, 2008).  

After exposure to chemical alarm cues, individuals recovering in isolation continue to display 

fear responses after the removal of the stimulus. Meanwhile, the presence of conspecifics 

accelerates recovery from fear responses, especially if they are familiar (Mathuru et al., 2017). 

The presence of conspecifics and interactions with shoals often downregulate the response to 

detected threatening events and aid individuals in recovering better from the aversive condition, 

a phenomenon called social buffering (Kikusui et al., 2006). Similarly, Faustino et al., (2017) 

showed that zebrafish decreased their freezing behaviour toward chemical and visual alarm cues 

in the presence of calm conspecifics. The buffering effects of the shoal were independent of 

shoal size with shoals larger than two members decreased the fear response of fish.  
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1.5.3. Neuropeptide system in zebrafish 

The neuropeptides arginine vasotocin (AVT) and isotocin (IT) are the teleost homologues of 

AVP and OT in fish. These neuropeptides originate from a small cluster of cells within the 

preoptic area in the anterior and ventral hypothalamus of zebrafish. The preoptic area is thought 

to be homologous to the supraoptic nucleus in mammals, from which the neuropeptidergic 

neurons project to diverse brain regions (Landin et al., 2020). In zebrafish, a distinct group of 

these peptides project to the pituitary, presumably for endocrine release whereas another group 

target central areas including the tectum, hypothalamus, and telencephalon in order to drive 

fitness-enhancing behaviour (Herget et al., 2017). Zebrafish AVT and IT are initially expressed 

during embryogenesis prior to the development of social or reproductive behaviours suggesting 

that they may regulate the development of sensory and/or motor circuits early in development 

(Eaton and Glasgow, 2007; Iwasaki et al., 2013). These neuropeptides play important roles in 

modulating social behaviours and stress responses in adult fish (Godwin and Thompson, 2012). 

For example, administration of AVT and IT has been shown to increase social preferences and to 

reduce fear responses to a predator in zebrafish, indicating a neuromodulatory role of these 

neuropeptides for complex behaviours in adults (Braida et al., 2012). In addition, peripherally 

injected AVT has been shown to inhibit aggressive behaviour in male and female dominant 

zebrafish (Filby et al., 2010). Similarly, Zimmermann et al., (2016) showed that injected IT can 

increase social interaction in zebrafish. In zebrafish, the AVT and IT receptors (AVT1a1, 

AVT1a2, for AVT, and ITR for IT) distributed in various brain regions allow central AVT and 

IT to alter the neuronal activity within the brain. For example, it has been shown that AVTRs are 

located in zebrafish hindbrain neurons. By binding to its receptors in the hindbrain, AVT 

modulates the excitability of these neurons and thus regulates the responsiveness of the receptor-

expressing neurons to sensory stimulation in zebrafish. In order to reveal whether changes in the 

local release of AVT and IT are causally involved in the display of social behaviours, AVT and 

IT have been locally manipulated via the application of neuropeptide receptor agonists and 

antagonists. For example, the administration of an oxytocin receptor agonist, carbetocin, was 

found to recover the social preference of zebrafish that was diminished following exposure to 

dizocilpine maleate (Zimmermann et al., 2016). Similarly, Landin et al., (2020) demonstrated 

that administration of oxytocin receptor antagonist, L-368,899, decreased social preferences in 

adult and larval zebrafish. 
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1.6. Research Objectives 

My research was primarily designed to investigate the effects of chronic exposure to 

environmentally relevant concentrations of BPS on zebrafish social behaviour, anxiety and fear 

responses as well as its underlying mechanisms. Oxytocin and arginine vasotocin are important 

modulators in the vertebrate brain and involved in the regulation of different behaviours. 

Therefore, I explored changes in the oxytocinergic and vasopressinergic systems in the zebrafish 

brain as a possible mechanism underlying BPS neurotoxicity. Previous studies also suggest that 

BPS can induce oxidative stress in the liver, intestine, ovarian tissue, spermatogonial cells, and 

kidney of zebrafish. The brain, with its high oxygen consumption, lipid-rich content and modest 

antioxidant defences, is highly susceptible to oxidative stress. Therefore, I also evaluated how 

BPS exposure impacts oxidative stress biomarkers in the zebrafish brain. In addition, the early 

development of zebrafish embryos relies on maternal provisioning of proteins, hormones and 

other critical biomolecules. Therefore, maternal exposure to BPS may impact the early life stages 

of developing embryos. AVT and IT appear early in development; therefore, maternal exposure 

to BPS may impact these neuromodulators in the zebrafish brain, and subsequently disrupt 

various social behaviours transgenerationally.  

Principal Hypothesis: I hypothesize that in the zebrafish Danio rerio, chronic exposure to 

environmentally relevant concentrations of BPS disrupts social behaviour, anxiety and fear 

responses via disrupted neuropeptide systems and dysregulated enzymatic antioxidant genes in 

the brain. 

Research objectives: My research had three main objectives: 

I. To study the impact of chronic exposure to BPS on non-reproductive social behaviours, 

locomotor activity, and the genes regulating the expression of AVT, IT and their receptors 

(Chapter 2). 

In this experiment, adult zebrafish were exposed to different environmentally relevant 

concentrations of BPS (low, medium, and high) and estradiol (E2) as a positive control for 75 

days. BPS concentrations were confirmed in water using high-performance liquid 

chromatography. Then fish were tested for social behaviours in two separate behavioural tests 

including shoaling and group preferences. Shoaling behaviour was measured by assessing the 

interindividual distances among five shoal members. Group preferences were also assessed by 
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measuring the time that focal fish spent close to a conspecific shoal. In addition, the mRNA 

expression levels of AVT, IT, and its receptor were assessed.  

II. To investigate the impact of chronic exposure to environmental concentrations of BPS on fear, 

anxiety, and oxidative stress biomarkers in the brain of exposed adult zebrafish (Chapter 3). 

In this study, adult zebrafish were exposed to different environmentally relevant concentrations 

of BPS and E2 for 75 days. Following the exposure, zebrafish were tested for anxiety and fear 

responses by applying the novel tank test and by exposing focal fish to chemical alarm cues, 

respectively. To uncover the mechanism underlying BPS neurotoxicity in the brain of adult 

zebrafish, the change in its oxidative status was determined. In this study, the mRNA expression 

of antioxidant enzymes, including catalase (cat), glutathione peroxidase 1a (gpx1a), copper/zinc 

superoxide dismutase (Cu/Zn-sod), and manganese superoxide dismutase (Mn-sod) were 

assessed as biomarkers of oxidative stress. 

III. To investigate the effects of maternal exposure to different concentrations of BPS and E2 on 

social behaviours, anxiety responses, as well as locomotion in adult F1 offspring (chapter 4). 

In this study, female zebrafish exposed to different concentrations of BPS and E2 for 60 days 

were paired with BPS-unexposed males for breeding. Offspring were collected and raised in 

clean water for 6 months and mortalities were recorded during this period. Then, various 

behavioural endpoints including shoaling, group preference, anxiety, fear responses, and 

locomotor activity were evaluated. To assess oxidative stress, the mRNA expression of genes 

related to antioxidant enzymes was measured in the brain of F1 offspring. In addition, OT and 

AVT levels as well as the expression of genes involved in signalling of these neuropeptides were 

assessed in the brain of F1 offspring zebrafish. 
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Chapter two: Effects of chronic exposure to bisphenol-S on social behaviours in adult 

zebrafish: disruption of the neuropeptide signalling pathways in the brain  

 

Preface 

The purpose of this chapter is to address the first objective of my doctoral research work, which 

is to ascertain the impacts of chronic exposure to bisphenol S (BPS) on social behaviours in adult 

zebrafish. To this end, adult male and female zebrafish were exposed to environmentally relevant 

concentrations of BPS (0 (control), 1, 10, and 30 µg/L), as well as to 17β-estradiol (E2; 1 µg/L; 

as positive control) for 75 days. The results showed that E2 and the highest concentration of BPS 

(30 µg/L) decreased shoal cohesion in both males and females. Moreover, a significant decline in 

group preferences was observed in all treatment groups, while the locomotor activity remained 

unaffected. These impaired behaviours were associated with sex-specific changes in the mRNA 

expression of genes involved in IT and AVT signalling. Taken together, the results of this 

chapter suggest that chronic exposure to BPS can impair zebrafish social behaviours via 

disruption of isotocinergic and vasotocinergic neuro-endocrine systems. 

The content of chapter 2 was reprinted (adapted) from Environmental Pollution 

(doi.org/10.1016/j.envpol.2020.113992). Arash Salahinejad, Mohammad Naderi, Anoosha 

Attaran, Denis Meuthen, Som Niyogi, and Douglas P. Chivers. “Effects of chronic exposure to 

bisphenol-S on social behaviours in adult zebrafish: disruption of the neuropeptide signaling 

pathways in the brain”. Copyright 2020, with permission from Elsevier Inc. 
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2.1. Introduction 

Bisphenol-S (BPS, bis-(4-hydroxyphenyl)-sulfone) is one of the main alternatives of BPA widely 

used for manufacturing a variety of products including epoxy glues, electroplating solvent, 

dyestuffs, canned foodstuffs, thermal receipt papers, luggage tags and other products marked as 

“BPA-free” (Liao and Kannan, 2013; Liao et al., 2012b). BPS is known to have lower estrogenic 

activity (Chen et al., 2002) and higher resistance to physical degradation (i.e. greater stability 

against temperature, UV, and biological degradation) compared to BPA (Ozaki et al., 2004). 

However, the increased usage of BPS has led to the contamination of different ecosystems at 

concentrations similar to or even greater than BPA (Chen et al., 2016). Detectable levels of BPS 

have been repeatedly reported in surface waters, sediment, and sewage sludge ranging from 0.02 

to 65.60 µg/L (Huang et al., 2018; Yamazaki et al., 2015; Jin and Zhu, 2016; Wan et al., 2018; 

Wu et al., 2018; Qiu et al., 2019b). As a result, daily exposure of humans and animals to BPS has 

become inevitable (Chen et al., 2016; Liao et al., 2012a). For instance, collected urine samples 

from the United States and multiple Asian countries revealed that BPS was present in 81% of 

individuals with concentrations of up to 21 ng/ml (Liao et al., 2012a). Likewise, Wan et al 

recently showed that the mean concentration of BPS in human serum samples (n=240) was 1.43 

ng/ml (Wan et al., 2018). These observations are of concern because a growing body of evidence 

demonstrated that BPS can interact with estrogen receptors and thyroid hormone receptor 

(Catanese and Vandenberg, 2017). In line with this, BPS-induced reproductive abnormality, 

cytotoxicity, genotoxicity, and teratogenicity have been reported in various animals (Castro et 

al., 2015; Naderi et al., 2014; Zhang et al., 2018). BPS, such as BPA, has structural homology 

with 17β-estradiol (E2) that can act as an estrogenic and anti-androgenic compound by binding 

to estrogen receptors (ERs); therefore, BPS may not necessarily be a safer alternative to BPA and 

can actually cause adverse effects in organisms (Rosenmai et al., 2014). 

To date, significant strides have been made towards understanding the effects of bisphenolic 

compounds, such as BPS, on sex steroid hormones and reproductive parameters in animals. In 

this regard, Chen et al., (2016) provided an excellent overview of how bisphenol analogs affect 

different aspects of the endocrine system in animals. Growing evidence shows that bisphenols 

and BPA, in particular, can interfere with neuroendocrine processes involved in animal cognition 

and behaviour leading to a broad spectrum of neurobehavioural abnormalities (Saili et al., 2012; 

Weber et al., 2015; Wolstenholme et al., 2012). However, there is a dearth of literature on the 
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effects of BPS on the central nerve system (CNS) and its consequences for animal behaviours. 

Across vertebrate taxa, different stress hormones, sex hormones, and neuropeptides play a 

critical role in the regulation and plasticity of social behaviours. Arginine vasopressin (AVP) and 

oxytocin (OT) are families of neuropeptides that are primarily secreted into the blood (i.e. 

peripheral systemic effects of neuropeptides) from magnocellular neurons (MCNs) located inside 

the supraoptic (SON) and paraventricular nuclei (PVN) (Lemos, 2012). These neuropeptides are 

involved in regulating various physiological processes such as smooth muscle contraction and 

homeostasis of blood pressure (Balment et al., 2006; Gruber, 2014). The central release of these 

neuropeptides from the parvocellular neurons to limbic areas plays a fundamental role in 

mediating neurobehavioural responses in both males and females (Neumann and Landgraf, 

2012)(Gainer and Wray, 1992) which include aggression, sexual behaviour, social behaviours, 

pair bonding, and parental care (Lema et al., 2015; Churchland and Winkielman, 2012;  

Heinrichs and Domes, 2008; Minerbo et al., 1994). These two neuropeptide families can induce 

independent and/or opposite effects on male and female social behaviours. For example, the 

anxiolytic and antidepressive effects of OT is of special relevance for female behaviour whereas 

the anxiogenic effects of AVP primarily modulate male behaviours (Neumann and Landgraf, 

2012; Campbell, 2010). Several receptors mediate the effects of these neuropeptides on the CNS 

of mammals. The expression and activity of these receptors have also been correlated with 

various fundamental behavioural functions (Hasunuma et al., 2013; Insel, 2010). 

Teleost fishes provide valuable model systems to investigate links between the neuropeptides 

and behaviours. In fish, the nonapeptides vasotocin (AVT) and isotocin (IT) are the homologs of 

AVP and OT, respectively. These peptides and their receptors (e.g., V1a1, V1a2, and V2 type for 

AVT, and ITr for IT) are involved in the regulation of non-reproductive social behaviours such 

as group preferences (Goodson and Thompson, 2010) shoaling behaviours (Lindeyer et al., 

2015), and social approaches (Thompson and Walton, 2004). These behaviours are critical for 

mating, foraging efficiency, and antipredator defence in fish (Krause et al., 2007). Hence, the 

impairment of these behaviours may lead to decreased fitness which may ultimately reduce the 

survival of individuals and populations. Although BPA has been reported to impair group 

preferences in zebrafish (Danio rerio) (Wang et al., 2013) it remains unknown whether exposure 

to BPS has any effects on social behaviours such as group preferences and shoaling behaviours 
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in fish. In this context, it would be also important to investigate whether the behavioural effects 

of BPS are mediated by the perturbation of the AVT/IT pathways in the brain. 

To address these unresolved questions, zebrafish were selected as a model organism in the 

present study, as it is one of the most social vertebrates among commonly used laboratory 

species (Buske and Gerlai, 2011a). Moreover, zebrafish are a popular model organism for 

assessing chemical toxicity, neurological diseases, and behavioural disorders (Gerlai, 2010; De 

Esch et al., 2012; Guo, 2004); Hill et al., 2005). It has been suggested that zebrafish increase 

their preference for conspecifics with ontogeny (Buske and Gerlai, 2011; Gerlai, 2014). hence 

we used 9 months old adult zebrafish in the present study. Groups of zebrafish were exposed 

chronically to environmentally relevant concentrations of BPS and 17 β-estradiol (E2) as a 

positive control since E2 is the most predominant form of estrogen that potentially acts as a 

homeostatic modulator of brain tissue. Following exposure, shoal cohesion, group preferences, 

and locomotor activities were assessed in both males and females. In addition, to gain insights 

into the underlying mechanisms by which BPS may affect these behaviours, we also evaluated 

the expression of genes involved in the AVT/IT neuropeptide systems in the zebrafish brain. 

 2.2. Material and methods 

2.2.1. Chemicals  

Bisphenol-S (purity ≥ 99%) and 17 β-estradiol (E2) (purity ≥ 98%) were purchased from VWR 

(Canada). Stock solutions of these chemicals were prepared by dissolving them in dimethyl 

sulfoxide (DMSO) and stored at 4°C prior to their use. The final concentration of DMSO did not 

exceed 0.01% (v/v).  

2.2.2. Fish maintenance and Exposure 

All methods used in this study were approved by the University of Saskatchewan Animal 

Research Ethics Board (protocol no. 20180084). A total of 415 experimentally naïve adults male 

and female zebrafish (9 month-old; average weigh 0.386 mg and length 3.53 cm; sex ratio 1:1) 

were obtained from a stock colony held at the RJF Smith Center for Aquatic Ecology at the 

University of Saskatchewan. After visual identification of sex, either male or female fish (5-6) 

were randomly distributed to 80 3-L tanks. Tanks were filled with filtered and dechlorinated 

Saskatoon municipal water and maintained at 26±1 °C, pH 7.9, under a photoperiod of 14:10 h 

light: dark. Water quality was also monitored on a weekly basis for ammonia, nitrites, and 
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oxygen level. No mortality was observed during the experiment. The fish were fed twice per day 

(5% of body weight/day) with bloodworm (Hikari BIO-PURE®, California, USA) and 

commercial flake food (Nutrafin Max flakes, Holm, Germany). Leftover food and feces were 

removed every evening and fresh water was added. After 2 weeks of acclimation, fish were 

exposed to E2 (the positive control), DMSO (vehicle control), and three nominal concentrations 

of BPS (1, 10 and 30 µg/L) for 75 days. The exposure regimen was static renewal, with a 100% 

exchange of the respective exposure water every 24h. Duplicate water samples (50 ml, n=3) were 

collected on day 15 and day 60 of the exposure, one immediately following the water exchange 

and the other at 24h post-exposure before the next exchange, to determine the average BPS 

concentration in the exposure tanks. These samples were then filtered using 0.22 µm nylon filters 

(Fisher Scientific, USA). BPS concentrations in the water samples were measured with a High 

Performance Liquid Chromatography system (HPLC; Agilent 1200 Series, Agilent 

Technologies, USA) using a device fitted with a Discovery C18 reversed phase column (4.6 × 

250 mm, 5 µm; Agilent Technologies, CA) at 30 ℃, as described elsewhere (Ji et al., 2013; Liao 

et al., 2012b). The mobile phase was composed of acetonitrile and water (20:80, V/V) at a flow 

rate of 0.6 mL/min. Concentrations were estimated using a UV/Vis detector at a wavelength of 

258 nm. The detection limit of BPS in the water was ~ 0.25 μg/L. 

2.2.3. Behavioural tests 

To investigate the effects of BPS exposure on the social behaviour in zebrafish, we conducted 

three different behavioural tests: (1) shoaling, (2) social preference, and (3) locomotor activity.  

Shoaling behaviour was evaluated using the methodology described by Attaran et al., (2019) We 

assessed the average inter-individual distance between fish in a shoal (i.e. shoal cohesion). The 

experiment was run in a 2L circular opaque white plastic tank (diameter 28 cm) that minimized 

visual cues from the experimenter (Fig. 2.1). Shoals of 5 zebrafish from the same treatment 

group were formed by placing them gently into the experimental tank. Following a 15 min 

acclimation period, we recorded the shoaling behaviour for 10 minutes using an overhead camera 

(Logitech C922x Pro Stream Webcams). Inter-individual distances were obtained by extracting 

one image every 15s (40 images per shoal). Images were loaded into tpsDig2 (F. James Rohlf, 

Stony Brook University, New York, USA) to digitize fish position by placing one landmark on 

the head of each fish. We then extracted the distances between individual fish and calculated 
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average inter-individual distances across all 40 images per shoal using CoordGen8 (H. David 

Sheets, Integrated Morphometrics Package Suite, Canisus College, New York, USA). From the 

inter-individual distances, we also calculated the number of excursions across all 40 images with 

an excursion defined as one fish being farther than 14 cm away from the shoal (Moretz et al., 

2007a). Zebrafish preferences for conspecifics (group preferences) were determined with the 

same fish used in the shoaling experiment after an intermission period of 48 hours. Experimental 

and stimulus fish were placed into 2 separate rectangular experimental tanks (5L volume) (Fig. 

2.2). Briefly, the 5-liter experimental tank was placed in the right or left side of stimulus tank 

which held 6 zebrafish (3 males and 3 females). The testing tank was divided into five horizontal 

zones (5.8 cm wide each) by line marking on the outside of the glass. During this experiment, 

focal fish (n=16-24 replicates per treatment) were placed into the tank and acclimated for 8 

minutes. During this time the stimulus shoal was obscured by opaque plexiglass barriers. After 

the habituation period, the divider was gently removed and the time spent in each zone was 

recorded for another 8 min, where we examined the choice by the focal fish to approach the 

stimulus shoal and spend time close to the conspecifics (zone number 1).  

 

Fig. 2.1. Schematics of the experimental tank used for measuring zebrafish inter-individual distances in 

the shoaling experiment.  
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Fig. 2.2. Schematics of the experimental tank used for evaluation of zebrafish social preference. 

To assess the locomotor activity, individual fish was placed in a 5-L tank (Fig. 2.3), which was 

equally divided into 5 segments in the vertical direction and 2 segments in the horizontal 

direction. The locomotor activity was video recorded and measured by counting the total number 

of times that the fish crossed the segments/5 min (Wang et al., 2015).  

 

Fig. 2.3. Schematics of the front view of the experimental tank used for measuring zebrafish locomotor 

activity. 

2.2.4. Gene Expression  

To investigate the effects of BPS on AVT and IT neuropeptide systems in the zebrafish brain, the 

expression of genes involved in AVT and IT synthesis as well as AVT and IT receptors were 

quantified (Table 2.1). Fish brains (n=12 per treatment) were extracted from the cranial cavity 

and frozen immediately in dry ice and stored at -80 °C until further analysis. Expression levels of 

the zebrafish genes involved in AVT and IT synthesis and neurotransmission were evaluated by 

real-time quantitative PCR (RT-qPCR). Total RNA was extracted from a pooled sample of 
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whole brains (n=3) by RNasy Mini Kit (Qiagen, Hilden, Germany). The quality and 

concentration of extracted RNA were verified to be suitable for analysis using a Nanodrop 

spectrophotometer (NanoDrop, Thermo Scientific, Waltham, MA, USA). We used 1 µg of total 

RNA to synthesize cDNA with a QuantiTect Reverse Transcript kit (Qiagen, Hilden, Germany). 

Subsequently, we prepared a 20 µL PCR reaction mixture consisting 2 µL of cDNA, 0.8 µL of 

each forward and reverse primers (Table 2.1), 10 µL SYBR Green PCR Master Mix 

(SensiFAST, Bioline, London, UK), and 6.4 µL nuclease-free water. RT-qPCRs were performed 

in triplicate on an iCycler Thermal Cycler (Bio-Rad, USA). The relative quantification of target 

genes was analyzed by the 2−ΔΔct method (Livak and Schmittgen, 2001) and the expression of 

each gene of interest was normalized against the expression of β-actin as a house-keeping gene.  

Table 2.1. Nucleotide sequences of the forward and reverse primers used for the qPCR in the 

present study. 

Gene Forward primer sequences (5'-

3') 

Reverse primer sequences (5'-

3') 

Genebank 

association number 

avt  TGTGTGTGTGCTGTCTGT CGACATACACTGTCTGATG

GG 

NM-178293 

avtr1aa AACTGGGACGACTCGAAG

AA 

TCCGCTGAACACCATGTAG

A  

NM_001301114 

avt1ab CTTCTCCTGGGATGATTCA

GAAA 

GCCACTGAACAGCATGTA

GA 

NM_001297676 

it GGTGTCAGCCTTGGTGAAT

AA 

GGGCAGTTTGAGATGTAG

CA 

NM_178291 

itr CTTCCAGGTTCTTCCTCAA

CTC 

ACATCCCAACAGTCTGAA

GATAC 

NM_001199370.1 

Beta 2 CTGTTCCAGCCATCCTTCTT TGTTGGCATACAGGTCCTT

AC 

NM_181601.5 

 

2.2.5. Statistical analysis 

All statistical analyses were conducted using SPSS software (version 23.0, IBM, Armonk, NY, 

USA). We verified the normality of data and homogeneity of variances by Kolmogrov-Smirnov 

and Levene’s tests, respectively. Non-normally distributed data were log-transformed to achieve 

normality. Differences between control and exposure groups were analyzed by 2-way analyses of 

variance (ANOVA), which also incorporated sex and the interaction between treatment and sex, 
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followed by Tukey post-hoc tests. If no interaction was found, the main effects of sex and 

treatment were tested. One-way ANOVA followed by the Tukey post-hoc test was also run to 

assess mean fold changes in the gene expression among different treatment groups. All data are 

presented as mean ± standard error (SE), and the significance threshold was set at 0.05. 

2.3. Results 

2.3.1. BPS exposure concentrations:  

The measured total BPS concentrations in the water are provided in Table 2.2. The mean 

measured concentrations validated the nominal concentrations of BPS in the water samples with 

less than 25% deviation. Since, there was a good agreement between the nominal and actual 

concentrations, and for simplicity, analyses of biological effect were based on nominal 

concentrations of BPS.  
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Table 2.2. Total concentrations of BPS in the water samples. 

Nominal 

concentrations 

of BPS 

Measured 

concentrations 

at exposure 

time (µg/L) 

Average of 

measured 

concentration 

at exposure 

time (µg/L) 

Measured 

concentrations 

after 24 h 

(µg/L) 

Average of 

measured 

concentration 

After 24 h 

(µg/L) 

1 µg/L day 15 1.28 

1.59 

1.43 ± 0.15 

 

1.19 

1.35 

1.27 ± 0.08 

 

1 µg/L day 60 1.26 

1.23 

1.24 ± 0.01 

 

1.19 

1.20 

1.19 ± 0.005 

 

10 µg/L day 

15 

9.37 

8.61 

8.99 ± 0.38 

 

8.55 

8.51 

8.53 ± 0.02 

 

10 µg/L day 

60 

10.07 

7.57 

8.82 ± 1.25 

 

9.31 

7.58 

8.44 ± 0.86 

 

30 µg/L day 

15 

28.36 

27.70 

28.03 ± 0.33 

 

27.56 

27.65 

27.60 ± 0.04 

 

30 µg/L day 

60 

27.56 

29.67 

28.61 ± 1.05 

 

21.75 

29.60 

25.67 ± 3.92 

 

 

2.3.1. Shoal cohesion:  

Two-way ANOVA did not show a significant interaction between the treatment and sex 

(interaction treatment × sex, F4,74 = 0.22, P = 0.93). Therefore, a 2-way ANOVA was run without 

interaction since treatment and sex were independent factors. Exposure to BPS or E2 

significantly increased inter-individual distances, i.e. decreased shoal cohesion in both sexes 

(F4,78 = 6.89, P < 0.001, Fig. 2.4). Subsequently, Tukey’s post hoc comparisons revealed that 

inter-individual distances were significantly greater in the E2 and 30 µg/L BPS treatments 

compared to the control in both male and female zebrafish (all P < 0.05). However, there were no 

significant differences in inter-individual distances in either males or females between the 

control and 1 µg/L or 10 µg/L BPS treatment (all P > 0.05). Two-way ANOVA also revealed 

that inter-individual distances among male fish were significantly higher than that observed with 

female zebrafish (F1,78 = 32.83, P < 0.001).  
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Fig. 2.4. Shoal cohesions in male and female zebrafish exposed to different concentrations of BPS and E2 

for 75 days. Different letters denote significant differences (P < 0.05). Data are explored as mean ± SEM 

(n = 7-10 shoal of fish/treatment) 

For the number of excursions from the shoal, no significant interaction was found between the 

treatment and sex (interaction treatment × sex, F4,74 = 0.43, P = 0.78). Male zebrafish wandered 

significantly more often than females across treatments (F1,78 = 18.57, P < 0.001). However, 

exposure to BPS did not significantly affect excursion behaviour frequency (F4,78 = 1.42, P = 

0.23) (Fig. 2.5). In addition, there was no significant differences between the BPS and E2 

exposure groups. 
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Fig. 2.5. Mean (± SE) number of excursions from the shoal in male and female zebrafish exposed to 

different concentrations of BPS and E2 for 75 days. Data are explored as mean ± SEM (n = 7-10 shoal of 

fish/treatment). 

2.3.2. Group preference: 

Our data indicated no significant interaction between treatment and sex (interaction treatment × 

sex, F4, 183 = 0.56, P = 0.69). Moreover, the social preference of fish did not differ between sexes 

(F1,187 = 2.32, P = 0.13). However, we observed a general effect of treatment on the fish social 

preference (F4,187 = 8.94, P < 0.001, Fig. 2.6). Tukey post-hoc tests revealed that fish from the E2 

treatment as well as all of the BPS treatments swam significantly farther away from the 

conspecific group compared to the control group (1 µg/L E2: P < 0.001, 1 µg/L BPS: P = 0.007, 

10 µg/L BPS: P = 0.008, 30 µg/L BPS: P < 0.001). 
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Fig. 2.6. Mean (± SE) distance between focal zebrafish exposed to different concentrations of BPS or E2. 

Different letters denote significant differences (P < 0.05). Data are explored as mean ± SEM (n = 16-24 

fish/treatment). 

2.3.3. Locomotor activity:  

A non-significant interaction was detected between treatment and sex for locomotor activity 

(interaction treatment × sex, F4, 177 = 0.55, P = 0.7). The results also showed that male zebrafish 

were significantly more active than females (F1,181 = 13.52, P < 0.001, Fig. 2.7). Irrespective of 

the sex, the chronic exposure to any of the BPS treatments or E2 did not significantly affect 

zebrafish locomotor activity (F4,181 = 2.41, P = 0.051).  
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Fig. 2.7. Mean (± SE) number of lines crossed by zebrafish exposed to different concentrations of BPS or 

E2 (n = 16-24 fish/treatment). 

2.3.4. Expression of AVT/IT genes in zebrafish brain  

In male zebrafish, exposure to 30 µg/L BPS significantly up-regulated the mRNA expression of 

isotocin (it) (F4,12 = 4.84, P = 0.028, Tukey’s test: P < 0.05) and isotocin receptor (itr) (F4,12 = 

5.088, P = 0.023, Tukey’s test: P < 0.05) relative to the control. Such as BPS, E2 caused 

significant upregulation of itr expression in male zebrafish by approximately 6 fold (Tukey’s 

test: P ˂ 0.05) but not a statistically significant upregulation in expression of isotocin. In female 

fish, however, exposure to 30 µg/L of BPS caused a significant decrease in the mRNA 

expression of isotocin (F4,10 = 5.06, P = 0.040, Tukey’s test: P < 0.05) and no significant 

alteration in the mRNA expression of itr relative to the control (F4,10 = 1.38, P = 0.34). Chronic 

exposure to E2, 1 µg/L, and 10 µg/L BPS treatment did not lead to a statistically significant 

downregulation of isotocin (Tukey’s test: all P > 0.05) and isotocin receptor (Tukey’s test: P > 

0.05) in female zebrafish. 

Exposure to BPS (only at 30 µg/L) caused a significant increase in the mRNA abundance of 

arginine vasotocin (avt) in male fish relative to the control (F4,12 = 10.06, P = 0.003, Tukey’s test: 

P < 0.05). In addition, a significant up-regulation of the avt gene was observed (F4,10 = 16.18, P = 

0.002) in female zebrafish treated with E2 (Tukey’s test: P = 0.048), 10 µg/L (Tukey’s test: P = 

0.03) and 30 µg/L of BPS (Tukey’s test: P = 0.003). As shown in Table 2.3, there was no 
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statistically significant difference in the mRNA abundance of AVT receptors (avtr1aa, avtr1ab) 

in male zebrafish exposed to BPS (avt1aa: F4,12 = 2.71, P = 0.10) (avt1ab: F4,12 = 1.58, P = 0.26); 

however, E2 significantly downregulated the expression of avt1aa (F 4,10 = 11.63, P = 0.005, 

Tukey’s test: P = 0.017) and avt1ab (F 4,10 = 7.63, P = 0.016, Tukey’s test: P = 0.015) in female 

zebrafish. 

Table 2.3. Transcriptional Response of the genes of AVT/IT in male and female zebrafish after 

75 d exposure to BPS. Effects of BPs on the mRNA expression of genesregulating AVT and IT 

within male and female zebrafish brains (n = 4). The values (mean ± standard deviation) 

represent the change in gene expression levels relative to the control treatment. Astirisks indicate 

significant differences from the control (P < 0.05). 

Genes Sex Control 1 µg/L E2 1 µg/L BPS 10 µg/L BPS 30 µg/L BPS 

it Male  1.00 ± 0.05 2.15 ± 0.37 2.07 ± 0.24 1.54 ± 0.25 2.78 ± 0.33* 

it Female 1.00 ± 0.06 0.59 ± 0.10 0.82 ± 0.21 0.48 ± 0.02 0.32 ± 0.03* 

itr Male 1.00 ± 0.85 6.39 ± 

1.51* 

2.25 ± 0.27 5.11 ± 1.07 5.47 ± 0.72* 

itr Female 1.00 ± 0.54 0.58 ± 0.19 0.80 ± 0.11 0.73 ± 0.35 0.33 ± 0.14 

avt Male 1.00 ± 0.07 1.16 ± 0.01 1.89 ± 0.66 1.76 ± 0.36 3.39 ± 0.20* 

avt Female 1.00 ± 0.09 4.09 ± 

0.96* 

1.47 ± 0.48 6.32 ± 0.82* 9.62 ± 0.73* 

avtr1ab Male 1.00 ± 0.09 0.81 ± 0.27 0.14 ± 0.05 0.88 ± 0.66 1.69 ± 0.36 

avtr1ab Female 1.00 ± 0.05 0.46 ± 

0.07* 

0.81 ± 0.03 0.60 ± 0.13 0.86 ± 0.05 

avtr1aa Male 1.00 ± 0.08 0.27 ± 0.02 0.36 ± 0.08 0.45 ± 0.23 0.49 ± 0.09 

avtr1aa Female 1.00 ± 0.03 0.50 ± 

0.04* 

1.02 ± 0.06 1.00 ± 0.02 0.61 ± 0.16 

 

2.4. Discussion: 

To date, much of the research on BPS in fish has been focused on its toxic effects on 

reproduction and sexual development caused by interference with steroid signalling via estrogen 

and androgen receptors (Molina-Molina et al., 2013; Naderi et al., 2014). To our knowledge, this 

is the first study to investigate the effects of BPS on non-reproductive social behaviours and 
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locomotor activity in male and female zebrafish. In the present study, we demonstrated that 

chronic exposure to BPS impaired critical social behaviours in adult zebrafish. We further 

showed that these impairments might have occurred due to the alterations in isotocinergic and 

vasotocinergic neuro-endocrine systems in the zebrafish brain, which are strongly linked to the 

regulation of social behaviours in vertebrates.  

Being in a shoal can provide many fitness benefits for individual animals in the natural 

environment, ranging from improved antipredator behaviour (enhanced predator detection, 

predator avoidance, and predator confusion), social foraging (accelerated discovery rates of 

novel resources, enhanced feeding rates through coordinated hunting), and mating opportunities 

(more access to opposite sexes) (Pitcher and Parish, 1993). Exposure to 1, 10 and 30 µg/L of 

BPS concentrations, which represent environmentally relevant concentration range of this 

contaminants (Song et al., 2014b) decreased shoal cohesion and group preferences of male and 

female zebrafish. In the shoaling test, our results indicated that the high concentration of BPS (30 

µg/L) and E2 significantly decreased shoal cohesion in both male and female zebrafish. To this 

end, it seems that BPS had an anxiolytic-like effect and evoked a sedative response in zebrafish, 

which led to reduced shoal cohesion and limited individual ability to form dense shoals. This is 

also in accordance with the stress hypothesis that proposes a negative correlation between the 

level of anxiety and the distance among shoal members (Pitcher and Parish, 1993). Shoals with 

reduced cohesion may be less effective in antipredator defence and social foraging, since it can 

limit the information that allowing fish to respond rapidly and properly to novel situations 

(Hoare and Krause, 2003). Such reduced shoal cohesion was also reported in several studies in 

response to hallucinogenic drugs, such as ketamin and LSD (Grossman et al., 2010; Riehl et al., 

2011). In the group preference test, exposure to all of the tested concentrations of BPS and E2 

increased the distance between a focal fish and a nearby conspecific shoal. Other studies on 

estrogenic endocrine disruptors such as BPA and 17α-ethinylestradiol reported a similar 

disruption in conspecific preferences in zebrafish (Reyhanian et al., 2011; Volkova et al., 2015; 

Wang et al., 2015). Decreased shoal cohesion and a lack of social preferences may be associated 

with the altered locomotor activity in zebrafish, and it has been shown that increased swimming 

speed and larger turning angles may be related to decreased shoal cohesion in fish exposed to 

diverse chemicals (Echevarria et al., 2008; Panula et al., 2010; Xia et al., 2010). However, our 

results showed that BPS did not affect the level of locomotor activity in zebrafish. This suggests 
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that the impaired social behaviour recorded in our study might not be linked to the altered 

locomotor activity of individual fish. In the present study, we also documented that social 

preferences were impacted in all BPS treated groups. In contrast, the shoaling was influenced 

only by 30 µg/L of BPS treatment, suggesting that zebrafish social behaviours differ in their 

sensitivity to BPS. Since disrupted shoaling cohesion and group preferences suggest that BPS 

induced an anxiolytic effect, other behavioural trials, such as the novel tank test and boldness 

tests, should be used in future studies to unravel further effects of BPS on zebrafish behaviour. 

Moreover, we measured the effects of BPS on the excursion behaviour of zebrafish. Excursion 

from the shoal can be regarded as a trait linked to boldness as bold individuals tend to spend 

more time outside of a shoal to explore the surrounding area (Moretz et al., 2007b). Although 

this behavioural endpoint was not affected by BPS or E2 exposure, our results showed that there 

was a significant difference between sexes, with males more readily leaving shoals than females. 

This finding may either reflect the importance of behavioural variation between male and female 

zebrafish. It might also be associated with the housing of the focal individuals in sex-segregated 

tanks which resulted in swimming to further distance to reduce risk of violence. Our results 

further showed that exposure to 1 μg/l E2 is sufficient to reduce shoal cohesion in both male and 

female zebrafish. Mounting evidence now suggests profound effects of estrogens not only on 

specific behaviours but also on emotional states and mental health (McCarthy, 2008). Such 

anxiogenic or anxiolytic effects might occur due to the impact of estrogens on the expression of 

two distinct estrogen receptor (ER) systems, ERα and ERβ (Weiser et al., 2009; Lund et al., 

2005). ERβ is suggested to have anxiolytic properties (Weiser et al., 2009; Lund et al., 2005; 

Menuet et al., 2004) as it can stimulate AVP and OT promotor activity in neuronal cell lines (Pak 

et al., 2007). Accordingly, the anxiolytic effects of E2 that manifested in a lower social cohesion 

and a lower tendency to join a shoal of conspecifics in the present study may be a result from the 

abovementioned impact of E2 on ERβ.  

AVT and IT, and their receptors play crucial roles in the regulation of different social behaviours 

in fish, in both males and females (Braida et al., 2012; Goodson and Bass, 2001; Thompson and 

Walton, 2004). Dysfunction of these neuropeptide systems has been implicated in several 

neurobehavioural disorders including autism, attention deficit/hyperactivity disorder, obsessive-

compulsive disorder, and early trauma (Braida et al., 2012; Thompson and Walton, 2004; 

Goodson and Bass, 2001). Dysfunction of these neuropeptide systems has been implicated in 
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several neurobehavioural disorders including autism, attention deficit/hyperactivity disorder, 

obsessive-compulsive disorder, and early trauma (Heinrichs et al., 2009). The results of the 

present study showed that the exposure to BPS or E2 alters the mRNA expression of genes 

involved in the neuropeptide signalling in the zebrafish brain in sex-dependent fashion. The 

chronic exposure to 30 µg/L of BPS and E2 caused an up-regulation in the mRNA expression of 

isotocin and its receptors in the brain of male zebrafish, while a down-regulation of isotocin gene 

was observed in female zebrafish exposed to the same BPS concentration. In many species, the 

effects of peptides are sexually different. In fact, the peptide effects are strongly correlated to the 

levels of sex steroid hormones (Goodson and Bass, 2001). Generally, females are behaviourally 

more dependent on OT/IT, while behavioural traits in males are less dependent on OT/IT levels. 

In contrast, AVP/AVT modulate a variety of behaviours demonstrated by males (Goodson and 

Bass, 2001). Given that BPS is a xenoestrogen (Le Fol et al., 2017), and males have generally 

lower levels of estrogens than females, the increment in the transcriptional activity of IT and its 

receptors may have resulted from estrogenic action of BPS. In females, however, it is speculated 

that BPS down-regulated the expression of IT gene via interfering with the normal action of 

estrogen and its receptors. Alternatively, it is likely that BPS decreased the IT gene expression 

and activity in females through a negative feedback mechanism. In fact, the increase in the 

protein levels of IT suppressed the expression of corresponding gene. Further studies are 

required to test these possibilities. Unlike the sex-dependent changes in mRNA expression of IT 

and its receptors, BPS and E2 altered the expression levels of AVT and its receptors in a 

monotonic manner in male and female. While an up-regulation in the expression of AVT gene 

was found in males and females, E2 and BPS decreased the transcript levels of AVT receptors in 

both sexes. It seems that the down-regulation in the expression of AVT receptors might be a 

compensatory mechanism to reduce elevated levels of AVT caused by BPS and E2.  

In the present study, BPS exposure was also found to up-regulate the expression of AVT genes 

to a greater degree than isotocin genes. Perhaps, shifting the balance of the neuropeptide systems 

from IT towards AVT is the most important factor underlying the observed disruption in 

zebrafish social behaviours. This finding is in agreement with previous studies indicating that an 

altered balance between these two neuropeptides is the main cause of the behavioural changes in 

fish (Thompson and Walton, 2004; Braida et al., 2012; Filby et al., 2010). Changes in the 

balance of neuropeptides are likely linked to many mental disorders that are associated with 
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social deficits such as autism and depression (Neumann and Landgraf, 2012; Heinrichs and 

Domes, 2008). The observed effects of AVT on social interactions are also in agreement with the 

previous observation where administration of AVT was found to significantly affect social 

interaction, via inhibition of social approach behaviour, in both zebrafish (Lindeyer et al., 2015) 

and goldfish (Carassius auratus) (Thompson and Walton, 2004). In our study, while E2 reduce 

the expression of AVT receptors, exposure to BPS did not significantly affect the mRNA 

abundance of AVT receptors in males or females. BPS exposure could not cause critical 

dysregulation of AVT and IT receptor genes like E2, the reason may be related to the 

concentrations of BPS that were not high enough to disrupt the expression of these receptors 

significantly. These receptors are known to be involved in the regulation of social behaviours 

(Lema et al., 2015) either by mediating social memory (Bielsky and Young, 2004) shoaling and 

fear response (Hasunuma et al., 2013; Braida et al., 2012) or by modifying the level of anxiety 

(Sabihi et al., 2014). Consequently, BPS-induced dysregulation of AVT receptors may intensify 

the extent of disruption in shoal cohesion and group preference behaviours in both male and 

female zebrafish. 

The mechanisms by which endocrine-disrupting chemicals such as BPS target AVT/IT neuro-

endocrine systems is currently not very well understood. The synthesis of neuropeptides and 

their receptors in the vertebrate brain is known to be modulated by steroid hormones that affect 

the AVT/IT neuro-modulatory systems (Soares et al., 2010). Even though estrogens are capable 

of mediating anxiety and social behaviours, they also play important roles in the regulation of 

neuropeptides (Amico et al., 1981; Sharma et al., 2012; Krege et al., 1998). For example, 

administration of E2 and estrogen receptor β (ERβ) agonist led to an increase in OT gene 

transcription in the brain of mouse (Sharma et al., 2012). Similar to BPA, BPS has hormone-

mimicking properties, i.e. it can compete with natural ligands when binding to nuclear receptors 

such as estrogen receptors α and β (Naderi et al., 2014; Ji et al., 2013; Molina-Molina et al., 

2013; Mu et al., 2018). In a study with Wistar rat, the exposure to 1 mg/L BPA disrupted social 

behaviours via a decrease in the level of ERβ and expression of Mc4r genes that play important 

roles in regulation and release of AVP and OT in paraventricular nuclei (Patisaul et al., 2012). A 

series of studies on mice also suggested that exposure to BPA during pregnancy resulted in 

social interaction abnormality, which was accompanied by a decrease in the expression of the 

AVP gene (Wolstenholme et al., 2012; Wolstenholme et al., 2011). The results of the present 
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study are in good agreement with the reported effects of BPA and thus supports the hypothesis 

that similar to BPA (Patisaul, 2017), BPS exposure, can also disrupt the AVP/OT pathways in 

the CNS and thereby impair related social behaviours in male and female zebrafish. 

2.5. Conclusion: 

BPS has been suggested as a safe alternative for BPA, but our study confirms the concern that 

BPS exposure can impair social behaviours in vertebrates. These behavioural changes can be 

explained, at least in part, by BPS-induced altered expression of genes involved in the AVT/IT 

signalling pathways. The reported effects of long-term exposure to BPS on neuropeptide 

signalling pathways and social behaviours in zebrafish suggest that BPS is not necessarily a safe 

alternative to BPA. 
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Chapter three: Chronic exposure to bisphenol S induces oxidative stress, abnormal anxiety, 

and fear responses in adult zebrafish (Danio rerio) 

 

Preface 

The aim of this chapter is to address the second objective of my doctoral research work, which is 

to investigate the impacts of chronic exposure to BPS on fish fear and anxiety responses, and the 

genes important in the regulation of antioxidant enzeme genes in the brian of zebrafish. After 75 

days of exposure to both male and female adult zebrafish, changes in anxiety and fear-related 

responses were evaluated by applying a novel tank test and by exposing focal fish to chemical 

alarm cues. Our results indicate that all concentrations of BPS (1, 10, and 30 µg/L) and E2 (1 

µg/L) significantly decreased bottom-dwelling behaviour and the latency to enter the upper water 

column. Furthermore, exposure to the highest concentration of BPS and E2 induced a significant 

decrease in fear-related responses. The impaired anxiety and reduced fear-related responses were 

associated with a down-regulation in the transcription of genes involved in enzymatic antioxidant 

defence. The result of this study suggest that chronic exposure to BPS impairs anxiety and fear 

responses in adult zebrafish, possibly by inducing oxidative stress in the brain.  

The content of chapter 3 was reprinted (adapted) from Science of the Total Environment 

(https://doi.org/10.1016/j.scitotenv.2020.141633). Arash Salahinejad, Anoosha Attaran, 

Mohammad Naderi, Denis Meuthen, Som Niyogi, and Douglas P. Chivers. “Chronic exposure to 

bisphenol S induces oxidative stress, abnormal anxiety, and fear responses in adult zebrafish 

(Danio rerio)”. Copyright 2021, with permission from Elsevier Inc. 
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3.1. Introduction 

Recent public health concerns about bisphenol A (BPA) toxicity have led to increasing use of 

bisphenol analogues in numerous commercial products. Bisphenol S (BPS, bis-(4-

hydroxyphenyl)-sulfone) is a common BPA substitute that is widely used in various products 

such as baby bottles, epoxy resins, personal care products, thermal receipt paper, luggage tags, 

canned foodstuffs, and many other items that are labeled as “BPA-free” (Liao and Kannan 2013; 

Liao et al. 2012). The increased usage of BPS in different products along with its high resistance 

to physical degradation suggests that BPS contamination levels have already surpassed that of 

BPA in many ecosystems (Liao et al. 2012; Asimakopoulos et al. 2016). Observed levels of BPS 

in surface water of some lakes and rivers in China, Korea, and Japan, as well as in marine 

sediment, and sewage sludge range from 0.0001 to 65.60 µg/L (Huang et al. 2018; Jin and Zhu 

2016; Yamazaki et al. 2015). Hence, humans and other animals are constantly exposed to BPS 

on a global level (Chen et al. 2016; Wu et al. 2018). For instance, human urine samples collected 

from several Asian countries and the USA revealed that 81% of individuals tested were exposed 

to BPS (mean urine BPS concentration of 0.654 µg/L) (Liao et al., 2012a).  

Several recent studies have demonstrated that BPS has multiple adverse effects including 

cytotoxic, genotoxic, immunotoxic, and reprotoxic effects in humans and animals (Naderi et al. 

2014; Ji et al. 2013; Ullah et al. 2016;  Qiu et al. 2018; Qiu et al. 2016). This is mostly due to the 

estrogen-mimicking interaction of BPS with estrogen receptors (ERs) on different levels and the 

interruption of ER signalling pathways (Ji et al. 2013; Le Fol et al. 2017; Hill et al. 2017). In 

addition to the estrogenic effects, BPS also exhibits anti-estrogenic, androgenic, anti-androgenic, 

thyroidal and anti-thyroidal activities (Molina-Molina et al. 2013; Hill et al. 2017; Ji et al. 2013; 

Le Fol et al. 2017). In line with this, previous studies have shown that exposure to 

environmentally relevant concentrations of BPS causes an imbalance in sex steroid and thyroid 

hormones, which subsequently leads to a suite of reproductive abnormalities in zebrafish (Ji et al. 

2013; Naderi et al. 2014; Zhang et al. 2017; Qiu et al. 2016) 
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Recently, a growing body of evidence has also indicated that BPS can induce oxidative stress in 

a variety of tissues in many organisms. For example, several in vitro studies have shown that 

BPS induces the production of reactive oxygen species (ROS) and causes oxidative stress in 

human red blood cells (Maćczak et al. 2017), female mice ovarian tissue (Nourian et al., 2017), 

mouse spermatogonial cells (Liang et al., 2017), and hippocampal neurons (Pang et al., 2019). 

More interestingly, it has been shown that BPS can directly interact with catalase (an enzymatic 

antioxidant that decomposes H2O2) at the molecular level, compromising antioxidant defence 

mechanisms (Zhang et al. 2016). The strong oxidative potential of BPS has also been 

documented in several recent in vivo studies. For example, BPS exposure has been found to 

enhance oxidative stress in mice liver and testis (Shi et al. 2018). Similarly, BPS exposure has 

been linked to testicular/ovarian oxidative stress, increased lipid peroxidation (LPO), reduced 

antioxidant response, and altered reproductive functions in rats (Ijaz et al. 2020; Ullah et al. 

2019; Ullah et al. 2016). BPS exposure has also been reported to enhance oxidative stress in 

embryonic/larval zebrafish, juvenile common crap, Caenorhabditis elegans, and Chironomus 

riparius (Qiu et al. 2018; Qiu et al., 2019; Dong et al. 2018). Taken together, these findings 

suggest that oxidative stress is a major mechanism of BPS toxicity. 

Despite increasing evidence of BPS toxicity, the neurobehavioural effects of this endocrine-

disrupting chemical in animals, especially mature adults, have not received much attention to 

date. Recent evidence indicates that exposure to sub-lethal concentrations of BPS perturbs brain 

functions and induces various behavioural abnormalities in animals. In mammals, BPS exposure 

has been shown to alter orexigenic hypothalamic neuropeptide that dysregulates feeding 

behaviour (Rezg et al., 2018). Other studies have also demonstrated that BPS exposure causes 

marked changes in maternal behaviour in rodents (Catanese and Vandenberg 2018; Shi et al. 

2018; LaPlante et al. 2017). Our recent investigations have indicated that environmentally 

relevant concentrations of BPS impairs learning, shoaling behaviour, and group preferences of 

adult zebrafish (Naderi et al. 2020; Salahinejad et al. 2020). Furthermore, exposure to BPS has 

also been shown to influence the locomotor activity of embryonic zebrafish (Kinch et al. 2015; 

Gu et al. 2019). Recent evidence also suggests that BPS may induce anxiety-like behaviours in 

animals. For instance, perinatal and maternal exposure to BPS has been found to be correlated 

with increased anxiety in mice and rats (da Silva et al. 2019; Kim et al. 2015). Similarly, 

embryonic exposure to BPS (0.3 to 3 mg/L) has also been reported to increase anxiety-like 



45 
 

behaviour in larval zebrafish (Fraser et al. 2017;  Gu et al. 2019). Moreover, developmental 

exposure to BPS has been found to enhance anxiety-like behaviours in adult zebrafish (Wei et 

al., 2020). However, the effects of chronic exposure to environmentally relevant concentrations 

of BPS on anxiety- and fear-related behaviours in adult fish are not yet known. It is important to 

study these behavioural effects in adults, not just in early developmental life stages, because the 

toxicity of chemicals cannot always be reliably extrapolated from larval or juvenile stages to 

adults (Zhang et al. 2015). Moreover, unlike in larval or juvenile organisms, neural and 

endocrine systems are fully developed in adults, and as a result the effects of toxic chemicals are 

generally more complex in adults relative to that in larval or juvenile organisms. Thus, a 

comprehensive understanding of the toxicity of chemicals requires examination of their effects in 

adult organisms (Legradi et al., 2018).  

Fear and anxiety are well-characterized neurological coping mechanisms in a risky world that 

enable organisms to avoid or reduce harm. In the context of animal research, fear is defined as a 

set of behavioural responses to an aversive, factual, and acute cue that may diminish quickly 

after the disappearance of the eliciting cue, while anxiety refers to the set of behaviours that can 

be evoked by potential and predicted diffusive or aversive conditions that are often observable 

for extended periods (Speedie and Gerlai 2008; Gerlai 2013; Tran and Gerlai 2013). In other 

words, known threats form a landscape of fear (Laundré et al. 2001; Suraci et al. 2016), whereas 

anxiety is a generalized aversive response to novel stimuli (Steimer, 2002). Despite the fitness 

benefits of normal anxiety and fear responses, excessive or abnormal anxiety and fear responses 

reduce an individual’s ability to cope with other environmental challenges (Steimer 2002; Nuss 

2015). For example, anxiety-related disorders in humans such as phobias, generalized anxiety 

disorders, panic disorders, and post-traumatic stress are known to dramatically reduce the human 

quality of life (Combs and Markman, 2014). From an ecological perspective, the pathogenic 

anxiety may pose a serious risk to animal health and survival. If a toxicant influences fear and 

anxiety responses, it may reduce fear responses in a risky environment and thereby increase prey 

susceptibility to predators by altering the ability of prey to evade predators (Tovote et al. 2015). 

Alternatively, it may inappropriately enhance fear responses towards safe stimuli and thereby 

decrease the time and energy commitment to other fitness-enhancing behaviours such as foraging 

and mate choice (Sih et al. 2003).  
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Oxidative stress is a common denominator of many neurobehavioural disorders with abnormal 

anxiety as an associated condition (Thapar et al. 2020; White et al. 2009). The generation of 

ROS is a highly regulated process in the central nervous system (CNS). This is because a 

delicate balance between ROS production and the antioxidant capacity of neuronal cells plays a 

fundamental role in a myriad of events including neurotransmission, cellular signalling, neuronal 

survival, and synaptic plasticity (Hovatta et al. 2010; Rammal et al. 2008; Mattson 2002), and 

thereby strongly impacts various behaviours (Smaga et al. 2015; Rammal et al. 2008; Ng et al. 

2008b). Accordingly, anxiety disorders such as panic disorders (Atmaca et al., 2008), social 

phobias (Kuloglu et al., 2002), schizophrenia (Ben Othmen et al., 2008), and autism (Chauhan 

and Chauhan, 2006) have been tightly linked to reduced levels of the key enzymatic antioxidants 

in brain cells that directly eliminate ROS (e.g., glutathione peroxide (gpx), superoxide dismutase 

(sod) and catalase (cat)).  

To the best of our knowledge, no previous study has attempted to decipher the possible link 

between BPS exposure, the induction of oxidative stress, and alterations in anxiety- and fear-

related behaviours in fish. Thus, the main goal of our study was to examine the effects of long-

term exposure to environmentally relevant concentrations of BPS on anxiety-related behaviours 

and fear responses in adult zebrafish (Danio rerio). We chose a BPS exposure concentration 

range of 1-30 µg/L in the present study, since it falls within the reported BPS concentration 

range in natural environments (0.0001 ─ 65.60 µg/L) (Huang et al. 2018; Jin and Zhu 2016; 

Yamazaki et al. 2015). Zebrafish are a well-established model for characterizing the 

neurobehavioural effects of environmental contaminants (Bertotto et al. 2020; Legradi et al. 

2018), particularly when it relates to anxiety and other stress-related behaviours (Cachat et al. 

2011; Kysil et al. 2017). We used adult fish in the present study since they display a wider range 

of behaviours compared to larval fish (Legradi et al., 2018). Following exposure to BPS, we 

conducted two separate sets of experiments to assess anxiety levels and fear-related behaviours 

in fish. We also aimed to elucidate the possible mechanism(s) of BPS neurotoxicity by 

evaluating the antioxidant status in the zebrafish brain. To this end, we assessed the mRNA 

expression of the antioxidant enzymes including gpx, sod and cat. 
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3.2. Material and Methods 

3.2.1 Fish maintenance and exposure protocol 

A total of 500 adult male and female zebrafish (Danio rerio, 9 months of age) were acquired 

from our breeding colony in the RJF Smith Center for Aquatic Ecology of the University of 

Saskatchewan. Fish were randomly distributed in groups of 5-6 in 90 3-liter tanks filled with 

filtered and dechlorinated tap water. They were maintained under a 14/10 h light/dark period 

with a constant temperature (25 ± 1 ° C), and pH 7.9. To ensure the maintenance of optimum 

water quality, dissolved oxygen, ammonia, and nitrite levels were monitored bi-weekly. The fish 

were fed twice daily (5% of body weight/day) with commercial flake food (Nutrafin Max flakes, 

Holm, Germany) and frozen bloodworms (Hikari BIO-PURE®, California, USA). Leftover food 

and feces were siphoned out every evening. After a 2 week acclimation period, fish were 

exposed to 1, 10, or 30 μg/L BPS (purity ≥ 90%; VWR, CA), 1 μg/L E2 (purity ≥ 98%; VWR, 

CA), or dimethyl sulfoxide (DMSO; 0.01% v/v; VWR, CA) as solvent vehicle for 75 days. E2 

was chosen as a positive control because previous studies have demonstrated that BPS can 

directly bind to the estrogen receptors (Molina-Molina et al. 2013; Le Fol et al. 2017), and apart 

from their roles in the regulation of reproductive functions, E2 has also important effects on a 

myriad of neurobehavioural functions (Ervin et al., 2013). The exposure regimen followed a 

static renewal approach where 100% of the tank water was exchanged every day in order to 

maintain a steady concentration of the respective compounds within individual tanks and good 

water quality conditions. We measured the actual BPS concentrations in the exposure water as 

described elsewhere (Salahinejad et al., 2020). Briefly, we collected duplicate water samples (50 

ml, n = 3) on day 15 and 60 of exposure, at the beginning and end of the 24hr water exchange 

cycle. The samples were then filtered through 0.22 μm nylon filters (Fisher Scientific, USA), and 

BPS concentrations were analyzed by a High-Performance Liquid Chromatography system 

(HPLC; Agilent 1200 Series, Agilent Technologies, USA), using a device fitted with a Discovery 

C18 reversed-phase column (Eclipse XDB-C18 column, 4.6 mm × 250 mm, particle size 5 µm) 

at 30 °C as described in Liao et al. 2012. The mobile phase used for this analysis was composed 

of a mixture of acetonitrile and water (20:80, V/V) at a flow rate of 0.6 mL/min. Samples were 

analyzed with a UV/VIS detector at a wavelength of 258 nm. The detection limit for BPS was 

~0.25 µg/L.  



48 
 

No fish mortality was observed in any treatments during the experimental exposure. After 75 

days of exposure, we tested 498 fish in two behavioural experiments (anxiety test: 39 fish in 

DMSO control, 36 fish exposed to 1 µg/L E2, 40 fish exposed to 1 µg/l BPS, 40 fish exposed to 

10 µg/l BPS, and 38 fish exposed to 30 µg/l BPS; fear-related behavioural test: 107 fish in 

DMSO control, 96 fish exposed to 1 µg/L E2, 97 fish exposed to 1 µg/l BPS, 98 fish exposed to 

10 µg/l BPS and 98 fish exposed to 30 µg/l BPS). We also sacrificed a total of 90 fish (18 fish 

per treatment) to evaluate the gene expression levels of major antioxidant enzymes in the brain. 

All animal use procedures complied with the Canadian Council on Animal Care guidelines for 

humane animal use, and were approved by the University of Saskatchewan Animal Research 

Ethics Board (permit number 20180084). 

3.2.2. Behavioural tests 

3.2.2.1. Assessment of anxiety levels 

One of the established experimental paradigms to study anxiety-related behaviours in zebrafish is 

the novel tank test. It exploits the instinctual behaviour of healthy fish to seek protection in an 

unfamiliar environment. Zebrafish normally display a high level of anxiety in a novel tank as 

showcased by more time spent at the bottom of the tank, increased freezing, and more erratic 

movements (Cachat et al., 2010). Hence, we performed this test in order to assess the level of 

anxiety in our experimental fish. Individuals were placed gently in an unfamiliar 5-liter glass 

tank (30×15×12 cm) filled with 4-liter filtered and dechlorinated tap water. The back and the 

sides of the tank were covered with white opaque barriers to minimize disturbance from external 

visual cues. A horizontal midline divided the water area of the tank into top/bottom halves (Fig 

3.1). Immediately following introduction, zebrafish behaviour was video-recorded for 6 min 

from the front view using an HD camera (C922x Pro Stream, Logitech, Lausanne, Switzerland). 

The total time that individual fish spent at the bottom of the tank and the latency to cross the 

horizontal line in the middle of the tank to explore the top side of the tank were measured as our 

parameters of interest. These parameters are common indicators of anxiety-like behaviour in 

zebrafish (Gerlai and Tran 2016; Kysil et al. 2017; Cachat et al. 2010).  
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Fig. 3.1. Schematics of the front view of the experimental tank used for measuring zebrafish anxiety 

response  

3.2.2.2. Assessment of variation in fear-related behaviour 

To assess the fear-related behaviours in zebrafish, we triggered an antipredator response through 

exposure to conspecific alarm cues. Such alarm cues are released from the injured skin of 

conspecifics (Ferrari et al. 2010) and are known to induce common fear-related behaviours such 

as escape responses, increase shelter uses, decreased activity levels, increased group cohesion, 

and freezing in a wide range of aquatic species (Brown and Smith, 1998), including zebrafish 

(Gerlai 2011; Speedie and Gerlai 2008). We prepared conspecific alarm cues (AC) following the 

protocol described by Attaran et al. (2019). We sacrificed 4 donor zebrafish (total length: 3.4 ± 

0.2 cm, weight: 0.351 ± 0.15 gr, age: 9 ± 1 month old), with a blow to the head followed by 

decapitation in accordance with the Canadian Council on Animal Care guidelines. A total of 5 

cm2 skin filets was removed from either side of the body, mixed them with 200 ml chilled 

distilled water, and ground them using a Polytron homogenizer (Polytron PT2500 E, Kinematica, 

Luzern, Switzerland). Then, solid particles from the homogenate were removed by passing the 

homogenate through filter floss and stored alarm cues in plastic bags at -20 °C until their use. 

The final concentration of AC in the experimental tank (1 cm2 of skin in 80-l of water) was 

chosen based on our previous study that revealed this concentration could induce an overt 

antipredator response in zebrafish (Attaran et al., 2019). Control AC was also prepared in the 

same way without adding fish skin tissue. As the presence of conspecifics is known to modulate 

the fear response of zebrafish towards AC (Faustino et al. 2017), we measured fear responses of 

individual zebrafish in either the presence or absence of conspecifics. Hence, our experimental 

setup consisted of two separate tanks: a 1-1 test tank (16×16×10 cm) and a 1-l demo tank 

(16×16×10 cm) that were placed next to each other (Fig. 3.2). The AC or control AC delivery 

was conducted using a 1-meter long plastic tube (5 mm diameter) which was connected to a 
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syringe, allowing direct addition of chemical cues into the test tank while minimizing fish 

disturbance. All sides of the test tank were covered with epoxy glass opaque sheets, except for 

the side facing the demo tank. Experimental fish were individually placed into the test tank and 

acclimated for 30 minutes. The demo tank contained either a group of 5 calm adult zebrafish of 

mixed sex (Fig. 3.2). After acclimation, we injected either 0.5 mL of AC (alarm cue treatment) 

or filtered water (control AC) into the test tank via a plastic tube (5 mm diameter) attached 2.5 

cm below the water surface. Zebrafish behaviour was recorded from above at 1280×720 pixel 

resolution (C922x Pro Stream, Logitech, Lausanne, Switzerland) for 6 minutes after the addition 

of either AC or the control AC. After each trial, test tanks were carefully washed with 

dechlorinated tap water to remove all potential cues from the tank. The fish in the demo tank 

were also checked for the level of anxiety, fed, and/or replaced by a new group of calm fish 

following each trail. 

After the conclusion of behavioural tests, video records were analyzed using animal tracking 

software (Viewer² 3.0.0.119, Biobserve GmbH, Bonn, Germany). This software was used to 

calculate the total distance that fish traveled during the experimental period as well as to analyze 

the average velocity. Additionally, a trained observer naïve to the treatment was used to assess 

whether or not freezing occurred during the experiment. Here, freezing was defined as complete 

immobility except for mouth and gill movement for at least 2 seconds (Grossman et al. 2010). 

 

Fig. 3.2. Schematics of the experimental tank used for evaluation of zebrafish fear response. 

3.2.3. Gene expression analysis 

To elucidate the possible mechanisms by which BPS may affect anxiety and fear responses in 

zebrafish, we also evaluated the mRNA expression of major antioxidant enzymes including 

catalase (cat), glutathione peroxidase (gpx1a), copper/zinc superoxide dismutase (Cu/Zn-sod), 
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and manganese superoxide dismutase (Mn-sod1) in the zebrafish brain using quantitative real-

time PCR. Following the behavioural test, we euthanized 9 males and 9 females (per treatment) 

and extracted their brains from the cranial cavity using a dissecting microscope (Zeiss, Germany) 

as described previously (Naderi et al., 2017a). Individual brains were then stored in Eppendorf 

tubes, frozen immediately in dry ice, and stored at -80 °C until further analyses. Later the brain 

tissues were thawed, 3 brains per treatment were pooled for each sex to form one replicate. 

Replicates were then homogenized in 500 μl of 50 mM RLT buffer and centrifuged at 3000 g for 

3 min at 4 °C. This was followed by RNA extraction using a commercial kit (RNasy Mini Kit, 

Qiagen, Hilden, Germany). RNA quality and concentration were confirmed using a 

spectrophotometer (NanoDrop, Thermo Scientific, USA). We then synthesized cDNA using 1 μg 

of total RNA with a QuantiTect Reverse Transcript kit (Qiagen, Hilden, Germany). 

Subsequently, we prepared a 20 μL PCR reaction mixture consisting of 10 μL SYBER Green 

PCR Master Mix (SensiFast, Bioline, USA), 2 μL cDNA, 0.8 μL of each forward and reverse 

gene-specific primer (Table 3.1) and 6.4 μL nuclease-free water. The mixture was then evaluated 

by Quantitative real-time PCR on Thermal Cycler (iCycler, Bio-Rad, USA). Finally, the relative 

expression of the target genes was normalized to the expression of β-actin (house keeping gene) 

and evaluated by the 2-∆∆ct method as described in Livak and Schmittgen (2001). 

Table 3.1. Nucleotide sequences of the forward and reverse primers used for qPCR. 

Gene Gene bank 

accession no. 

Forward Reverse 

Gpx1a NM_0010072

81.2 

ACCTGTCCGCGAAACT

ATTG 

GCTCGTTCATCTGGGTGTAA

TC 

cat NM_130912.2 GGACCTTCTACATCCAG

GTTATG 

CAGGAATCAGAGGGAACTC

TTTAT 

Cu/Zn-

sod 

NM_131294.1 ACACAAACGGCTGCAT

CA 

TCCGACGTGTCTCACACTAT 

Mn-sod NM_199976.1 AGAGCGGAAGATTGAG

GATTG 

CGCATGTTCCCAGACATCTA

T 
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3.2.4. Statistical Analysis 

All statistical analyses were conducted using SPSS software (version 23.0 IBM, Armonk, NY, 

USA) and presented as mean ± the standard error of the mean (SEM).  In the anxiety experiment, 

the time spent at the bottom of the tank was normally distributed according to the Kolmogorov-

Smirnov test with Lilliefors correction. However, latency data had to be log-transformed to meet 

the assumptions of homoscedasticity. Differences between treatments in these variables were 

then assessed by testing the treatment × sex interaction using a 2-way analysis of variance 

(ANOVA), followed by Tukey post-hoc tests. When analyzing fear-related behaviours, we used 

4 independent variables: treatments, sex (male/female), cue (AC/control), and the presence or 

absence of conspecifics. Initially, we observed that the total distance traveled did not meet the 

assumptions of normality and no transformation could resolve this issue. Hence, we first split the 

dataset and analyzed fish that were exposed to AC during the experiment separately from those 

that were exposed to the control AC. The resulting datasets were subjected to parametric tests (3-

way ANOVA) by first rank-transforming data followed by Tukey’s post-hoc tests. Freezing 

behaviour as binomial data (yes/no) was analyzed using two four-way contingency tables used 

for AC and water with exposure treatment, sex, and social conditions as independent factors. 

This was followed by post hoc G-tests with Bonferroni corrections. Mean fold change in the 

gene expression was normally distributed in most cases. However, in the case of 

heteroscedasticity, data were log-transformed. Afterwards, we analyzed variation in mean fold 

change using univariate two-way ANOVAs followed by Tukey post-hoc tests. 

3.3. Results 

3.3.1. Behavioural effects 

3.3.1.1. Anxiety levels 

Although male zebrafish spent longer time at the bottom of the tank than females (F 1,187 = 4.435, 

P = 0.037), there was no significant interaction between sexes and treatment (interaction 

treatment × sex, F 4,187 = 0.164, P = 0.957). All concentrations of BPS or E2 similarly decreased 

anxiety, i.e. they reduced the proportion of time that zebrafish spent at the bottom of the tank 

compared to the control group (F 4,187 = 14.578. P < 0.001, Fig. 3.3A). 

For the latency to explore the top half of the tank, we did not find any differences between the 

sexes (F 1,179 = 0.052, P = 0.82) or for sex-specific responses to the treatments (interaction 
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treatment × sex, F 4,179= 0.88, P = 0.474). Here, all concentrations of BPS or E2 similarly 

decreased anxiety which was evident by reduced latency to explore the top half of the test tank 

compared to the control group (F 4,179 = 11.575, P < 0.001, Fig. 3.3B). 

 

Fig. 3.3. Effects of exposure to BPS and E2 for 75 days on anxiety response in adult zebrafish: (A) 

Percentage of time fish spent in the bottom half of the tank, and (B) Latency to enter the top half of the 

tank. Data are expressed as mean ± SEM (n = 36-40 fish/treatment). Different letters above bars indicate 

significant differences (P < 0.05). 

3.3.1.2. Fear-related behaviour 

When analyzing the total travel distances during water exposure (control for AC), we did not 

find any significant interactions between the three independent variables (treatments, sex, and 

presence or absence of social conspecifics); additionally, neither treatment nor sex alone 

significantly influenced the total travel distances (all P > 0.17). Only the presence of conspecifics 

significantly increased the total distance traveled (F 1,156 = 303.051, P < 0.001, Fig. 3.4A). 

Similar to water exposure, there was no significant 3-way interactions in alarm cue exposed fish 

(interaction treatment × sex × sociality = F 4,302= 1.27, P = 0.282), but sexes differed in their 

response to the treatment (interaction treatment × sex, F 4, 302 = 3.18, P = 0.014, Fig. 3.4B). 

Splitting the data based on the either presence or absence of conspecifics revealed that exposure 

to the highest concentration of BPS or E2, in the presence of conspecifics (interaction treatment 

× sex, F 4, 177 = 2.653, P = 0.035), decreased and increased the total distance traveled by males 

and females, respectively in the presence of conspecifics (Fig. 3.4C). 

A B 
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With respect to the freezing response, multidimensional contingency tables revealed that there 

was no significant difference among treatments when experimental fish were exposed to water 

(AC control) (all P > 0.05). However, in AC-exposed fish, there was an interacting effect 

between treatment and sex at the level of sociality (in the presence of conspecifics) (G = 14.401, 

P = 0.006). Bonferroni post-hoc tests revealed that freezing responses to chemical alarm cues 

were influenced only by the highest concentration of BPS (30 µg/L) in both male and female 

zebrafish (G = adjusted α = 0.005, P = 0.002; Fig. 3.4D).  

  

 

Fig. 3.4. Effects of exposure to BPS and E2 for 75 days on fear-related behaviours in adult zebrafish: (A) 

Exposure to water and the total travel distances in the presence/absence of conspecifics, (B) Total travel 

distances (mean ± SE) in AC-exposed males and females, (C) Total travel distances (mean ± SE) in AC-

exposed male and females in the presence of conspecifics (n =  96-107 (male and female)fish/treatment), 

and (D) The proportion of individuals observed freezing to AC in the presence of conspecifics (n = 10 

A B 

C D 
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fish/treatment). Data are expressed as mean ± SEM. Asterisks indicate significant differences between 

treatments (P < 0.05)  

3.3.2. Gene expression of enzymatic antioxidants  

The transcription level of Gpx1a did not differ between sexes in response to the treatment 

(interaction treatment × sex, F 4,20 = 2.618, P = 0.066, Fig. 3.5A). Female zebrafish generally 

showed higher mRNA expression levels of this gene than males (F 1,24 = 15.022, P = 0.001). 

Treatment effects were pronounced, as all BPS concentrations as well as the E2 exposure 

significantly down-regulated the mRNA expression of this gene (F 4,24 = 16.747, P < 0.001, 

Tukey’s test: all P < 0.001). Similarly, for the expression levels of the Cu/Zn-Sod gene (Fig. 

3.5B), no sex-specific differences were observed in response to any of the experimental 

treatments (interaction treatment × sex, F 4,20 = 0.969, P = 0.446); although males generally 

displayed lower mRNA expression levels of this gene compared to females (F 1,24 = 9.917, P = 

0.004). In both sexes, the mRNA expression levels of this gene were significantly affected by the 

treatment (F 4,24 = 4.781, P = 0.006, Fig. 3.5B). Post-hoc tests revealed a significant down-

regulation of mRNA expression levels only in fish treated with 30 µg/L BPS compared to the 

control (P = 0.007). In contrast to Cu/Zn-Sod, the mRNA expression of Mn-Sod was not 

significantly influenced by sex, treatment, and their interaction (interaction treatment × sex, F 4,20 

= 0.438, P = 0.779) (sex: F 4,20 = 1.924, P = 0.178, treatments: F 4,20 = 2.743, P = 0.052) (Fig. 

3.5C). Lastly, there were no sex-specific differences in the expression level of cat gene in 

response to any of the treatments (interaction treatment × sex, F 4,20 = 2.625, P = 0.065, Fig. 

3.5D). The expression level of cat did not show any difference between sexes (F 1,24 = 0.974, P = 

0.977). However, the cat expression was significantly affected by the treatments (F 4,24 = 13.976, 

P < 0.001). Tukey’s post-hoc tests revealed that exposure to 1 µg/L E2 (P < 0.001), 10 µg/L BPS 

(P < 0.001), and 30 µg/L BPS (P < 0.001) significantly down-regulated the mRNA expression of 

cat compared to the control treatment. 
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Fig. 3.5. Fold change in the expression of gpx1a (A), Cu/Zn-sod (B), Mn-sod1 (C) and cat (D) genes in 

the brain of male and female zebrafish. Data are expressed as mean ± SEM. Different letters above bars 

indicate significant differences (P < 0.05)(n = 3 fish/treatment). 

3.4. Discussion 

To date, only a handful of studies assessed neuro-behavioural effects of BPS and to the best of 

our knowledge, the present study is the first to investigate the effects of environmentally relevant 

concentrations of BPS on fear and anxiety responses and the potential underlying mechanisms in 

adult zebrafish. Adult aquatic animals with fully developed neural and endocrine systems are 

usually more tolerant to toxicants compared to juvenile or larval animals (Azad, 2013). Despite 

that, surprisingly our results revealed that chronic exposure to BPS attenuated some anxiety-

related behaviours or alternatively enhanced boldness and changed fear responses of adult 

zebrafish in a dose-specific manner. We further showed that these behavioural alterations 
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probably stemmed from the dysregulation in the transcription of genes involved in antioxidant 

defence mechanisms in the CNS of zebrafish.  

In the novel tank test, adult fish from the water control group spent the majority of their time 

(≈80%) at the bottom of the tank and showed a low tendency to explore the top half of the tank. 

This response is the normal manifestation of anxiety-like behaviour by fish in an unfamiliar 

environment (Cachat et al., 2011). However, chronic exposure to 1, 10, 30 µg/L of BPS 

decreased the anxiety response (alternatively increased boldness) of adult zebrafish which was 

indicated by less time fish spent in the bottom area of the tank and lower latency to enter the 

upper half of the tank. These results are consistent with our previous study indicating that BPS or 

E2 decreases shoal cohesion that might be a result of lower anxiety since the stress hypothesis 

suggests that there is a negative correlation between the level of anxiety and distance among 

shoal members (Pitcher and Parish, 1993). Therefore, these results point to the anxiolytic effects 

of BPS which attenuated anxiety-like behaviour in adult zebrafish. Our findings are in agreement 

with an earlier report indicating that exposure to BPA or E2 decreases the occurrence of bottom-

dwelling behaviour and generally increased anxiolytic-like responses in adult zebrafish (Wang et 

al. 2015). However, our results in adult zebrafish sharply contrast several previous studies that 

investigated the effects of embryonic or developmental BPS exposure on anxiety-like behaviours 

in the same species. For example, using the novel tank tests and light/dark experiments,  Gu et al. 

(2019) and  Wei et al. (2020) showed that embryonic and developmental exposures to BPS 

induce anxiety like behaviours in zebrafish, which were manifested by a  marked decrease in 

locomotor activity and and a greater amount of time spent at the bottom of the tank. Moreover,  

Gu et al. (2019) and  Wei et al. (2020) showed that this anxiogenic effect of BPS was associated 

with either an elevated oxidative stress response or an altered expression of genes linked to the 

hypothalamic-pituitary-internal axis. The apparent discrepancies between the findings of the 

present study and that of Gu et al. (2019) and Wei et al. (2020) are likely due to the difference in 

ontogenetic developmental stages of zebrafish, however other factors such as the differences in 

zebrafish strain, BPS exposure levels and regimes, and behavioural protocols might also have 

played a role.  

In the present study, similar to BPS, 75-day exposure to 1 µg/L E2 also decreased the anxiety 

response or alternatively increased boldness in adult zebrafish. A probable explanation for these 
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observed anxiolytic effects of BPS and E2 in adult zebrafish might be the activation of estrogen 

signalling pathways. This is because estrogens and E2 in particular are well-known regulators of 

anxiety and fear-related behaviours (Borrow and Handa, 2016). There is strong evidence that E2 

can induce either anxiogenic or anxiolytic effects depending on differential activation of estrogen 

receptors, age, and the reproductive cycle. For instance, anxiolytic properties of E2 have been 

demonstrated in rodents during proestrus (coincidental with elevated levels of E2), or after 

exposure to the exogenous hormone (Lund et al. 2005; Morgan and Pfaff 2001; Morgan and 

Pfaff 2001). There is also evidence suggesting that estrogens reduce anxiety- and depression-

related behaviours in male rodents (Boivin et al. 2017; Carrier et al. 2015). The anxiolytic effects 

of E2 are primarily mediated through the activation of estrogen receptor β (ERβ), whereas ERα 

is implicated in anxiogenic-like properties (Borrow and Handa 2016; Tetel and Pfaff 2017). 

Previous studies including ours have shown BPS has a higher binding affinity for ERβ than ERα, 

and its neurotoxic effects are mainly attributed to the activation of ERβ (Naderi et al. 2020; 

Molina-Molina et al. 2013; Le Fol et al. 2017). Therefore, BPS may induce anxiolytic effects in 

both male and female zebrafish through the activation of ERβ. This possibility needs to be tested 

in future studies. On the other hand, other studies showed endocrine-disrupting chemicals such 

as 17α-ethinylestradiol (Reyhanian et al., 2011) and dibutyl phthalate (Wibe et al., 2002) exert 

the anxiogenic effects on experimental fish by increasing bottom-dwelling time. These 

discrepancies may be ascribed to different estrogen potencies of the chemicals used, exposure 

period, and the developmental stage of the tested animals. Moreover, a reduction in stress-related 

behaviours during a novel tank test has previously been reported in fish exposed to recreationally 

used substances such as ethanol, morphine, nicotine, LSD, taurine, atrazine, diuron, fluoxetine, 

and ketamine (Cachat et al. 2011; Grossman et al. 2010; Saglio and Trijasse 1998; Riehl et al. 

2011; Egan et al. 2009; Grossman et al. 2010). These findings may raise the possibility that BPS 

interacts with neuromodulatory systems involved in the regulation of anxiety within the CNS. 

For example, it has been shown that BPS can interact and interfere with several 

neurotransmitters systems including the glutamatergic system, oxytocinergic system, 

dopaminergic system and serotonergic system (Castro et al. 2015; Salahinejad et al. 2020; Naderi 

et al. 2020), which have been strongly implicated in the regulation of anxiety-related behaviours 

in animals (Bergink et al. 2004; MacDonald and Feifel 2014; Sabihi et al. 2014).  
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Normal anxiety is a natural adaptive reaction (“flight or fight” response) to a potentially 

threatening situation or a potential threat. As a result, the normal anxiety may crucially impact a 

wide range of survival behaviours in animals including antipredator behaviour, foraging activity, 

and mating opportunities (Fuchs and Flügge, 2006). Therefore, it is crucial for animals to 

maintain a normal level of anxiety in their risky surroundings. Our data suggest that BPS may 

negatively affect fish fitness and survival through the induction of anxiolytic effects.  

The results of the current study also suggest that male and female zebrafish differ in their top-

dwelling behaviour independent of the treatment, with males spending more time in the top half 

of the tank than females. Differences in E2 levels between males and females might be a possible 

explanation for this finding. In addition to this, there is compelling evidence that testosterone 

offers protective benefits against anxiety in various organisms including fish (McHenry et al. 

2014; Raynaud and Schradin 2014).  Therefore, higher levels of testosterone in male zebrafish 

may have increased boldness and decreased anxiety relative to that in females. Moreover, there is 

a marked difference in the brain architecture and neural circuits that govern anxiety and fear-

related behaviours in males and females (Altemus et al. 2014; Donner and Lowry 2013; Young 

and Korszun 2010), which may explain, at least in part, sexual dimorphism in anxiety-related 

behavioural responses. 

While studying fear-related behaviours in the absence of alarm cues, the presence of conspecifics 

significantly increases the locomotor activity of zebrafish regardless of treatment. This is likely 

due to the presence of conspecifics that signal a safe environment and thereby act as a social 

buffer to decrease fear-related behaviours in both male and female zebrafish (Kikusui et al.  

2006; Faustino et al. 2017). However, we did not observe any marked changes in the locomotor 

activity of BPS-treated fish in the absence of alarm cues, which is in agreement with our 

previous study which also suggested no significant effect of BPS exposure on the locomotor 

activity in adult zebrafish (Salahinejad et al., 2020). In the presence of alarm cues, however, both 

sex and treatment significantly affected the fear-related behaviour in zebrafish. While the chronic 

exposure to 30 µg/L BPS and E2 significantly reduced the locomotor activity of males, the same 

treatments increased the locomotor activity of females. These treatments also significantly 

reduced the proportion of the freezing behaviour in females, while they increased freezing time 

in males. Interestingly, these sex-specific effects of BPS on fear are in line with known sex-
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specific patterns of predation intensity in animals, where males are usually at higher risk 

(Reznick et al. 1996; Sommer 2000; Christe et al. 2006) and therefore develop more pronounced 

antipredator behaviours (Gosline and Rodd 2008; Välimäki and Herczeg 2012; Meuthen et al. 

2019; Meuthen et al. 2018). As males already spend a lot of time and energy on antipredator 

responses, the observed BPS-induced increase in fear-related behaviour is likely to reduce 

foraging and mating opportunities, further compromising individual fitness. The elevated 

locomotor activity in BPS-treated females may also interfere with a proper fear response to 

potential threats, increasing their visibility to predators (Weis and Candelmo, 2012). Sex 

differences are rarely reported for fish since most studies use either males or females or larvae to 

evaluate the neurotoxicity of contaminants without considering the importance of sexual 

dimorphism.  

There are several possible explanations for sexual dimorphism in fear responses. The likely 

reason is that in contrast to the fixed behaviours (i.e. reflexes), flexible behavioural responses 

(i.e. antipredator responses) can be modulated by the interference of different hormones, 

including sex hormones, stress hormones, and neuropeptide hormones that may increase or 

decrease the probability of the expression of the given behaviour in a sex-specific manner 

(Soares et al. 2010; Palanza 2001). Growing evidence suggests that the interaction between 

xenoestrogens such as BPA and BPS and estrogen receptors influences the production of the 

nonapeptide hormones arginine-vasopressin (AVP) and oxytocin (OT) in the CNS (Patisaul 

2017; Salahinejad et al. 2020). It has been previously suggested that the levels of AVP and OT, 

as well as their receptors, are sexually dimorphic (Donovan et al. 2018) and they can influence 

anxiety and fear response in an opposite manner in males and females (Neumann and Landgraf 

2012, Donovan et al. 2018). Thus, BPS-induced sex-specific dysregulation of these peptides, as 

we reported previously (Salahinejad et al., 2020), might be the main reason underlying the 

observed differences between male and female zebrafish in response to chemical alarm cues.  

The ability of BPS to induce oxidative stress has been established in several in vitro and in vivo 

studies (Qiu et al. 2018; Qiu et al. 2019;  Zhang et al. 2018; Ijaz et al. 2020). The results of the 

present study also revealed that the chronic exposure to low concentrations of BPS reduced the 

transcription of several antioxidant genes including gpx1, Cu/Zn-Sod, and cat, indicating 

decreased antioxidant capacity and elevated oxidative stress in the adult zebrafish brain. The 
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reduced mRNA expression of antioxidant enzymes following exposure to BPS might have 

occurred due to increased ROS production, which could impair signaling pathways responsible 

for initiating the transcription of antioxidant genes (He et al., 2017). Therefore, our results 

further corroborate previous findings that the toxicity of BPS is likely mediated by oxidative 

stress (Maćczak et al. 2017; Ullah et al. 2019; Xiao et al. 2019; Zhang et al. 2016; Qiu, Yang, et 

al. 2019). Rodent studies have previously demonstrated a positive correlation between the brain 

oxidative status and level of anxiety (Bouayed et al. 2009; Hovatta et al. 2010). The increased 

accumulation of ROS and nitrogen reactive species as a result of antioxidant depletion can 

interfere with various functions within the CNS including nerve growth and regeneration, 

neuronal survival, differentiation, synaptic plasticity, and neurotransmission (Ng et al. 2008a; 

Salim 2017). In humans, reduced levels of major antioxidant enzymes such as sod, cat and gpx 

have been observed in patients suffering from depression, schizophrenia and bipolar disorders 

(Ng et al., 2008b). Previous studies also suggested that elevated oxidative stress in the brain is 

one of the main contributing factors to the occurrence of depression-like behaviours, anxiety 

disorders and cognitive impairment in rats (Bouayed et al. 2009; Patki et al. 2013). Furthermore, 

Rammal et al. (2008) suggested that anxiety in mice is linked to the accumulation of ROS in 

neuronal and glial cells located within the cerebellum and hippocampus. They also suggested 

that the oxidative stress may induce neuroinflammation and neurodegeneration in mice brains. 

Moreover, oxidative stress in the brain has also been linked to the behavioural and cognitive 

impairments in adult zebrafish (Ruhl et al. 2016; Naderi et al. 2017b; Attaran et al. 2020). 

Therefore, it is likely that BPS affected anxiety-like behaviour in zebrafish through induction of 

oxidative stress which led to an alteration in neurotransmission, neuronal function, and overall 

brain activity in adult zebrafish. For example, there is compelling evidence that the GABAergic 

and serotoninergic systems are major regulators of anxiety in animals (Gingrich, 2005). It has 

also been shown that BPS can disrupt homeostasis of the serotoninergic system in animals 

(Castro et al., 2015b). Therefore, it is possible that BPS altered the normal functions of these 

neurotransmitter systems through the induction of oxidative stress which eventually led to 

reduced anxiety-like behaviour in adult zebrafish. However, it is important to note that we cannot 

exclude the involvement of other BPS-affected signaling pathways or related genes in the 

observed anxiety and fear-related responses. This is because a neuroendocrine-disrupting 

chemical such as BPS often affects multiple signaling systems concurrently (Wang et al. 2019; Ji 
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et al. 2013; Kinch et al. 2015; Catanese and Vandenberg 2017; Naderi et al. 2020). Moreover,  

anxiety and fear behaviours are regulated by the reciprocal interplay between multiple internal 

signaling systems, ranging from neuroendocrine systems to hormones (Braida et al. 2012; 

MacDonald and Feifel 2014; Bergink et al.2004) . 

From an ecological perspective, the results of this study are alarming because BPS apparently 

does not only interfere with the generation of an appropriate response towards potential threats 

but also the accumulation of BPS at higher trophic levels could potentially break down the 

predator-prey relationships (Weis and Candelmo, 2012). Higher BPS-induced mortality in super-

predators has the potential to have detrimental top-down effects on the whole ecosystem (Suraci 

et al., 2016). 

 3.5. Conclusion 

BPS has been introduced as a safe alternative for BPA because of its presumed lower estrogenic 

activity. However, this study highlights that BPS can disrupt appropriate anxiety and fear 

responses of zebrafish. Our findings indicated that the activation of estrogen-mediated pathways 

and induction of oxidative stress might be the possible mechanisms by which BPS altered these 

vital behavioural functions in zebrafish. As BPS, similar to E2, strongly impairs the ability of 

aquatic organisms to respond appropriately to natural threats, its ubiquitous presence in aquatic 

ecosystems is likely to have detrimental effects on the subsistence of resident aquatic species.  
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Chapter four: Maternal exposure to bisphenol S induces neuropeptide signalling 

dysfunction and oxidative stress in the brain, and abnormal social behaviours in zebrafish 

(Danio rerio) offspring  

 

Preface 

The aim of this chapter is to address the third objective of my doctoral research work, which is to 

examine the effects of maternal exposure to BPS on social behaviours in F1-generation adult 

zebrafish. To this end, adult female zebrafish were exposed to environmentally relevant 

concentrations of BPS (0, 1, 10, 30 µg/L) and 1 µg/L of 17-β-estradiol (E2) as a positive control 

for 60 days. Females were then paired with BPS-unexposed males and their offspring were 

raised in control water for 6 months. Then in a series of behavioural tests, we found that maternal 

exposure to BPS alters social behaviours and anxiety response in a dose-specific manner in male 

offspring. Group preferences and social cohesion were significantly reduced by maternal 

exposure to 1 and 10 µg/L BPS, respectively. Additionally, maternal exposure to 1 and 30 µg/L 

BPS and E2 decreased offspring stress responses during the novel tank test. The impaired social 

behaviour was associated with elevated arginine-vasotocin (AVT) level as well as with the 

altered expression of genes involved in AVT signalling pathway (AVT, avpr1aa) and enzymatic 

antioxidant genes (cat and Mn-sod) in the brain. Collectively, these results suggest that maternal 

exposure to environmentally relevant concentrations of BPS alters social behaviour in zebrafish 

offspring, which is likely mediated by oxidative stress and disruption of neuropeptide signalling 

pathways in the brain. 

 

The content of chapter 4 was reprinted (adapted) from our manuscript, which is submitted to 

Science of the Total Environment. Arash Salahinejad, Anoosha Attaran, Denis Meuthen, Mahesh 

Rachamalla, Douglas P. Chivers, and Som Niyogi. “Maternal exposure to bisphenol S induces 

neuropeptide signalling dysfunction and oxidative stress in the brain, and abnormal social 

behaviours in zebrafish (Danio rerio) offspring.”  

Authors contribution 
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Arash Salahinejad (University of Saskatchewan) designed and conducted the experiment, 

generated, and analyzed the data, prepared all the figures and tables, and drafted and revised the 

manuscript.  

Anoosha Attaran, Mahesh Rachamalla (University of Saskatchewan), and Denis Methuen 

(Bielefeld University) (provided technical assistance and edited the manuscript. Som Niyogi and 

Douglas P. Chivers (University of Saskatchewan) provided inspiration, scientific input and 

guidance, commented on and edited the manuscript, and provided funding for the research.  

 

4.1. Introduction.  

Bisphenol A (BPA) has been documented to induce several detrimental health effects on humans 

and wildlife (Rosenmai et al., 2014; Sahoo et al., 2021; Pradhan et al., 2021). As a result, BPA is 

being replaced in various applications with other structural analogues (Chen et al., 2016) that 

often show greater stability against temperature, ultraviolet radiation, and biological degradation 

compared to BPA (Chen et al., 2016; Danzl et al., 2009; Ike et al., 2006; Xue and Kannan, 2019; 

Song et al., 2014). Bisphenol-S (BPS, bis-(4-hydroxyphenyl)-sulfone) is one of the principal 

BPA replacements that is increasingly used as additive and/or reactive raw material in a myriad 

of applications, including epoxy glues, baby bottles, thermal receipt paper, paper currencies, 

canned food, and personal care products (Liao et al., 2012b; Liao and Kannan, 2013; Chen et al., 

2016). Therefore, daily exposure to this chemical is inevitable, and a wide range of BPS 

concentrations have been detected in human urine, serum, and blood samples (Liao et al., 2012a; 

Xue et al., 2015; Jin et al., 2018; Li et al., 2020; Ye et al., 2015) Recently, multiple studies have 

also revealed that BPS is ubiquitously distributed in various aquatic systems, mainly due to a 

combination factors including widespread usage, low removal efficiency of wastewater treatment 

plants (WWTPs), and high resistance to degradation (greater stability against temperature, UV, 

and biological degradation compared to BPA) (Chen et al., 2016; Danzl et al., 2009; Ike et al., 

2006; Xue and Kannan, 2019; Song et al., 2014). 

In surface waters, concentrations of BPS range from <1- 65600 ng/L (Huang et al., 2018; 

Yamazaki et al., 2015; Jin and Zhu, 2016; Wan et al., 2018; Wu et al., 2018; Qiu et al., 2019b). 

Even though these concentrations are much lower than the known level of BPS that causes acute 
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toxicity (Qiu et al., 2019b; Gu et al., 2019), recent studies have demonstrated that BPS is not 

necessarily a safe alternative to BPA (Rosenmai et al., 2014) as chronic exposure to BPS has 

been reported to induce sub-lethal effects such as developmental abnormalities, hormonal 

imbalances and reproductive failure in vertebrates (Zhang et al., 2017; Ji et al., 2013; Qiu et al., 

2019a; Naderi et al., 2014; Ullah et al., 2016). The primary reason for these effects is the 

estrogenic and/or antiandrogenic activity of BPS (Chen et al., 2016) that can disrupt the 

endocrine system (Qiu et al., 2019b; Rochester and Bolden, 2015; Hashimoto et al., 2001). BPS, 

like BPA, shares structural similarity with 17β-estradiol (E2), thus some studies have suggested 

that interactions between BPS and estrogen receptors (ERs) may lead to hormonal imbalances 

and reproductive abnormalities (Chen et al., 2016; Ji et al., 2013; Qiu et al., 2016a; Rosenmai et 

al., 2014). Moreover, several lines of studies, including ours, have documented that chronic 

exposure to BPS at environmentally relevant concentrations can induce neurobehavioural 

disorders accompanied by disruption of normal brain functions (Salahinejad et al., 2021; 

Salahinejad et al., 2020; Naderi et al., 2020; (Kinch et al., 2015) Gu et al., 2019; Rezg et al., 

2018). Naderi and Kwong, (2020) provided a more detailed review of how bisphenol S affects 

different aspects of CNS via changes in level or expression of stress and sex hormones, and 

monoamine neurotransmitters. Of additional concern is the possibility that the profound effects 

of BPS might not be restricted to an exposed individual, but may also affect their offspring via 

non-genetic processes, which are characterized as transgenerational effects. Early development 

of embryos/fetuses relies on maternal provisioning of proteins, hormones and other critical 

biomolecules. Maternal exposure to toxicants such as BPS may not only lead to bioaccumulation 

of this toxicant in zygotes but may also disrupt maternal provisioning (Chen et al., 2019). 

Consistent with this proposition, a small number of experimental efforts indicated that parental 

exposure to BPS disrupts the development of offspring as well as their reproductive and 

endocrine functions (Xiao et al., 2019; Wei et al., 2018). However, a large knowledge gap 

currently exists, especially with regards to the transgenerational effects of BPS on the central 

nervous system (CNS) and the behaviour of animals. 

Across vertebrate taxa, neurohypophysial peptides play a critical role in the regulation of various 

physiological and behavioural processes (Veenema and Neumann, 2008; Duque-Wilckens et al., 

2020; Lema et al., 2015; Goodson and Bass, 2001). Oxytocin (OT) and arginine vasopressin 

(AVP) are two closely related neuropeptides synthesized in magnocellular neurons (MCNs) that 
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are located in the paraventricular (PVN) and supraoptic nuclei (SON) of the hypothalamus 

(Stoop, 2012; Lemos, 2012). Following their synthesis, AVP and OT are shuttled to the posterior 

pituitary and several brain areas where OT and AVP receptors are widely distributed(Veenema 

and Neumann, 2008) to specifically regulate region-associated behaviours (Stoop, 2012; 

Donaldson and Young, 2008; Baribeau and Anagnostou, 2015; Donaldson and Young, 2008; 

Knobloch et al., 2012). These peptides also act peripherally, being released into circulation by 

the posterior pituitary in response to stimuli to regulate various physiological processes (Balment 

et al., 2006; Knobloch et al., 2012). The functions of these neuropeptide signalling systems are 

evolutionarily conserved as they often yield similar responses across species. In teleost fishes, 

arginine vasotocin (AVT) and isotocin (IT) are homologous to AVP and OT in mammals. AVT 

and IT are primarily expressed in neuronal populations of the preoptic area in the anterior 

hypothalamus which are homologous to the supraoptic nucleus in mammals (Godwin and 

Thompson, 2012). The distribution of AVT, IT and their receptors (e.g., V1a1, V1a2, and V2 for 

AVT, and ITr for IT) in a wide array of fish brain regions, including hypothalamic and 

telencephalic areas, act as a proximate mechanism for regulating various social 

interactions(Goodson and Bass, 2001) such as group preferences (Braida et al., 2012), social 

approaches (Thompson and Walton, 2004), shoaling behaviours (Lindeyer et al., 2015), 

affiliative behaviours (Reddon et al., 2015), anxiety responses (Braida et al., 2012), aggression 

(Semsar et al., 2001; Lema et al., 2015), courtship behaviour (Salek et al., 2002), and parental 

behaviour (Semsar et al., 2001). Social interactions are a key part of life for many group-living 

animals as they benefit individual fitness through enhanced foraging success, increased mating 

opportunities, and decreased predation risk. Hence, if exposure to exogenous compounds like 

BPS has transgenerational effects which can alters social interactions in consecutive generations, 

this can have detrimental consequences not only for individual fitness but also for the 

sustainablility of populations, eventually affecting the whole ecosystems through both top-down 

and bottom-up effects.  

Recently, multiple studies have also consistently demonstrated that exposure to BPS induces the 

cellular production of reactive oxygen species (ROS). ROS are normally produced by living cells 

during the oxidative phosphorylation process of the mitochondrial respiratory chain. In order to 

neutralize ROS, cells have evolved antioxidative defence mechanisms which include enzymatic 

oxidants such as catalase (CAT), glutathione peroxide (GSH-Px), and superoxide dismutase 
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(SOD) (He et al., 2017). BPS-induced increase in ROS production can disrupt the cellular redox 

balance, resulting in oxidative stress. Recent in vitro and in vivo studies have shown that BPS 

induces oxidative stress in female ovarian issue (Nourian et al., 2017), spermatogonial cells 

(Liang et al., 2017), testes (Shi et al., 2018), liver (Zhang et al., 2018), neuronal cells (Pang et al., 

2019) in mice, and also in the brain (Salahinejad et al., 2021; Schirmer et al., 2021), liver (Qiu et 

al., 2019a) and in the larvae of zebrafish (Gu et al., 2019). In our previous study, we also 

suggested that BPS-induced reduction in the mRNA abundance of enzymatic antioxidants in the 

brain might have been the key mechanism underlying the abnormal behaviours in fish exposed to 

BPS (Salahinejad et al., 2021). If BPS is directly transmitted to offspring through the germline, 

maternal exposure to this chemical might also have similar consequences for offspring.  

The present study was designed to investigate whether maternal exposure to environmentally 

realistic concentrations of BPS influences the social behaviour, and the neuropeptide levels and 

the gene expression of enzymatic antioxidants in the brain of offspring using zebrafish as the 

experimental model. To this end, adult female zebrafish (9 months old) were exposed to BPS at 

environmental levels (0-30 µg/L) for 60 days. Female fish were then paired with control males 

and their offspring were reared in clean water for 6 months. Then, in separate follow-up 

experiments, we examined the social behavioural responses of male offspring (as our clutches 

did not contain sufficient numbers of females) using group preference and shoaling tendency 

paradigms as well as anxiety and locomotion. These behavioural experiments were then followed 

by the analysis of AVT and IT levels in their brains. In addition, the mRNA expression levels of 

these peptide markers and enzymatic antioxidants were also analyzed in the zebrafish brain.  

4.2. Material and methods: 

4.2.1. Reagents.  

Bisphenol-S (purity ≥ 99%), 17 β-estradiol (E2), and dimethyl sulfoxide (DMSO) were 

purchased from VWR International Co. (Mississauga, Canada). Stock solutions of BPS and E2 

were prepared in DMSO and stored in the dark at 4 °C; meanwhile, fresh stock solutions were 

prepared every week. The solvent concentration of BPS and E2 did not exceed 0.01 % DMSO 

(v/v) throughout the experiment. 
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4.2.2. Zebrafish Maintenance and Exposure Protocol.  

A total of 200 experimentally naïve adult zebrafish (Denio rerio; AB strain; 9 months old; sex 

ratio 1:1) were sourced from the RJF Smith Center for Aquatic Ecology of the University of 

Saskatchewan. After visual identification of sex, individuals were randomly assigned to mixed-

sex groups of 5-6 in 38 3-L tanks filled with dechlorinated tap water and maintained under a 

photoperiod of 14:10 h light: dark cycle and at a constant temperature (25 ± 1 °C) and pH (7.9). 

Water quality was also monitored on a weekly basis for chlorine, ammonia, nitrates, nitrites, and 

oxygen. All fish were fed twice daily to enhance egg production: flake food (Nutrafin Max 

flakes, Holm, Germany) in the morning and frozen blood worms (Hikari BIO-PURE®, 

Hayward, CA, USA) in the afternoon. After 2 weeks of acclimation in ambient water, fish were 

exposed to either three nominal concentrations of BPS (1, 10, or 30 µg/L), 1 µg/L E2 (the 

positive control), or DMSO (vehicle control) for 60 days. A static renewal approach, with a 

100% exchange of water at every 24 h, was adopted to achieve stable concentrations of test 

compounds and to maintain optimum water quality by eliminating leftover food and feces. 

Actual BPS concentrations in the exposure tanks were verified and described elsewhere 

(Salahinejad et al., 2020). Water samples (50 ml, n= 3) were collected on day 15 and day 60 of 

the exposure - one immediately after the water exchange, and the other 24 h post-exposure, 

immediately before the next exchange. The samples were then passed through 0.22 µm nylon 

filters (Fisher Scientific, USA), and BPS concentrations were then measured using an Agilent 

1200 High-Performance Liquid Chromatography system (HPLC; Agilent Technologies, Santa 

Clara, CA, USA) (Salahinejad et al., 2020). 

4.2.3. Breeding and offspring maintenance.  

Since the absence of males can have detrimental effects on female oviposition (Spence et al., 

2008), previous studies recommended that females should be housed with males and allowed to 

spawn frequently (Niimi and LaHam, 1974). Thus, we kept males and females together for the 

first 50 days of exposure. On day 50, BPS-exposed males were removed while female fish 

remained exposed to BPS for 60 days. On day 61, female fish were netted and placed in 30L 

breeding tanks containing clean water. We paired 4 BPS-exposed females with 4 sexually mature 

unexposed male fish (5 replicates per treatment). The next morning, between 7 and 8 am, 1-2 h 

after the light was switched on, we collected deposited eggs. Embryos of each treatment were 

maintained in groups of 100 individuals in 2.9L tanks. This process was repeated for 2 
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consecutive days to ensure that all female fish released their eggs. Offspring mortality was 

tracked starting 7 days post-fertilization and dead individuals were removed daily (more detail in 

Table 4.1). We assessed the behaviour of offspring at 6 months age. Fig. 4.1 illustrates the 

experimental design used in this study. Zebrafish offspring in our study were strongly male-

biased (in two treatments, E2 and 1 µg/L BPS, only 14 and 11 out of 93 and 11 offspring, 

respectively, were female) and thus female sample sizes were insufficient. Tested individuals had 

an average weight and length of 0.41 mg and 3.6 cm, respectively (Table 4.2). This study was 

performed according to the Canadian Council on Animal care guidelines and approved by the 

University of Saskatchewan Animal Research Ethics Board (protocol no. 20180084). 

 

Fig. 4.1. Schematic drawing of the experimental protocol used in this study. Male and female fish (orange 

and blue fish) were exposed to different concentrations of BPS for 50 days. Then, male fish were 

removed from the experimental tank and female fish were kept exposed to BPS for further 10 days. After 

60 days, on day 61, female fish were paired with mature unexposed male fish (black fish) for 

reproduction. Embryos were then collected and raised up to the age of six months (green fish).   

Table 4.1. Cumulative mortalities from day 7 to day 60 post-fertilization (dpf). Data are mean ± 

S.E.M of 5 replicates containing 100 pooled eggs each.  

Treatments Cumulative Fish mortality (7-

60 dpf) 

Control 19.80 ± 5.06 

1 µg/L E2 21.8 ±2.53 

1 µg/L BPS 22.20 ±2.20 

10 µg/L BPS 21.20±3.42 

30 µg/L BPS 21.80 ±3.51 
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Table 4.2. Results for average weight and length of offspring following maternal exposure to 

different BPS and E2 treatments (n = 10 for each treatment). 

Treatments Offspring weight g 

(means ± SD) 

Offspring length 

cm (means ± SD) 

Control 0.42 ± 0.10 3.67 ± 0.33 

1 µg/L E2 0.41 ± 0.10 3.59 ± 0.41 

1 µg/L BPS 0.40 ± 0.09 3.62 ± 0.40 

10 µg/L BPS 0.40 ± 0.06 3.45 ± 0.31 

30 µg/L BPS 0.42 ± 0.09 3.69 ± 0.34 

Total 0.41 ± 0.09 3.60 ± 0.35 

 

4.2.4. Determining BPS concentrations in eggs.  

After spawning, a fraction of the eggs (n=250 eggs, 2 replicates for each treatment) were 

collected and analyzed to determine BPS concentration. To determine BPS concentrations in 

eggs, egg samples were weighed, freeze-dried and mechanically pulverized. Using a Dionex 200 

Accelerated Solvent Extraction (ASE) system (Thermo Fischer Scientific, Waltham, MA, USA), 

samples were then extracted at 125 °C applying a 1:1 dichloromethane:acetone HPLS grade 

solvent into solvent-washed amber glass bottles. Samples were then air dried and re-suspended in 

1 ml acetonitrile. These samples were then filtered using 45 µm nylon filters (fisher Scientific, 

USA) and analyzed with the HPLC. Samples were processed at 30 °C, and the mobile phase was 

a mixture of 80% acetonitrile/ 20% H2O with 0.5 ml/min flow rate. Concentrations were 

determined using a UV/VIS detector at a wavelength of 258 nm. 

4.2.5. Behavioural tests.  

Many previous studies on social behaviours have focused on assessing individual responses of 

animals, perhaps because individual responses can be easily quantified and manipulated. 

However, quantifying and manipulating a whole social group poses many logistic challenges 

(Krause et al., 2007). Zebrafish tend to form tight groups or shoals that are often quantified by 

measuring the preference of a focal fish placed in a separate tank and a shoal of conspecific in 

different tanks. This method can shed light on social preferences and decision-making, but it 
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does not allow the analysis of the internal dynamics of association among fish members. 

Therefore, to assess the effects of maternal exposure to BPS on F1 social behaviour, we 

conducted shoaling and group preference assays. Afterwards, we also measured the anxiety and 

locomotion of offspring.  

4.2.5.1. Shoaling/shoal cohesion. 

Zebrafish are a shoaling species, and this behaviour commences soon after hatching (Engeszer et 

al., 2007). Hence, measuring shoal cohesion is a common approach to study the impact of 

toxicants on zebrafish social behaviour (Salahinejad et al., 2020). We used the methodology 

described by Attaran et al., (2019) to assess shoal cohesion. In brief, we formed shoals of 3 

conspecifics from the same treatment group and tank (24-28 replicates for each treatment; total 

357 individuals) and gently introduced them to the experimental tank (Fig. 4.2), which was a 28 

cm circular opaque white plastic tank (filled with 1L of ambient water, water depth ca. 2 cm), 

and allowed fish to acclimate for 15 min. Following acclimation, shoaling behaviour was 

recorded for 8 min using an overhead camera (C922x Pro Stream, Logitech, Lausanne, 

Switzerland). Fish were then returned to their home tanks. As a proxy for shoal cohesion, we 

measured inter-individual distances as they are a reliable measure of shoal cohesion when shoal 

size is kept constant across trials (Buske and Gerlai, 2011b). For this purpose, we converted each 

video into 32 images (one image every 15s) using Virtual Dub v.1.10.4.35491 (Avery Lee, 

University of California, Santa Barbara, CA, USA). Fish position in each shoal was then 

digitized by placing a landmark on the head of each fish using tpsDig232 v.2.30 (F. James Rohlf, 

Stony Brook University, New York, USA). Inter-individual distances were then extracted for 

each image using CoordGen 8 (H. David Sheets, Integrated Morphometrics Package Suite, 

Canisius College, New York, USA). We then calculated both the average inter-individual 

distance for each shoal as well as the number of excursions, i.e., the number of times that 

individuals moved more than 14 cm horizontally away from the stimulus shoal (Moretz et al., 

2007a). 
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Fig. 4.2. Schematics of the experimental tank used for measuring zebrafish inter-individual distances in 

the shoaling experiment.  

4.2.5.2 Group preferences.  

Following a 5-day break, the same fish used in the shoal cohesion test were assessed for their 

preference to form groups with conspecifics as described elsewhere (Salahinejad et al., 2020) 

and illustrated in Fig. S3. In brief, focal fish (n= 24-28 replicates per treatment) were 

individually placed into an experimental tank (25 × 15 × 15 cm, 4L of water), with a neighboring 

stimulus tank containing a shoal of unfamiliar conspecifics (3 males and 3 females). Except the 

front, all sides of the experimental tank and the stimulus tanks were covered with white opaque, 

2.5 mm thick plastic sheets to minimize external visual cues. Following a 10-min habituation 

period, the barrier between tanks was gently removed and zebrafish behaviour was video 

recorded for 6 min with a frontal camera (C922x Pro Stream, Logitech, Lausanne, Switzerland). 

Experimental tanks in each video were then divided into four equal sections (with the first 

section being the closest to the stimulus shoal and the fourth section the farthest away from the 

shoal (Fig. S3)). We then measured the time each individual spent in the first zone (i.e. the one 

closest to the shoal) as well as the number of visits to this zone using animal tracking software 

(Viewer² v.3.0.0.119, Biobserve GmbH, Bonn, Germany).  
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Fig. 4.3. Schematics of the experimental tank used for measuring the total time that fish spent in zone 1 

(close to the conspecifics) in the group preference test.  

 

4.2.5.3. Anxiety test. 

 We assessed the level of anxiety in zebrafish offspring using the novel tank test. This paradigm 

is an established, standardized assay that evaluates the natural neophobic response of zebrafish in 

an unfamiliar environment as reflected by reduced activity, increase freezing behaviour, and 

spending more time at the bottom of the tank (Blaser and Rosemberg, 2012; Cachat et al., 2010; 

Cachat et al., 2011). Experimental fish were gently placed in an unfamiliar tank (25 × 15 × 15 

cm, 4L of water) and their behaviours were video-recorded for 6 min with a frontal camera 

(C922x Pro Stream, Logitech, Lausanne, Switzerland) (Fig. S4). Experimental tanks in each 

video were then divided horizontally into 2 equal sections (i.e. top and bottom) using animal 

tracking software (Viewer² 3.0.0.119, Biobserve GmbH, Bonn, Germany) to assess the total time 

that each individual spent in the bottom half of the tank. 

 

Fig. 4.4. Schematics of the front view of the experimental tank used for measuring zebrafish anxiety 

response. 
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4.2.5.4. Locomotion.  

Locomotor activity is a trait integral for individual fitness as it integrates the physiological 

capacity of fish to produce and regulate the energy required for migration, feeding, reproduction, 

and escaping predators (Little et al., 1990). Housing social animals individually may induce 

isolation syndrome (Noble, 1976) which may manifest as abnormal locomotion such as 

zigzagging or freezing in zebrafish. Therefore, it is important to assess locomotion in both the 

presence or absence of conspecifics. Consequently, during the novel tank test (i.e. in the absence 

of conspecifics) and during the group preference test (i.e. in the presence of conspecifics), we 

assessed locomotion of individual fish from frontal video-recordings for 6 minutes before the 

shoal of conspecifics was visible, and for 6 minutes after the barrier to the stimulus fish tank had 

been lifted and conspecifics were visible. For each time period, we tracked the total distance 

covered by individuals using animal tracking software (Viewer² v.3.0.0.119, Biobserve GmbH, 

Bonn, Germany). 

4.2.6. Biochemical assessments.  

To assess AVT and IT levels in zebrafish brains, we sacrificed twenty individuals per treatment 

immediately following the behavioural trials and extracted the whole brains from the cranial 

cavity. We then applied an arginine vasotocin (zebrafish arginine vasopressin) and an isotocin 

(zebrafish oxytocin) ELISA kit following the manufacturer’s protocol (BioVision, USA). In 

brief, the pooled of 3 brain tissues were weighed and then homogenized in phosphate buffered 

saline (PBS) (⁓ 10 mg tissue in 100 µL PBS) on ice. The homogenates were then centrifuged for 

20 min at 1000×g and their supernatants were stored in -20°C for the next experimental steps. 

After setting the blank and standard samples, we added 50 µl of each sample into each well 

before immediately adding 100 µl HRP-conjugate reagent. Afterwards, the plate was covered 

and incubated for 60 minutes at 37 °C. The solutions were then discarded and wells were washed 

four times before adding 50 µl Chromogen Solution A and B. The solution was mixed gently, 

and the plate was covered again for 15 minutes incubation at 37 °C. Finally, 50 µl of Stop 

Solution was added to each well and the results were obtained at 450 nm using a multimode 

microplate reader (Varioskan Flash, Thermo Fisher Scientific, Finland). AVT and IT 

concentrations in the brain were expressed as pg/mg of tissue (wet weight). 
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4.2.7. Quantitative real-time polymerase chain reaction. 

 To understand possible mechanisms by which BPS may influence social behaviour of offspring, 

we used quantitative real-time PCR assay to evaluate the mRNA expression of genes associated 

with the neuropeptide signalling system including AVT (avp for Danio rerio), IT (oxt for Danio 

rerio) and their receptors (avpr1aa, avpr1ab, itr) as well as antioxidant enzymes such as 

copper/zinc superoxide dismutase (Cu/Zn-sod), manganese superoxide dismutase (Mn-sod), 

catalase (cat), and glutathione peroxidase (gpx1a). Following behavioural tests, fish brains (n 

=12 per treatment) were dissected out from the cranial cavity and then frozen immediately in dry 

ice and stored at -80 °C until further analysis. Total RNA was extracted from pools of 3 whole-

brain tissues using a RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s 

protocol. The concentration and purity of extracted RNA were confirmed to be suitable for 

analysis by measuring the absorbance ratios at wavelengths of 260 and 280 nm in a 

spectrophotometer (NanoDrop, Thermo Scientific, Waltham, MA, USA). Later, the cDNA was 

synthesized from 1 µg of total RNA using a QuantiTect Reverse Transcript kit (Qiagen, Hilden, 

Germany). Subsequently, transcript levels were measured in a 20 µL PCR reaction mixture 

consisting of 10 µL SYBER Green PCR Master Mix (SensiFAST, Bioline, London, UK), 2 µL 

cDNA, and 0.8 µL of each forward and reverse gene-specific primer using an iCycler Thermal 

Cycler (SensiFast, SYBR No-ROX Kit, Bioline, USA) (Attaran et al., 2021; Attaran et al., 2020) 

The gene encoding β-actin was used as the housekeeping gene and finally the relative expression 

of target genes was evaluated by the 2-∆∆ct method as described in Livak and Schmittgen (Livak 

and Schmittgen, 2001). The primer sequences for all the genes analyzed are presented in Table 

4.3. 
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Table 4.3. Nucleotide sequences of the forward and reverse primers used for qPCR. 

Gene Forward primer sequences (5'-

3') 

Reverse primer sequences (5'-3') Genebank 

association 

number 

avp  TCCAGAACTGCCCACGAGG

A 

ACAGCAGATACTGGGGCCAA NM-178293.2 

avpr1aa GTGGCGGTGATCGGGAACT

A 

CACCTGGAAGAAGGCCACCA  NM_001301114

.1 

avpr1ab CTTCTCCTGGGATGATTCA

GAAA 

GCCACTGAACAGCATGTAGA NM_001297676

.1 

oxt CAAGCTCTCGGTGTCAGCC

TT 

CGGAGCGTTTTCCTCCGATG NM_178291.2 

itr CTTCCAGGTTCTTCCTCAA

CTC 

ACATCCCAACAGTCTGAAGAT

AC 

NM_001199370

.1 

gpxla AGGCACAACAGTCAGGGA

TT 

TCCAGGACGGTATTTCAGA NM_001007281

.2 

cat GGACCTTCTACATCCAGGT

TATG 

CAGGAATCAGAGGGAACTCT

TTAT 

NM_130912.2 

Cu/Zn-

sod 

GTGAGACACGTCGGAGAC

CT 

ATTGCCACCCTTCCCCAAGT NM_131294.1 

Mn-sod ATTGAGGATTGCAGCGTGT

GC 

AGCTTGGAAACGCTCGCTGA NM_199976.1 

Beta 2 CTGTTCCAGCCATCCTTCTT TGTTGGCATACAGGTCCTTAC NM_181601.5 

 

4.2.8. Statistical analysis. 

All statistical analyses were conducted using SPSS software (v.23.0 IBM, Armonk, NY, USA). 

The normality of data and homogeneity of variances were verified by Kolmogorov-Smirnov and 

Levene’s tests, respectively. Statistical analyses were performed on parametric data using a 2-

way analysis of variance and a one-way analysis of variance (ANOVA) followed by Tukey’s 

post-hoc comparisons when general models were significant. When parametric test assumptions 

were violated and no transformation could resolve this issue, non-parametric tests were 

performed using Kruskal-Wallis tests with multiple post-hoc pairwise comparisons if the overall 

test was significant. In this study, dependent variables were mortality, shoal density, the number 

of excursions, the time spent next to a conspecific shoal, the number of times the conspecific 

shoal was visited, the degree of anxiety, AVT and IT concentrations in the brain, and mRNA 

expression levels, and treatments were consistently the independent variable. For the analysis of 

locomotion for each individual, we entered the travelled distance (in cm) as a dependent variable 
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and examined the treatment × presence/absence of shoal interaction. The significance threshold 

was set at 0.05. 

4.3. Results.  

4.3.1. Mortality rates.  

No fish mortality was observed in parental fish during the experimental exposure. Similarly, 

treatments did not significantly affect cumulative mortality in zebrafish offspring (One-way 

ANOVA: F4,24 = 0.11, p = 0.97) (Table 4.1). 

4.3.2. BPS concentrations in eggs.  

We did not detect BPS above the detection limit of ~0.25 µg/L in eggs from any treatments. 

4.3.3. Behavioural effects.  

4.3.3.1. Shoaling/Shoal cohesion.  

Treatments significantly affected interindividual distances among shoal members (Kruskal-

Wallis, X2
(4) = 16.50 p = 0.002). Post-hoc comparisons showed that offspring from 10 µg/L BPS 

exposed mothers have significantly lower inter-individual distances compared to the controls (p 

= 0.014), but offspring from 30 µg/L BPS (p = 0.003) and to E2 (p = 0.032) exposed mothers did 

not exhibit this effect (Fig. 4.5A). In addition, the number of excursions during the shoaling test 

differed significantly across treatment groups (X2
(4) = 15.71, p = 0.003). Offspring from mothers 

exposed to 30 µg/L BPS (p = 0.046) and to 1 µg/L E2 (p = 0.039) made significantly more 

excursions from the shoal than the control (Fig. 4.5B). 

4.3.3.2. Group preference.  

Treatments had a non-monotonic effect on fish group preferences (One-way ANOVA: F4, 136 = 

1.88, p = 0.02). Only maternal exposure to 1 µg/L BPS significantly reduced the amount of time 

that individual offspring spent in the area next to the stimulus group compared to the control 

(Tukey’s Test: p = 0.009), while no significant reductions were observed in other treatments 

(Tukey’s Test: all p > 0.5, Fig. 4.5C). Our results also indicated that the number of times that 

individuals visited the zone next to the stimulus shoal did not significantly differ across different 

treatments (One-way ANOVA: F4,136 = 1.02, p = 0.39, Fig. 4.5D). 
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4.3.3.2. Anxiety responses.  

Treatments significantly affected offspring anxiety (One-way ANOVA: F4,137 = 3.43, p = 0.01). 

We observed a U-shaped dose-response curve where maternal exposure to 1 µg/L E2, 1 µg/L 

BPS, and 30 µg/L BPS (Tukey’s test: All p < 0.05) led to a significant decrease in the total time 

that individual offspring fish spent in the bottom half of the tank compared to the control 

offspring (Fig. 4.5E), while maternal exposure to 10 µg/L BPS did not produce any significant 

change in the anxiety response of offspring (Tukey’s test: p = 0.84).  

4.3.3.3. Locomotion.  

The interaction between the treatments and the presence or absence of conspecifics was non-

significant (Two-way ANOVA: interaction treatment × presence or absence of shoal: F4,269 = 

0.691, p = 0.59). Overall, the presence of conspecifics significantly increased the distance 

travelled by individual fish (One-way ANOVA: F1, 273 = 24.962, p <0.001), but it was not 

significantly affected by any treatment relative to the control (One-way ANOVA: F4,273 = 2.38, p 

= 0.052, Fig. 4.5F). 
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Fig. 4.5. Effects of maternal exposure to BPS and E2 for 60 days on the behaviours of male offspring: (A) 

Shoal cohesion (interindividual distances among shoal members), (B) Excursions from the shoal (number 

of times individuals were >14 cm away from the rest of the shoal during the shoaling test), (C) Group 



80 
 

preference (total time in the zone next to stimulus shoal), (D) the number of times the conspecific shoal 

was visited (number of visits in zone 1 during the group preference test), (E) Anxiety test (time spent at 

the bottom half of the tank during the novel tank test in seconds), (F) Total travel distance. Bar graphs 

represent mean ± standard error, while boxplots represent data from the 25th to the 75th percentile (boxes) 

and from minimum to maximum (whiskers). Different letters indicate significant differences between 

treatments (p < 0.05); the symbol # indicates significant differences compared to the control treatment (p 

< 0.05) (n = 24-28 fish/treatment). 

4.3.4. Neuropeptide levels in offspring brains.  

Maternal exposure to BPS induced significant non-monotonic changes in AVT levels of the 

offspring brain (Kruskal-Wallis Test: X2
(4) = 9.86, p = 0.04). While the highest concentrations of 

BPS or E2 had no significant effect (all p > 0.5), elevated AVT levels were observed in response 

to maternal exposure to 1 µg/L BPS relative to the control (p = 0.023, Fig. 4.6A). However, 

maternal exposure to BPS and E2 did not significantly affect isotocin levels in the brain of 

offspring (Kruskal-Wallis Test: X2
(4) = 6.31, p = 0.17, Fig. 4.6B). 

 

Fig. 4.6. Arginine vasotocin (A) and isotocin (B) levels in the brain of offspring whose mothers were 

exposed to different concentrations of BPS and E2. The symbol # indicates significant differences 

compared to the control treatment (p < 0.05). The boxplots represent data from the 25th to the 75th 

percentile (boxes) and from minimum to maximum (whiskers) (n = 4). 
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4.3.5. Gene expression of the neuropeptide signalling system and enzymatic antioxidant in 

offspring brains.  

Maternal BPS and E2 exposure affected the mRNA expression profile of multiple genes 

involved in neuropeptide signalling pathways and in enzymatic antioxidant responses (Table 

4.4). Non-monotonic dose-response relationships were observed between BPS concentrations 

and AVT mRNA (avp) levels in offspring brains (ANOVA; F4,14 = 7.97, p = 0.004). Maternal 

exposure to 1 (p = 0.028) and 10 µg/L BPS (p = 0.012) significantly upregulated the mRNA 

expression of AVT in the offspring relative to the control, while maternal exposure to E2 and 30 

µg/L BPS triggered no significant change in AVT expression (all p ≥ 0.05). In contrast, mRNA 

expression of the AVT receptor avpr1aa in the brain was significantly downregulated in 

offspring of mothers exposed to 30 µg/L BPS compared to offspring from mothers exposed to 1 

and 10 µg/L BPS (ANOVA: F4,14 = 4.70, p = 0.02; Tukey’s test: all p < 0.05). However, there 

were no significant treatment-induced differences in avp1ab (X2
(4) = 1.23, p = 0.87) expression 

levels. Similarly, maternal exposure to BPS and E2 had no significant effect on isotocin (IT) 

(ANOVA: F4,14 = 1.68, p = 0.229) and isotocin receptor (ITr) gene expression levels (X2
(4) = 

5.63, p = 0.22).  

Maternal exposure to BPS irrespective of concentrations and E2 caused a marked 

downregulation in the mRNA expression of Cat in the brain relative to the control (One-way 

ANOVA: F4,14 = 15.61, p < 0.001; Tukey’s tests: all p < 0.05, Table 4.4). In addition, maternal 

exposure to 30 µg/L BPS also significantly reduced the mRNA expression of Mn-sod in the 

offspring brain (X2
(4) = 10.30, p = 0.36), while no significant changes were observed in GPxla 

and Cu/Zn-sod across different treatments (all p > 0.05). 
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Table 4.4. Mean (± SEM) fold change in the expression level of genes involved in the AVT/IT 

pathway as well as of genes associated with antioxidant enzymes within the brain of offspring (n 

= 3). Asterisk indicates significant differences relative to the control (p < 0.05).  

Genes Control 1 µg/L E2 1 µg/L BPS 10 µg/L BPS 30 µg/L BPS 

oxt 1.00 ± 0.16 1.35 ± 0.15 0.91 ± 0.09 0.69 ± 0.41 0.63 ± 0.10 

itr 1.00 ± 0.17 1.52 ± 0.16 1.12 ± 0.13 1.23 ± 0.61 0.68 ± 0.08 

avp 1.00 ± 0.35 1.69 ± 0.36 6.09 ± 1.15* 6.91 ± 2.93* 1.74 ± 0.62 

avpr1aa 1.00 ± 0.20 0.98 ± 0.23 1.25 ± 0.14 1.43 ± 0.19 0.39 ± 0.08 

avp1ab 1.00 ± 0.15 1.21 ± 0.05 1.09 ± 0.18 1.19 ± 0.48 1.09 ± 0.34 

gpxla 1.00 ± 0.13 1.10 ± 0.17 1.69 ± 0.39 0.98 ± 0.19 0.79 ± 0.32 

Cu/Zn-sod 1.00 ± 0.24 0.91 ± 0.26 0.87 ± 0.45 0.98 ± 0.47 0.23 ± 0.04 

cat 1.00 ± 0.12 0.50 ± 0.02* 0.30 ± 0.08* 0.24 ± 0.09* 0.22 ± 0.04* 

Mn-sod 1.00 ± 0.23 0.65 ± 0.01 0.60 ± 0.05 0.76 ± 0.06 0.38 ± 0.14 

 

4.5. Discussion.  

The majority of previous studies that demonstrated different endocrine-disrupting effects of BPS 

across taxa have only examined the effects of direct exposure to BPS on a single generation. 

However, exposure to BPS, like many other endocrine-disrupting chemicals, may also cause 

transgenerational effects. This can occur when BPS is passed down through the germline and 

impacts the early development of offspring. Additionally, BPS-induced changes in the mother 

may influence maternal signalling or provisioning, and thereby disrupt critical development 

processes in the offspring. This highlights the importance of assessing the impact of maternal 

exposure to BPS on the next generation. In the present study, we demonstrated for the first time 

that BPS is not directly transmitted from mothers to the offspring via eggs at detectable levels, 

nonetheless, BPS-induced modifications in maternal zebrafish affect multiple behavioural traits 

in the offspring, including shoaling, group preferences, and anxiety. These changes likely arise 

from maternal BPS exposure altering maternal signalling or provisioning, which impairs the 

neuropeptide signalling pathways and antioxidant status in the brain of the F1 offspring. 

In our study, maternal exposure to BPS induced a non-monotonic dose-response effect on the 

shoaling behaviour of zebrafish offspring. Specifically, maternal exposure to 10 µg/L of BPS 

decreased the mean distance among shoal members. Living in groups necessitates maintaining a 

continual balance between its costs (e.g., competition for resources, pathogen transmission) and 
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benefits (e.g., improved antipredator defences, higher foraging success and more mating 

opportunities) (Reddon et al., 2011; Pitcher, 1998; Chivers et al., 1995). Since maternal BPS 

exposure was found to decrease shoal density in the offspring, exposure to this chemical is thus 

likely to negatively impact individual fitness. Such a disruption in shoal cohesion was also 

reported in maternal exposure to other chemicals such as fluoxetine (Barry, 2013). In the present 

study, maternal exposure to 1 µg/L E2 and 30 µg/L BPS also increased the overall number of 

excursions from the shoal (i.e. the number of times individuals moved away from their shoal), 

made offspring behave in a less consistent manner. This result differs from our previous study 

that showed the direct exposure to BPS and E2 does not significantly affect the number of 

excursions from the shoal (Salahinejad et al., 2020). On one hand, this may reflect the tendency 

of shoals to be less dense in general, but on the other hand, excursions have also been linked to 

boldness with bolder fish venturing out of the shoal more frequently (Moretz et al., 2007a). 

Consequently, maternal BPS exposure may increase boldness behaviour - a personality trait with 

key ecological relevance as it is linked to increased competitiveness, dispersal tendency and 

reproductive success at the cost of higher energy demands and susceptibility to predators and 

pathogens (Modlmeier et al., 2015; Smith and Blumstein, 2008). This highlights a clear need for 

future research on how maternal BPS exposure may impact other behavioural traits in animals. 

In the present study, maternal exposure to BPS also affected the tendency of individuals to join a 

shoal in a non-monotonic way, with 1 µg/L of BPS exposure inducing a lower preference to join 

a shoal in the offspring while not affecting the frequency of visits to the stimulus shoal. In 

agreement with our observation, a previous study with mice also reported that perinatal exposure 

to BPS from pregnancy day 8 through postpartum day 21 decreased social interaction interest in 

the offspring (Kim et al., 2015b). Shoaling teleosts show a constant stream of decisions by 

individual fish to join, leave, or stay with conspecifics. For example, in group living fish, when 

the balance of costs and benefits favours shoaling, they often decide to join a group or remain 

within a group (Pitcher, 1998). This has been demonstrated in previous studies as zebrafish were 

found to spend most of their time close to the conspecific groups under the experimental 

condition similar to the present study (Saverino and Gerlai, 2008; Salahinejad et al., 2020). 

Therefore, social preference test can help us to understand how exposure to chemicals can 

influence such decisions in shoaling teleosts. Since zebrafish, like other shoaling teleosts, prefer 

to spend most of their time close to conspecific groups due the fitness benefits associated with 
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shoaling (Saverino and Gerlai, 2008), our results suggests that maternal BPS exposure can 

induce maladaptive behavior in the offspring and reduce their fitness by impairing their social 

decision making processes.  

Previous studies suggested that a balanced activity of both brain neuropeptide systems is 

important for appropriate emotional behaviors (Neumann and Landgraf, 2012). The present 

study showed that maternal exposure to both BPS and E2 consistently increased AVT levels in 

offspring brains. This increase was accompanied by a significant upregulation in the mRNA 

expression of AVT in the brain of offspring whose mothers were exposed to 1 and 10 µg/L of 

BPS. Meanwhile, there was no significant alteration in the central isotocin level; therefore, 

shifting the balance between neuropeptide systems towards AVT might be the most important 

factor underlying the observed disruption in zebrafish social behaviors. This finding is in 

agreement with previous studies indicating that an altered balance between these two 

neuropeptides is the main reason of the behavioral changes in fish (Thompson and Walton 2004; 

Braida et al. 2012). Our observation is also in agreement with multiple mammalian studies that 

link disruptions of the neuropeptide signaling system in the brain with a broad range of 

neurobehavioral disorders such as autism and depression (Neumann and Landgraf 2012; 

Heinrichs and Domes 2008). Meanwhile it is important to note that there was a discrepancy 

between gene expression (mRNA levels) and peptide production of AVT in this study. There are 

several possible reasons and perhaps the most important is that mRNA level and its product can 

be decoupled in time, therefore it is possible the linearity between AVT gene expression and 

actual peptide level might have existed if different time scales were used (Koussounadis et al., 

2015). In addition, the relationship between gene expression and protein production is strongly 

influenced by the post transcriptional regulation. Moreover, it is not expected that induced 

transcription would immediately lead to increased protein levels because maturation, export, and 

translation of mRNA may occur in different time points (Liu et al., 2016). 

In this study, maternal BPS exposure also dysregulated the transcription of the AVT receptor 

gene avpr1aa in the brain of offspring, most noticeably at the highest maternal BPS treatment of 

30 µg/L. The mRNA expression of the other AVT receptor avt1ab was however not affected by 

maternal BPS exposure. It is known that, AVT and IT receptors play important roles in the 

regulation of a wide range of social behaviors (Griebel et al., 2005; Wigger et al., 2004; Mak et 

al., 2012; Sabihi et al., 2017; Baribeau and Anagnostou, 2015; Landin et al., 2020; Lema et al., 
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2015), potentially by mediating the effects of AVT and IT on behavior (Lema et al., 2015). 

Therefore, induced changes in the expression of these receptors can likewise influence the 

functions of these neuropeptide systems. In zebrafish, AVT and IT first appear during 

embryogenesis and contribute to the development of sensory and/or motor circuits in the brain 

which is followed by the development of social and reproductive behaviors (Iwasaki et al., 

2013). Maternal exposure to BPS likely interferes during this process, disrupting the neural 

wiring in the brain and primary neuropeptide signaling system, and thereby causing long-lasting 

behavioral effects that persist all the way to adulthood. In contrast to our previous study where 

direct exposure to BPS was found to cause significant alterations in the mRNA expression of IT 

and IT receptors in the zebrafish brain (Salahinejad et al., 2020), we did not observe any changes 

either in the IT level or the mRNA expression of this neuropeptide or its receptor in the brain of 

offspring. This may be due to the use of only males in the present study, where behavioral traits 

are more dependent on AVP/AVT than OT/IT as the latter plays a more prominent role in 

modulating behaviors in females (Goodson and Bass, 2001; Heinrichs et al., 2009; Campbell, 

2008). Nevertheless, vasopressin in the CNS often tends to elicit depressive effects, whereas 

oxytocin exerts antidepressive effects (Heinrichs and Domes, 2008). Hence, based on their 

antithetical effects on behavior, alterations in the balance of these brain neuropeptides have been 

linked to many mental disorders such as autism and depression in mammals (Neumann and 

Landgraf, 2012). Our observation that AVT, but not IT, level in the brain was affected by 

maternal BPS exposure suggests a disruption of the AVT-IT balance, with potential implications 

for social behaviors in zebrafish. It is important to note that in the present study we are unable to 

exclude a possible involvement of other signaling pathways in the observed social and anxiety-

related responses as neuroendocrine-disrupting chemicals such as BPS commonly affect multiple 

neurotransmitter systems concurrently (Ji et al., 2013; Naderi et al., 2014; Catanese & 

Vandenberg, 2017; Kinch et al., 2015). Additionally, sociality and anxiety responses are adjusted 

by the reciprocal interplay between different internal signaling systems, ranging from 

neurotransmitters to various hormones (Bergink et al., 2004; MacDonald and Feifel 2014; 

Quadros et al. 2019). 

Our study also demonstrated that maternal BPS exposure affects the anxiety response in adults of 

the offspring generation. This is consistent with previous studies suggesting that direct exposure 

to BPS during both the embryonic stage (Gu et al., 2019) and adulthood (Wei et al., 2020, 
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Salahinejad et al., 2021) affects anxiety response in fish. In the present study, control fish were 

anxious during the novel tank test, as they spent the majority of time at the bottom of the tank, 

which is typical for zebrafish (Cachat et al., 2011; Kalueff et al., 2013). However, maternal 

exposure to BPS decreased the level of anxiety in a non-monotonic manner. Specifically, 

maternal exposure to 1 and 30 µg/L of BPS (also to E2) caused male offspring to spend 

significantly less time at the bottom of the experimental tanks compared to the control and 10 

µg/L maternal exposure to BPS. Our findings are different than previous studies on mice (Kim et 

al., 2015b) and Wistar rats (da Silva et al., 2019) where perinatal exposure to BPS during 

pregnancy and lactation was found to increase anxiety-like behavior in pups. This discrepancy 

might have occurred due to different BPS exposure levels and regimes, but also from differences 

in the ontogenetic stage of the offspring used for behavioral assessment. In the present study, 

maternal E2 exposure also induced similar anxiolytic effects as BPS, which might be due to the 

activation of estrogen signaling pathway by E2 as previous studies suggested that estrogens, E2 

in particular, induce anxiolytic effects (Borrow and Handa, 2016; Carrier et al., 2015) through 

the activation of estrogen receptor β (ERβ) (Lund et al., 2005b). BPS has a higher binding 

affinity for ERβ than ERα (Molina-Molina et al., 2013; Le Fol et al., 2017) which explains its 

general anxiogenic effect (Borrow and Handa, 2016). Nonetheless, the observed reduction in 

anxiety as caused by maternal exposure to BPS in our study is likely to decrease individual 

fitness of fish, as normal anxiety levels are linked to adaptive foraging behavior, mating 

opportunities and beneficial antipredator behaviors (Fuchs and Flügge, 2006). 

The present study showed a non-monotonic dose-response of BPS on social behaviors, anxiety 

response, and level of AVT in the brain of zebrafish offspring. Specifically, fish maternally 

exposed only to 1 µg/l BPS showed a significant increase in the level of AVT and decreased 

level of anxiety in offspring. These results are in agreement with other studies that also reported 

similar non-monotonic dose-response of BPS in the F1 generation (Wang et al., 2019; Frank et 

al., 2019). Broadly, non-monotonic dose-response is not unusual for studies exploring effects of 

endocrine-disrupting chemicals on behavioral and molecular responses, and Vandenberg, (2014) 

showed that this response may occur in greater than 20% of all experiments that examined BPA 

toxicity. There are several underlying reasons as to why these chemicals are able to act at such 

low concentrations while not at the higher concentrations, such as receptor desensitization, 

endocrine negative feedback loops, and simultaneous activation of multiple signaling pathways, 
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thereby activating proteins at different concentrations (Lagarde et al., 2015; Vandenberg et al., 

2012). Welshons et al., (2003) also reported that there is a nonlinear relationship between 

hormone concentration and the number of bound receptors, and between the number of bound 

receptors and the strongest observable biological effect. For example, at a low concentration of 

hormone, a 10-fold increase in hormone produces a 9-fold increase in receptor occupancy, 

whereas at high doses, a 10-fold increase in hormone concentration only yields to less than 1.1-

fold rise in receptor occupancy. Likewise, biological responses to hormones often occur at 

considerably below 100% receptor occupancy (Welshons et al., 2003). However, it is noteworthy 

that these changes may result in problems for extrapolation of results from lower to higher doses 

(Vandenberg et al., 2012: Hill et al., 2018). 

In our study, maternal BPS or E2 exposure did not affect the locomotor activity (i.e. total travel 

distance) in the offspring. Similarly, Coumailleau et al., (2020) showed that 6-day exposure to 1 

and 0.1 µmol/L of BPS induced no significant effects on larval zebrafish locomotor activity. In 

contrast, some studies reported that direct exposure to BPS during embryonic neurogenesis 

induces either hyperactivity (Kinch et al., 2015; Gyimah et al., 2021; Wang et al., 2020) or 

hypoactivity (Gu et al., 2019) in larval zebrafish. It should be noted that the experimental 

protocol was different in each of these studies, and compared to the present study they used 

different exposure concentrations and tested individuals at their larval stage, not at adulthood, 

which might have contributed to the discrepancy between these studies. Moreover, fish activity 

in our study was significantly influenced by the visual presence of conspecifics. The observed 

increase in activity of individual fish when a shoal of conspecifics is visible likely indicates 

lower stress in comparison to its introduction into a novel environment which is consistent with 

previous research (Salahinejad et al., 2021). Nevertheless, in our study activity of individual fish 

was first evaluated in isolation followed by the presence of conspecifics, thus we cannot exclude 

the possibility that the observed increase in activity may also reflect a better acclimation of 

individuals in the experimental tank. 

Additional mechanisms may explain why maternal BPS exposure impacted the anxiety response 

and social behavior in offspring, as BPS as an exogenous chemical can affect multiple cells and 

systems (Qiu et al., 2016b; Naderi et al., 2020; Kinch et al., 2015). For example, the ability of 

BPS to induce oxidative stress has been established in several studies (Salahinejad et al., 2021; 

Zhang et al., 2018; Qiu et al., 2016b; Qiu et al., 2018; Ullah et al., 2016). Likewise, the results of 
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this study showed that maternal exposure to environmentally relevant low concentrations of BPS 

and E2 reduced the transcription of several antioxidant genes such as cat and Mn-sod in 

offspring brains. Because of the predominant role of antioxidant enzymes in eliminating reactive 

oxygen species (ROS), downregulated expression levels of CAT and Mn-Sod are suggestive of 

oxidative stress. At present, it is not clear how maternal exposure to BPS could induce oxidative 

stress in adult offspring, especially when no apparent maternal transfer of BPS to the eggs were 

recorded. It is to be noted though that previous mammalian studies indicated that parental 

exposure to BPS can enhance ROS production and cause oxidative stress in the developing brain, 

likely through disruption of dopamine-serotonin neurotransmitter systems (Castro et al., 2015; 

LaPlante et al., 2017). Future studies should investigate whether the oxidative stress in the brain 

of zebrafish offspring following maternal exposure to BPS is mediated by similar mechanisms. 

Oxidative stress in the brain often leads to cellular dysfunction, irreversible cell damage and 

death, which is implicated in a wide range of neurobehavioral diseases (Cao et al., 2019; Veiga-

Lopez et al., 2015; Heyer and Meredith, 2017; Naderi et al., 2018; Li et al., 2018; Catanese and 

Vandenberg, 2017). In mice and rats, elevated oxidative stress in the brain has been suggested to 

be one of the main reasons for anxiety and social disorder (Rammal et al., 2008; Bouayed et al., 

2009; Hovatta et al., 2010; Patki et al., 2013). Likewise, in humans, decreased levels of 

enzymatic antioxidants, including CAT and SOD, have been found in patients suffering from 

psychiatric disorders like schizophrenia, autism, panic disorder, social phobia, anxiety and 

depression (Atmaca et al., 2008; Balmus et al., 2019; Ng et al., 2008; Kuloglu et al., 2002). This 

is not surprising as brains require a comparatively high level of oxygen, and consequently 

generate many free radical by-products while only possessing a modest antioxidant defense 

capacity. An imbalance between the ROS production and antioxidant defense capacity may lead 

to neurotoxicity in the brain, leading to chronic neuropsychiatric disorders even late in life 

(Halliwell, 2006; Hensley et al., 2000). 

In summary, the present study demonstrated for the first time that maternal exposure to 

environmentally relevant concentrations of BPS impairs the social behaviour and the level of 

anxiety of male offspring of zebrafish in a dose-dependent manner. This was accompanied by 

dysregulation of neuropeptide signalling pathways and the altered mRNA expression of 

antioxidant enzymes in the brain of offspring fish. Such BPS-induced transgenerational 

impairment of social behaviours and anxiety response in offspring can impair their fitness, which 
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may eventually affect the long-term stability of fish populations. Furthermore, our study 

indicates that BPS is not necessarily a safe alternative to BPA and future research on maternal 

BPS exposure can unravel more potentially adverse molecular and behavioural consequences in 

offspring. 
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Chapter 5: General discussion 

5.1. Introduction 

The overall objective of this study was to investigate the intragenerational and transgenerational 

effects of bisphenol S on various social behaviours, anxiety and fear responses in zebrafish, with 

a focus on the neuropeptide system and antioxidant enzymes in the brain. In the first experiment 

(chapter 2), I explored the impact of 75-day exposure to environmentally relevant concentrations 

of BPS on social behaviour and locomotor activity of adult male and female zebrafish. 

Subsequently, I also quantified the expression levels of important genes in the AVT and IT 

neurotransmission pathways, which are known modulators of social behaviour and anxiety in 

vertebrates and many invertebrates. In order to understand further effects of BPS on behaviours, 

in the second experiment (chapter 3), I investigated the impacts of chronic exposure to 

environmentally relevant concentrations of BPS on fish anxiety and fear responses. Oxidative 

stress can induce behavioural abnormality in organisms, so I also evaluated the mRNA 

expression of antioxidant enzymes in the brain of BPS-exposed male and female zebrafish. Due 

to possible transgenerational effects of BPS on zebrafish behaviour, in the third experiment 

(chapter 4), I investigated the impact of maternal exposure to BPS on social behaviours, anxiety, 

and locomotor activity in F1 offspring. AVT and IT play a significant role during brain 

development of larval fish, therefore, I also investigated the effects of maternal exposure to BPS 

on the oxytocinergic and vasopressinergic system in the F1 generation. 

5.2. Effects of chronic exposure to bisphenol-S on behaviour, the neuropeptide system, and 

enzymatic antioxidant genes in zebrafish 

A prominent finding of this research was that environmental concentrations of BPS affect 

different aspects of social behaviours, anxiety and fear responses in zebrafish. The impairment of 

these behaviours may ultimately lead to decreased fitness and the survival of individuals by 

changing their response to predators, their foraging ability, and their mating capability. In the 

first experiment (chapter 2), I found that exposure to elevated concentrations of BPS (30 µg/L) 

and E2 can influence both male and female zebrafish shoaling cohesion by increasing inter-

individual distances among shoal members. In addition, inter-individual distances among male 

zebrafish were higher than female zebrafish. Snekser et al., (2010) suggested that sex differences 

in shoaling behaviour may reflect a difference in the benefits provided by shoaling. In zebrafish, 



91 
 

males join a shoal to increase reproductive success while female shoal decisions are more likely 

associated with maximizing predator defence (Snekser et al., 2010). Thus, it seems normal that 

inter-individual distances in males were higher than females in this experiment as males and 

females were in separate shoals. In a study on guppy (Poecilia reticulata), it was found that 

males spent more time moving between shoals while females stayed in their shoals (Magurran 

and Maciás Garcia, 2000). Another behavioural test that I applied to reveal the effects of BPS on 

social behaviour was the group preference test (chapter 2). In the group preference test, control 

fish spent most of their time close to a conspecific shoal whereas exposure to all concentrations 

of BPS as well as E2 increased the distance between focal fish and the conspecific shoal. 

Zebrafish are social animals, and shoaling is one of their prominent features that can provide 

multiple benefits for group members. Therefore, changes in shoal cohesion or group preferences 

may reduce individual fitness decreasing their ability to properly respond to predators (Speedie 

and Gerlai, 2008). In these experiments (chapter 2), I also measured the chronic effects of BPS 

and E2 on the number of excursions and locomotor activity of male and female zebrafish. 

Although these behavioural endpoints were not affected by BPS or E2 exposure, the result of this 

study highlighted the importance of behavioural variation between male and female zebrafish. 

Another behavioural experiment that I applied to explore the chronic effects of BPS on zebrafish 

behaviour was the total level of activity. Our result suggested that BPS or E2 did not statistically 

affect zebrafish locomotor activity either intergenerationally or transgenerationally since p-

values were > 0.05 and we did not reject the null hypothesis. Nevertheless, the obtained P values 

were very close to the 0.05 cut-off, and in order to reduce the possibility of type II error, it is 

plausible to consider the effects significant. 

Normal anxiety and fear responses are natural adaptive reactions to a potentially threatening 

situation or a potential threat. Nonetheless, excessive or abnormal levels of these behaviours can 

become pathological and reduce an individual’s ability to cope with other environmental 

challenges (Steimer, 2002; Nuss, 2015). Therefore, in additional behavioural experiments 

(chapter 3), I examined the effects of chronic BPS and E2 exposure on zebrafish anxiety and fear 

responses. In the novel tank test, I found that control fish spent the majority of their time (⁓ 80%) 

at the bottom of the tank which is a common stress and anxiety response in zebrafish (Cachat et 

al., 2010; Gerlai and Tran, 2016). However, chronic exposure to all concentrations of BPS and 

E2 decreased zebrafish anxiety levels, which was indicated by fish spending less time in the 
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bottom of the tank and a shorter latency to enter the upper half of the tank. Bottom-dwelling can 

help fish to hide from potential predators that are present in their natural habitat such as 

predatory birds; therefore, BPS exposure can impact fitness and survival of zebrafish. 

Independent of the exposure treatments, males spent more time in the top half of the tank than 

females. Furthermore, fear-related behaviours of zebrafish were evaluated following exposure to 

conspecific alarm cues or water in the presence or absence of conspecifics. BPS or E2 had no 

significant effects on fish fear responses in the absence of conspecifics and the presence of 

water/alarm cues. Meanwhile, fish were more active in the presence of conspecifics regardless of 

treatments which may emphasize the significance of the presence of conspecifics in behavioural 

tests of social animals. In the presence of conspecifics, there was a significant interaction 

between sex and treatments, in which the chronic exposure to 30 µg/L of BPS and E2 reduced 

the locomotor activity and increased freezing behaviour in males, the same treatments increased 

the locomotor activity and reduce freezing behaviour in females. Such changes in fear responses 

may reduce foraging and mating opportunities in males and increase predation risk in females. 

Many studies disregard sex effects, either by examining only one sex or by ignoring the sex of 

the fish altogether. Part of this omission may be a perception that the two sexes would show 

many similar behaviours (Snekser et al., 2010). This is problematic as doing so may mask 

negative effects of environmental contaminants. 

In order to understand the mechanisms of BPS toxicity on fish behaviours, I examined the 

mRNA expression of genes involved in the neuropeptide signalling system in the brain of male 

and female zebrafish. The first experiment (chapter 2) demonstrated that the dysfunction of 

oxytocinergic and vasopressinergic systems are prominent pathological characteristics of chronic 

exposure to BPS. BPS and E2 dysregulated the expression of IT and its receptor in a sex-

dependent fashion in the zebrafish brain. While exposure to 30 µg/L of BPS upregulated the 

mRNA expression of IT and ITR in the male zebrafish brain, the same concentrations 

downregulated IT and ITR in the female brain. The effects of these peptides are strongly 

correlated to the level of sex steroid hormones and specifically, OT is highly regulated by 

estrogens (Goodson and Bass, 2001; Goldstein et al., 2005). Therefore, BPS as an exogenous 

estrogen can cause dysfunction of OT in the brain of male and female fish, resulting in 

neurobehavioural disorders. Unlike the sex-dependent effects of BPS and E2 on the mRNA 

expression of IT, BPS and E2 increased the expression level of the AVT gene in both sexes. 
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Generally, in the CNS, vasopressin tends to elicit depressive effects, whereas oxytocin exerts 

antidepressive effects (Heinrichs and Domes, 2008). Hence, based on their contradictory effects 

on behaviour, an altered balance of these brain neuropeptides has been linked to many mental 

disorders such as autism and depression in mammals (Neumann and Landgraf, 2012). 

There is a growing body of evidence that oxidative stress is the main mechanism of BPS toxicity. 

Oxidative stress is linked to increased production of ROS and/or a significant reduction in the 

effectiveness of the antioxidant system. Therefore, numerous studies showed that expressions of 

these antioxidants are essential for the cellular resistance to oxygen radical-mediated toxicity. In 

experiment 2 (chapter 3), I found that chronic exposure to low concentrations of BPS and E2 can 

decrease the transcriptional levels of antioxidant enzyme genes including gpx1a, cat, and Cu/Zn-

sod in the zebrafish brain. Zhang et al., (2016) suggested that there is a direct interaction between 

BPS and CAT at the molecule level in which BPS can bind to a hydrophobic cavity of CAT and 

change the structure and activity of this enzymatic antioxidant. This interaction may also occur 

for other enzymatic antioxidants and subsequently decrease the antioxidant capacity to scavenge 

ROS. Cellular antioxidant defences, such as superoxide dismutase, catalase and glutathione 

peroxidase play predominant roles in eliminating ROS. Meanwhile, if ROS production exceeds 

the scavenging capacity of the antioxidant response system, the lipid-rich constitution of the 

brain suffers from oxidative stress and lipid peroxidation (Bouayed et al., 2009). The brain is 

highly susceptible to oxidative stress due to its modest antioxidant defences and its lipid-rich 

constitution. Oxidative stress in the brain triggers nervous system impairment, resulting in 

various neurological diseases such as anxiety disorders, depression, and autism (Chauhan and 

Chauhan, 2006; Patki et al., 2013; Quadros et al., 2019).  

5.3. Maternal effects of exposure to BPS on social behaviour and anxiety response in 

zebrafish offspring 

Previous studies on mammals and aquatic organisms indicated that exposure to some EDCs 

during embryonic development at concentrations that do not induce anatomical malformations 

may still cause behavioural deficits later in life (Weis, 2014). Another type of delayed effect 

results from exposure of mature females to EDCs before fertilization, which may cause offspring 

to manifest abnormal behaviours even when they are reared in clean water. The result of 

experiment 3 (chapter 4) demonstrated that while no significant mortality was observed across 
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the treatments in offspring, maternal exposure to environmentally relevant concentrations of BPS 

impairs social behaviours and the level of anxiety in adult offspring. However, in contrast to our 

previous studies where direct exposure to BPS caused monotonic effects on neuropeptide 

systems and behaviours of exposed fish, maternal exposure to BPS mostly caused a non-

monotonic effect in offspring (Table 5.1). Specifically, I found that maternal exposure to 10 µg/L 

of BPS significantly decreased inter-individual distances among shoal members in offspring. In 

addition, maternal exposure to 1 and 30 µg/L of BPS increased the number of excursions from 

the shoal meanwhile no significant effects were observed in the number of excursions when fish 

were directly exposed to BPS (chapter 2). The discrepancies in the number of excursions 

between these studies (chapter 2 and 4) may be caused by the different shoal sizes used in these 

experiments: In experiment 1 (chapter 2), I used shoals of five, whereas in experiment 3 (chapter 

4), shoals consisted of three fish each mainly due to the limitation in the number of offspring 

stock. The group preference test (chapter 4) also revealed that maternal exposure to BPS 

influences the tendency of individual offspring to join a shoal in a non-monotonic way, during 

which 1 µg/L of BPS exposure decreased the total time that it spent next to a conspecific shoal. 

In the anxiety test (chapter 4), I found that adult F1 offspring zebrafish whose mothers were 

treated with E2, 1 and 30 µg/L of BPS spent significantly less time at the bottom of the 

experimental tank. Previous studies suggest that exposure to toxicants during parental (F0) germ 

cell development may be sufficient to cause abnormal development in offspring (Chen et al., 

2013; Guo et al., 2019). These are known as intergenerational or transgenerational effects that 

may persist over multiple generations. Along with the transmission of the pollutants to offspring, 

environmental contaminants may disrupt the transfer of nutrients and hormones between the 

mother and offspring during early embryo development, causing long-lasting effects in offspring. 

Such BPS-induced transgenerational impairment of social behaviours and anxiety responses in 

offspring can impair their fitness, which may eventually affect the long-term stability of fish 

populations. 
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Table 5.1. Chronic effects of BPS and E2 on zebrafish behaviours. 

BPS 

exposure 

Interindividual 

distances among 

shoal members 

Excursion 

numbers 

Distance from 

the stimulus 

shoal 

Anxiety Locomotion 

Direct 

exposure  

Increased in E2 and 

30 µg/L of BPS 

No changes Increased at 

E2 and all 

BPS 

concentrations 

Decreased at 

E2 and all 

BPS 

concentrations 

No changes 

Maternal 

exposure 

Decreased in 10 

µg/L of BPS  

Increased at 

E2 and 30 

µg/L of BPS  

Increased at 1 

µg/L of BPS 

Decreased at 

E2, and 1 and 

30 µg/L of 

BPS 

No changes 

 

The transgenerational behavioural impairments were associated with AVT system dysfunction in 

offspring brains; maternal exposure to 10 µg/L of BPS significantly increased AVT levels. This 

increase was accompanied by a significant upregulation in the mRNA expression of AVT within 

offspring brains when mothers were exposed to 1 and 10 µg/L of BPS. In zebrafish, AVT and IT 

first appear during embryogenesis and contribute to the development of sensory and/or motor 

circuits in the brain which is followed by the development of social and reproductive behaviours 

(Iwasaki et al., 2013). Therefore, modifications in the AVT system during early development 

may lead to improper CNS development and impair normal neurological functionality, causing 

long-lasting changes in AVT-related neurological functions. For example, Wolstenholme et al., 

(2012) also demonstrated that BPA exposure in mice  during gestation resulted in dysregulation 

of AVP and OT in offspring, which was accompanied by abnormalities in their social behaviour. 

In contrast with the results of chapter 2, where BPS and E2 dysregulated the expression of IT and 

ITR in the brain of exposed zebrafish, no significant changes in the mRNA expression of these 

genes were observed in offspring whose mothers were exposed to BPS or E2. The reason for 

these discrepancies between these studies may reside in differences in exposure regimes (adult 

vs. maternal exposure) and the age of experimental zebrafish (⁓12 months vs. ⁓ 6 months).  

The ability of maternal BPS exposure to induce oxidative stress in offspring may be another 

mechanism underlying transgenerational BPS toxicity. Similar to experiment 2 (chapter 3), the 

results of experiment 3 (chapter 4) showed that maternal exposure to low concentrations of BPS 
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reduced the transcription of antioxidant genes including cat and Mn-sod. These results further 

corroborate the previous finding  that the toxicity of BPS is likely mediated by oxidative stress 

(Qiu et al., 2019a; Liang et al., 2017; Qiu et al., 2018b; Maćczak et al., 2017).  Similarly, Ullah 

et al., (2019) suggested that maternal exposure to 50 µg/L BPS in rats significantly increased the 

ROS level and decreased the enzymatic antioxidant levels in testes of offspring. Reduced levels 

of major antioxidant enzymes such as CAT and SOD have been observed in patients suffering 

from anxiety and social disorders. At present, it is not clear how maternal exposure to BPS could 

induce oxidative stress in adult offspring, however, a BPS-induced disruption of other systems 

such as dopamine-serotonin neurotransmitter systems might be the main reason for BPS-induced 

transgenerational oxidative stress (Castro et al., 2015a). For example, it is well known that both 

enzymatic and non-enzymatic oxidation of dopamine generates ROS such as hydroxyl radicals 

and superoxide ions. Therefore, BPS-induced oxidative stress during early life stages may 

dysregulate signal transduction and cause macromolecular damage in lipids, proteins, and DNA, 

leading to permanent neurobehavioural abnormalities in zebrafish. Further studies are necessary 

to clarify the mechanisms underlying transgenerational and neurodevelopmental effects of BPS 

exposure. 

In experiment 3 (chapter 4), no maternal transfer of BPS to the eggs was recorded maybe due to 

the high detection thresholds of the applied methods. Nonetheless, we cannot eliminate the 

possibility of BPS transmission to the F1 generation. Recently, Grandin et al., (2018) showed 

that only 0.40% of the maternal BPS dose was transferred to the fetus in ewe model; however, 

once in the fetal compartment, BPS was hardly eliminated and recycled into placenta, leading to 

chronic fetal exposure to BPS. Even at low doses, BPS exposure during development may induce 

large delayed effects on individual behaviour. Changes in behaviours are likely to have 

ecological repercussions that could influence population and community structure (Scott and 

Sloman, 2004).   

5.4. Conclusions  

The main objective of this thesis was to assess the neurobehavioural toxicity of BPS in zebrafish. 

Overall, the research presented in this thesis suggests that in zebrafish, environmentally relevant 

concentrations of BPS can induce anxiety and social disorders both intragenerationally and 

transgenerationally. Zebrafish are social animals, and they benefit from living in shoals due to 
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enhanced foraging success, more mating opportunities, and improved antipredator responses. 

Therefore, in their natural environment, BPS-induced changes in these behaviours may 

compromise fish responses to a broad range of biotic environmental factors and subsequently 

decrease individual fitness. Moreover, the results presented in my thesis show that these 

behaviours are susceptible even to relatively low BPS exposure concentrations. In addition, the 

BPS-induced dysfunction of the neuropeptide signalling system, and enhanced oxidative stress 

coupled with impaired social behaviours and anxiety responses are the main characteristics of 

several neuropsychiatric and neurodevelopmental disorders. Therefore, my research suggests a 

potentially important role of environmental contaminants such as BPS in the development of 

brain disorders. 

5.6. Future research perspective and recommendations 

BPS is a primary concern in many aquatic ecosystems due to its extensive use in various 

consumer products and its potential toxicity to aquatic organisms including fishes. However, 

most of our knowledge about BPS toxicity so far came from its hormone-mimicking effects and 

its reproductive toxicity. My research has provided novel and important mechanistic information 

on the neurobehavioural effects of this toxic chemical on the brain and behaviour of adult 

zebrafish and their adult offspring. Nevertheless, some parts of my research could be expanded 

in future studies to develop a more comprehensive understanding of BPS neurotoxicity in fish. 

Areas that require future research attention are listed below. 

In chapter 2 and 3, I demonstrated that BPS exposure can cause various behavioural 

abnormalities in adult male and female zebrafish mainly via the dysregulation of neuropeptide 

signalling systems and the induction of oxidative stress. The mechanisms underlying social and 

anxiety effects of OT and AVP are likely to include interactions with other monoaminergics. For 

example, previous studies suggest that AVP is involved in the regulation of serotonin neuron 

activities (Hasunuma et al., 2013). Therefore, by influencing the neuropeptide system, BPS may 

modulate the function of the serotonergic system as well. The serotonergic system is known to be 

involved in the modulation of many behaviours including social interactions, stress and anxiety 

responses across vertebrate taxa. Moreover, neuroendocrine-disrupting chemicals such as BPS 

often affect multiple signalling systems concurrently. Therefore, future research should further 
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explore the effects of BPS on other neurotransmitter pathways relevant to social behaviours and 

anxiety disorders. 

BPS is only one of the most extensively utilized BPA substitutes. Meanwhile, there are a number 

of other bisphenolic compounds which are increasingly used as BPA alternatives, such as BPAF 

(4,4′ hexafluoroisopropylidene) diphenol) and BPF (4,4′-methylenediphenol). Thus, future 

studies should likewise assess their possible effects on neurobehavioural functions. In addition, 

many of these chemicals frequently occur in natural environments concurrently (Chen et al., 

2016; Wu et al., 2018). Therefore, future studies can further investigate their combined 

neurobehavioural effects which may provide a better understanding of the consequences of the 

exposure regimes that fish may experience in the real world. Certainly, it is unreasonable to test 

every BPA alternatives in every combination, but the emphasis should be placed on those 

alternatives that are frequently detected in environmental surveys as well as those that are 

resistant to degradation. 

In chapter 4, I established that in zebrafish, maternal exposure to BPS impaired the neuropeptide 

signalling system and the mRNA expression of antioxidant enzymes that subsequently led to 

impaired social behaviours and anxiety in F1-offspring. Future studies should investigate how 

neuropeptide signalling intervention and activation of its receptors impact the development of 

brain structure and/or neural circuits involved in zebrafish social behaviours. Additionally, the 

mechanism underlying a hyperfunction of AVT and downregulation of antioxidant enzymes in 

offspring of BPS-exposed mothers is not clear. Therefore, more research is needed to uncover 

factors that might be responsible for the observed transgenerational neurodevelopmental effects 

of BPS. The dysregulation of AVT and oxidative stress in the offspring brain may also impact 

the function of other neurotransmitter systems in fish. Therefore, it might be interesting to 

examine whether maternal exposure to BPS induces changes in other neurotransmitter systems 

relevant to offspring social behaviours and anxiety responses. 

In chapter 4, I showed that maternal exposure to BPS impaired offspring social behaviours and 

anxiety responses when they were raised in clean water. Future studies can investigate either 

parental or paternal effects of BPS on offspring behaviours and examine if there are interactions 

between maternal and parental BPS exposure. In addition, research should investigate whether 

the consequences of BPS exposure persist for more than 2 generations.  
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In my thesis, I evaluated the impact of chronic BPS exposure on multiple social behaviours, 

including group preferences, shoaling, anxiety, and fear responses. Investigating other 

behaviours, including aggression, learning and memory, as well as reproductive behaviours may 

provide more information about the neurobehavioural toxicity of BPS. In addition, it is important 

to analyze and compare the neurobehavioural effects of BPS throughout ontogeny. This is 

critical because organisms might be more susceptible to BPS at early developmental stages and 

for example changes in foraging, sociality, anxiety, and predator avoidance behaviour during 

larval stages may have a different impact on individual fitness and population survival. 

Therefore, future studies should investigate the effects of embryonic exposure to BPS in order to 

provide a more comprehensive knowledge of the neurobehavioural toxicity of BPS in aquatic 

organisms. Moreover, it remains largely unknown to what extent vertebrates are capable of 

recovering from previous toxicant exposure including BPS. Therefore, maternal exposure to BPS 

might induce different neurobehavioural toxicity in larval and adult offspring. Such an 

experiment will improve our knowledge about the ability of vertebrates to recover from previous 

BPS exposure.  
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