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Preface

Model organisms have been used in various disciplines in order to understand different
mechanisms underlying the problems. It is well known that each discipline has its own set
of organisms that have proven to be most suitable for the special research. Hence, there is a
wide range of features searched for the model organisms such as rapid development with
short life cycles, small adult size, ready availability, and tractability. From this point of view,
the zebrafish has become a favorite model organism in different scientific research fields in
recent years because of its rapid embryonic development, transparency of its embryos, and
its large number of offspring along with several other advantages.

Recent Advances in Zebrafish Researches demonstrates the role and the function of zebrafish in
different research fields and totally includes 11 chapters, which have been written by the
expert researches in their fields. The book chapters are divided into three sections.

Section I, “Using of Zebrafish in Medical Researches,” is divided into six chapters. The first
chapter, “Zebrafish Aging Models and Possible Interventions,” debates on understanding of
the underlying mechanisms and problems of age-related disorders using zebrafish as animal
model. In this framework, neurobiological, perceptual, cognitive, and also genetic changes
related with aging process are been discussed. The second chapter, “Zebrafish Model of
Cognitive Dysfunction,” provides valuable information regarding the use of zebrafish as an-
imal model for cognitive dysfunction. From this point of view, necessary information on the
definition of cognitive dysfunction, using different animal models for cognitive dysfunction
with different aspects such as complex attention, executive function learning and memory,
language, perceptual motor, and social cognition, is needed. In addition, some developed
cognitive dysfunction tests for zebrafish are given. The third chapter, “Zebra Fitness: Learn-
ing and Anxiety after Physical Exercise in Zebrafish,” focuses on screening the cognitive
abilities applying physical activities on zebrafish. The fourth chapter, “The Roles of Estro-
gen, Nitric Oxide, and Dopamine in the Generation of Hyperkinetic Motor Behaviors in Em-
bryonic Zebrafish (Danio rerio),” focuses on solving motor disorders in the brain using
zebrafish as model organism, which shows similar neurological functions with humans that
possess and can demonstrate damage symptoms. The fifth chapter, “Excitation and Excita-
tion-Contraction Coupling of the Zebrafish Heart: Implications for the Zebrafish Model in
Drug Screening,” debates on ion current and ion channel compositions of zebrafish and hu-
man ventricles in order to indicate similarities and differences between the fish model and
the human heart. Finally, the sixth chapter, “Transient Receptor Potential (TRP) and Acid-
Sensing (Asic) Ion Channels in the Sensory Organs of Adult Zebrafish,” summarizes the cur-
rent literature related to the role of ion channels involved in sensibility and opens new
vision to detect some human pathologies.
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Preface

Section II, “Using of Zebrafish in Toxicological Researches,” is divided into three chapters.
The first chapter, , “Zebrafish: A New Model in Nanotoxicology Study,” focuses on screen-
ing the toxicity profile of nanomaterials with different assessment methods using zebrafish,
which is an inexpensive, quick, and easy animal experimental model. From this point of
view, this study presents new solution for determining the screening of nanoparticle toxici-
ty. The second chapter, “The Monitoring and Assessment of Cd?*" Stress Using Zebrafish,”
considerably provides valuable information regarding water pollution and ecological struc-
ture of the aquatic environment on the basis of Cd* contamination using zebrafish as target
organism. Finally, the third chapter, “Dose Duration Effects of 17-a Ethinylestradiol in Ze-
brafish Toxicology,” debates on the effects of 17-a ethinylestradiol, which is a derivative of
the natural hormone estradiol (E2), on zebrafish.

Section 1II, “Using of Zebrafish in Embryological Researches,” is divided into two chapters.
The first chapter, “The Role of PSR in Zebrafish (Danio rerio) at Early Embryonic Develop-
ment,” discusses the function and formation of phosphatidylserine receptor (PSR) and apop-
tosis and also their effect on the embryological development of zebrafish. The second
chapter, “Control of Programmed Cell Death during Zebrafish Embryonic Development,”
focuses on recent advances in our understanding of the regulation of specific programmed
cell death events during zebrafish embryo development.

Finally, the prepared book covers a rather vast variety of topics regarding the current devel-
opment in the field of zebrafish researches. I hope that this book will help understand differ-
ent mechanisms underlying the problems at different disciplines using zebrafish as model
organism. I would like to thank all the authors for their distinguished contributions, Inte-
chOpen Publishing Company, and its Author Service Manager Mr. Markus Mattila for the
preparation of this book.

Prof. Yusuf Bozkurt

Iskenderun Technical University

Faculty of Marine Sciences and Technology
Hatay, Turkey
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Chapter 1

Zebrafish Aging Models and Possible Interventions

Dilan Celebi-Birand, Begun Erbaba,
Ahmet Tugrul Ozdemir, Hulusi Kafaligonul and
Michelle Adams

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75554

Abstract

Across the world, the aging population is expanding due to an increasing average life
expectancy. The percentage of elderly over the age of 65 is expected to be more than
15% of the total world population by 2025. As the lifespan increases, there will be a need
for maintaining a healthy state for these individuals. Our current knowledge on types
and durations of potential anti-aging therapies is quite limited. Recently the zebrafish
has emerged as a promising model for understanding the cognitive and neurobiologi-
cal changes during aging, as well as its use with potential anti-aging interventions. Like
humans this model organism ages gradually, displays similar behavioral properties and
social characteristics, and in addition, there is a wealth of molecular and genetic tools to
uncover the cellular mechanism that contribute to age-related cognitive declines. Drug
effect and toxicity can be easily tested in the zebrafish. Therefore, this animal model
can provide information about potential therapies that could be translated directly into
human populations or provide a more focused treatment direction for testing in other
mammalian animal models. The zebrafish will be a powerful tool for uncovering the
mysteries of the aging brain.

Keywords: aging, behavior, neurobiology, dietary regimens, rapamycin, morpholino,
zebrafish aging models

1. Introduction: the zebrafish as a model organism for brain aging

Throughout history, humans have tried to find ways to delay or reverse aging and cure age-
related diseases. Whether it was a dream of finding the “fountain of youth” or use of mod-
ern applications such as drugs with alleged “anti-aging” properties; to date, there are no

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINN
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interventions that met the expectations of the humankind. Therefore, we should first under-
stand the complex multifactorial nature of aging and its underlying mechanisms before we
aim to intervene. Both genetic and epigenetic factors are involved in aging [1, 2] and this
holds true across different species.

Extensive investigations have focused on the mechanisms of aging by using both vertebrate
and invertebrate animal models to provide an insight into age-related physiological, cognitive
and neurobiological changes, with each giving a piece of the puzzle. Some of the animal models
that have been studied in the context of aging are worms (e.g., Caenorhabditis elegans) [3], fruit
flies (e.g., Drosophila melanogaster) [4], mice (Mus musculus) [5], and non-human primates (e.g.,
rhesus monkeys) [6-9]. Rhesus monkeys provided valuable information about the mechanisms
that underlie physiological and cognitive changes related to age [9], whereas genetic screens
on invertebrate models yielded a list of genes involved in the regulation of life span [6, 7].
All these animal models have played important roles in understanding mammalian aging
and age-related diseases but having only one animal model might be limiting. For example,
invertebrate models have a short lifespan, which might not be correctly translated to humans,
and genes that are associated with longevity in vertebrates with longer lifespans might not be
revealed by studies on these models. Non-human primates, on the other hand, have a lifes-
pan of about 25 years, making longitudinal studies very difficult. Mice are nocturnal animals
while humans are diurnal and their diverse circadian rhythms may affect the aging process
differentially, which might complicate the translation of the knowledge obtained from mice
studies into humans. Thus, recently the zebrafish (Danio rerio) has emerged as a novel model
for vertebrate aging research [10-15]. While it has been used in numerous fields previously
due to its optical transparency during early development, cost-effectiveness, high fecundity,
detailed characterization of its genome, diverse mutant or transgenic strains that have been
made available; it was the emergence of evidence for the gradual aging phenotype in zebraf-
ish and its diurnal nature that drew attention from researchers studying normal aging.

The zebrafish has on average a maximum lifespan of 3 to 5 years in laboratory conditions. The
gradual senescence phenotype allowed researchers to identify age-related changes in gene
expression [16], endocrine [14] and neuroendocrine system [17], musculoskeletal [10], visual
function and morphology [18], cognitive functions [14], and sleep [13, 19]. In addition to stud-
ies monitoring changes in zebrafish from early development to old age [13, 19, 20], zebrafish
has become a model for assessment of behavior and cognitive functions. There are several
cognitive tests available for use on zebrafish to index learning and memory [21-23], anxiety
and stress response [24]. The use of zebrafish in cognitive and neurobiological aging research
increased with the accumulation of knowledge about the neuroanatomy of the zebrafish
brain. The standard neuroanatomical, neuropharmacological and immunohistochemical
techniques have been applied to characterize the organization of the zebrafish brain [25, 26].
These studies demonstrated similarities of zebrafish sensory and motor systems, and central
nervous system circuits with other vertebrates. In addition to homology at systemic level,
homologous structures such as zebrafish lateral pallium and mammalian hippocampus have
been shown based on electrophysiological [27] and neurochemical data [28]. Lateral pallium
is particularly important due to its suggested role in learning and memory in zebrafish [29],
processes that are deeply affected by age. While understanding the age-related physiological
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and cognitive changes remain crucial, studies involving interventions that might delay or
reverse these changes run parallel. Zebrafish is an outstanding model for investigating drug
toxicity and/or effect throughout lifespan, identification of age-associated biomarkers that
could become predictors of premature aging phenotypes, and screening mutants for identi-
fication of strains with accelerated or decelerated aging phenotypes. In this chapter, we will
review age-related behavioral and neurobiological changes in zebrafish and continue with
existing models that have delayed or accelerated aging phenotype.

2. Age-related changes in behavior and biology

2.1. Behavioral changes
2.1.1. Age-related changes in human perceptual and cognitive performance

Vision is the most informative of our senses and hence, essential for survival in a dynamic
world. By relying on vision, we are able to recognize visual objects in the environment, judge
the trajectories of fast approaching objects and cruise through morning traffic. Therefore,
most of the aging studies on human perception focused on visual perception and cognition.
A number of studies have shown that visual functioning is significantly altered throughout
aging. Older adults have typically impaired visual sensitivity and altered perception of dif-
ferent visual features such as motion [30]. As opposed to the traditional view focusing on
structural changes in the eye and retina, accumulating evidence suggests that impairments in
neural circuitry and functioning in the cortex have important contributions to the age-related
changes in visual sensitivity and perception [31]. For instance, behavioral studies have shown
that older adults are less accurate in discriminating motion direction and speed compared
to younger adults [32, 33]. Moreover, older adults typically need more time to make visual
judgments. This suggests that older population have also slowed visual processing speed. In
line with these changes in perceptual performance, neurophysiological studies on different
species have shown that neurons located in visual area V1 and MT have less direction and
speed sensitivity due to aging [34, 35]. These changes in the cortical neurons have been mostly
explained by the deterioration in synaptic connections and integrity, and hence increase in the
noise level of the local cortical network.

Normal aging is most notably accompanied by declines in cognitive functions and pro-
cesses. Accumulating evidence suggests that age-related decline exists in both low-level and
high-level cognitive processes [36]. Previous studies have pointed out a general deceleration
in cognitive processes and a decline in attentional resources due to aging [37, 38]. Moreover,
there exist age-correlated deficits in learning, memory and cognitive control. Age-related
declines in cognitive function are typically reflected as significant losses of learning and
memory abilities [39]. Though decrements in implicit and short-term memory tasks are
mostly slight, age-related performance declines in working, episodic and prospective mem-
ory tasks are substantial [40]. In older adults, the reduction in memory context and false
recollections are also commonly found. Another common observation is that older adults
have difficulty in associating different aspects of an event. It should be also noted that some

5
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cognitive functions can remain intact and may even improve (e.g., semantic knowledge)
throughout aging. It was initially thought that age-related cognitive decline was due to
massive loss of neurons. However, current research mostly supports the view that subtle
changes at the cellular and subcellular level, and in synaptic connectivity play major roles in
the age-related decline in cognitive performance.

2.1.2. Age-related changes in zebrafish perceptual and cognitive performance

Zebrafish display a rich repertoire of behaviors, which depends on perceptual and cognitive
processes [41]. As in other vertebrates, zebrafish have basic sensory systems and pathways for
low-level sensory processing. For instance, the basic components and pathways of zebrafish
visual system and visual processing hierarchy are similar to those commonly found in other
species [42]. Of particular note, zebrafish can discriminate visual objects differing in color,
shape and motion direction [43, 44]. There is a growing interest to assess motion percep-
tion acuity of zebrafish through optomotor responses or eye movements. Recent studies have
shown that zebrafish perceive first- and second-order motions and also experience motion
adaptations and illusions which are even thought to be seen only by humans [45, 46]. In
addition, motion acuity and contrast sensitivity function have been found to be qualitatively
similar to those of humans [47, 48]. These findings support the view that zebrafish visual
system and perception (in particular, motion perception) rely on similar principles commonly
found in humans. On the other hand, although there are studies comparing larval responses
to visual stimulation (e.g., motion) with that of adult zebrafish [49], there is almost no system-
atic investigation on perceptual changes during aging. Future studies examining age-related
changes in zebrafish perception and perceptual acuity will be informative in this respect and
are currently being performed in our laboratory. Preliminary data suggest there are subtle
age-related differences that are gender-dependent [50].

Behavioral studies also support the notion that zebrafish provide a promising model of cogni-
tive functioning [51, 52]. It has been found that zebrafish have both simple (e.g., habituation,
dishabituation and sensitization) and relatively complex forms of learning (e.g., associative
and spatial learning). They also displayed good performance on tasks requiring either short-
term (e.g., object recognition) or long-term (e.g., avoidance) memory. More importantly,
the age-related cognitive declines have been shown by behavioral studies on learning and
memory. For instance, zebrafish exhibit decreased performance with age on tasks relevant to
associative learning and also show defects in spatial learning and avoidance with a distinct
onset throughout aging [53, 54, 14]. In general, research on zebrafish will provide insight
into potential neurobiological changes that would allow for application of interventions that
would alter their course and possible translation to human populations.

2.2. Neurobiological changes

Behavioral and cognitive alterations that occur during normal aging are one of the most
explored areas in the aging research since these are the manifestations of the aging itself, not
to be confused with those related to pathologies. Their biological underpinnings, on the other
hand, help us understand not only the cellular and synaptic mechanisms that play a role in
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aging, but also the very essence of the biology of behavior. To be able to understand the causes
of cognitive decline that accompanies aging, for instance, we need to take all the biological
components and their interaction with the environment into consideration. Previously, we
described changes in cognitive processing that occur during aging and now we will focus
on the neurobiological factors related to the hallmarks of aging [55] that likely underlie the
changes in behavior and cognition (Table 1).

2.2.1. Epigenetic alterations and differential gene expression

Epigenetic mechanisms refer to structural or chemical modifications in RNA, DNA, and pro-
teins without altering their primary sequence. These modifications play critical roles in major
cellular processes such as regulation of gene expression, DNA replication, and cell cycle.
Dynamic methylation/demethylation and acetylation/deacetylation events regulate structure
of DNA and function of proteins, which consequently affect gene expression levels. DNA
methylation at CpG dinucleotides, for example, is commonly associated with decreased DNA
accessibility and turning genes off, although there are exceptions [56]. In contrast, histone
acetylation generally results in an increase in gene expression [57]. The epigenetics of aging
has been studied extensively, and researchers came up with a term, epigenetic drift, to define

Types of changes  Observations Phenotypes References

Epigenetic Decrease in global DNA methylation Disruption of gene expressionand  [59]
cellular differentiation

Gene expression Decrease in expression of IGF signaling-  Increase in lifespan [16]
related genes

Increase in smurf2 expression Replicative senescence [16]
Increase in hsp1 expression Impaired proteostasis [11]
Decrease in tert gene expression Telomere shortening [66]
Proteastasis Decrease in Hsp70 levels Impaired cellular stress response [11]
Increase in SOD2 activity and proteostasis [64]
Increased levels of lipofuscin [65]
Genomic DNA fragmentation Senescence and/or cell loss [60]
Elevated apoptosis [60]
Telomere attrition Significant increase in the loss of Telomere shortening [66]

telomere repeats

Decrease in telomerase activity [66]
Cellular and Decrease in neurogenesis Cognitive decline and altered [67, 68]
synaptic behavior

Impaired oligodendrogenesis [67]

Altered balance in excitatory/inhibitory [75]

transmission

Table 1. Summary of age-related neurobiological changes.
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age-related alterations in epigenetic patterns [58]. One well established epigenetic marker of
aging is gradual decrease in global DNA methylation [59]. This decrease has been reported
in humans, and other species including zebrafish. In zebrafish, while embryonic genome is
highly methylated, gradual hypomethylation is observed throughout zebrafish lifespan [60].
These hypomethylation events are particularly observed at CpG islands, where several CpG
dinucleotides cluster at regions typically involved with transcription regulation [60].

In addition to the previously mentioned global methylation events, differential gene expres-
sion, that could result in changes in cellular and synaptic functioning have been documented
in the aging brain. In our study characterizing gene expression changes in the brains of
young and old, male and female zebrafish, it was show that there are over 200 differentially
expressed genes that are involved in cell differentiation, growth, neurogenesis, and brain and
nervous system development [16]. For example, detailed analysis showed that expression of
insulin-like growth factor (IGF) signaling-related genes including, igf1, igf2bp3, and igfbp2a,
which are related to cell growth, significantly decreases in the brains of old zebrafish. In con-
trast, SMAD specific E3 ubiquitin protein ligase 2 (smurf2) expression, which is implicated
in replicative senescence, is higher in old zebrafish compared to young [16]. Taken together,
these data indicate potential differences in cellular and synaptic functioning.

2.2.2. Impaired proteostasis

Maintenance of protein homeostasis (a.k.a. proteostasis) is crucial for a cell’s response to stress.
Aging cells are exposed to increasing levels of stress, and there is even more need for protein
quality control in these cells to keep the proteostatic balance for survival. When the networks
that regulates protein synthesis, folding, and clearance malfunction due to age-related accu-
mulation of cellular damage, proteostasis becomes impaired, making the proteome more vul-
nerable to cellular stress. In most organisms, gradual loss of proteostasis is associated with
aging, yet there are some long-lived organisms that have more stable proteomes, suggesting
an evidence for the importance of a stable proteome for longer lifespan [61].

Proteostasis networks involve chaperone proteins and two proteolytic systems: ubiquitin-
proteasome and lysosome-autophagy systems. Chaperones guide newly synthesized pro-
teins through processes that fold, transport and target for degradation [62]. The fate of
unfolded proteins is collectively decided by all the proteolytic components mentioned before,
but which proteolytic pathway to be followed depends mainly on chaperones. For example,
heat shock protein 70 (Hsp70) family is comprised of several chaperones that are involved in
stabilization of the correctly folded proteins and targeting proteins for degradation. In zebraf-
ish, Hsp70 protein levels decrease with age, while hspl mRNA levels are increased in aged
zebrafish, possibly to compensate for decreased ability of Hsp70 to function [11].

Activities of chaperone proteins are under the influence of age-related cellular changes such
as dysregulation of cellular energetics. Reduced mitochondrial function, for example, impairs
energy metabolism and limit the bioavailability of ATP. Aging cells respond to this reduction
in ATP levels by switching to ATP-independent chaperones, as shown in aging human brain
[63]. To overcome the effects of impaired energy metabolism and its harmful endproducts,
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cells respond in various ways. For example, increase in the major antioxidant enzyme in mito-
chondria, superoxide dismutase 2 (SOD2) activity has been reported in the aged zebrafish,
although not in the brain tissue. SOD2 activity, on the other hand, increases between 3 and
12 months of age, indicating high metabolism, but decreases after 18 months, and even fur-
ther decrease was observed in older zebrafish [64].

Dysregulation in lysosomal degradation may be a contributing factor to age-related cogni-
tive dysfunction. For example, increased levels of lipofuscin, a non-degradable end product
of lysosomal digestion, and oxidized proteins have been observed in lateral and medial pal-
lial areas of the zebrafish brain at the age of 2 years as compared to 12 month-old animals
[65]. Cognitive abilities related to memory are impaired in these fish starting from the age
of 18 months, which is after the levels of these cellular byproducts started to increase. This
enhanced oxidative stress, as observed by increases in lipofuscin and oxidized proteins, may
be causing cognitive impairments in the aging zebrafish after reaching a certain threshold
level of accumulation.

2.2.3. Genomic instability and telomere attrition

In the aging brain, as well as the whole body, there is an increase in genomic instability and
telomere attrition. Mild DNA fragmentation, which is a biomarker of genomic instability, has
been shown in young fish but the levels of fragmentation significantly increase after 12 months
in various zebrafish tissues including brain. These changes in genomic instability in the aging
zebrafish result in elevated apoptosis, which could reflect an increased need for removal
of senescent or damaged cells [60]. The shortening of telomeres due to loss of repeats with
each replication event, is another biomarker of aging. The mean telomere length of zebrafish
decreases from the young adult stage to the older adult stage, with significant decreases in
telomere length occurring after 18 months. This contrasts with the period before young adult-
hood, in which telomere length has been shown to increase. The decrease in telomere length
is occurring after changes in the telomerase enzyme activity and expression, which starts to
decrease in the eye and brain at the age of 6-12 months [66]. Research from young zebrafish
with mutations in the gene encoding a telomere repeat binding factor 2 (terfa"75"378) support
the role of proper telomere functioning as it relates to cellular homeostasis. These ferfa"3%
13678 mutants die at early stages of development due to severe telomere shortening, which
leads to premature retinal neurodegeneration, increased cellular senescence in the brain and
spinal cord, which is shown by high SA-b-gal activity, and smaller eyes and head compared
with wild type [18]. Heterozygotes are viable but have a shorter lifespan than their wild type
counterparts [18]. Taken together changes in genomic instability and telomere length will
contribute to cellular homeostasis.

2.2.4. Changes in cellular and synaptic capabilities

Both the mammalian and zebrafish brain have the capacity for cellular proliferation, although
it is more limited in mammals. Changes in cellular proliferation may affect cognitive pro-
cessing in the aged individual, and thus, zebrafish provide a good model for understanding

9
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mechanisms that regulate cell turnover in the brain. It has been observed by our research
group and others that in both young and old adult zebrafish, neurogenesis is observed in the
telencephalon, however, there is a significant decline in old adults [67, 68]. This decrease is
attributed to the lengthening of cell cycle and decrease in the number of radial glia cells with
self-renewal capability. In addition to this stem cell exhaustion, oligodendrogenesis has been
shown to be impaired within the telencephalic parenchyma [67]. Therefore, similar to mam-
mals, there is an age-related decrease in neural proliferation.

Loss of synaptic integrity may also play a major role in the age-related cognitive decline.
Glutamate receptors, in particular, the N-methyl-p-aspartate (NMDA) receptor, have been
implicated in age-related cognitive decline [69-71]. Decreases in the NMDA- and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptor levels have been
shown to cause learning and memory impairments, whereas the increase leads to memory
enhancement [72, 73]. While glutamate receptors remain a key molecular target that might
be contributing to the age-related cognitive decline, it is important to understand changes in
the excitatory/inhibitory balance and other neurotransmitter systems that might alter synaptic
function with age. Compared to wild-types, mutants with impaired acetylcholinesterase func-
tion had better performance in spatial learning, entrainment and increased rate of learning [74,
14]. These findings suggest that cholinergic signaling may play a role in the age-related cogni-
tive decline. Finally, we have begun to examine synaptic integrity in zebrafish brains. In a recent
study, we examined changes in key synaptic proteins that reflect potential differences in both
excitatory and inhibitory synapses across lifespan in young and old male and female zebrafish
brains [75]. Our results show that the excitatory/inhibitory balance is altered differently in the
brains of male and female zebrafish. These data indicate that there are age-related alterations in
synaptic integrity that are gender-dependent and may contribute to cognitive decline.

3. Zebrafish models that delay or accelerate the aging process

Here, we will review several genetic and non-genetic interventions which are proposed to
extend lifespan and healthspan, and discuss their use in zebrafish models in the context of aging.

3.1. Dietary restriction

Dietary restriction has been shown to have beneficial effects on both cognitive aging and the
associated neurobiological changes in the aging brain. This has been shown in humans [76]
and animal models [77-80]. Our research group proposed utilizing a dietary manipulation
such as caloric restriction (CR) to alter the aging process in zebrafish. To date, only a few stud-
ies apart from our own have utilized a true CR in fish [68]. The previously published dietary
restriction studies that have been performed in zebrafish did not reduce daily caloric intake
but rather the fish were not given any food for an extended period, which would be consid-
ered as a starvation study [81, 82] and none had been done in aged animals or with regards to
gender. Thus, designing the appropriate dietary intervention needed to be based on a wealth
of literature that has accumulated from studies utilizing different animal models.
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Initially, our research group established a protocol designed as a daily reduction in caloric
intake in zebrafish. For this task, cohorts of both young and old fish raised in the zebrafish
facility were moved to round glass aquaria (Figure 1a and b). Fish were fed individually in
600 mL beakers during the weekdays (Figure 1c and Table 2). On the weekend, fish were fed
similar amounts of food in the housing aquaria. It should be noted that the animals were not
housed continually in the beakers since zebrafish are highly social [83, 84], and continuous
social isolation would increase their stress levels [85]. Since the effects of CR are thought to
be modulated through the target of rapamycin (TOR) pathway [86], we aimed to test whether
we could mimic the effects of CR with rapamycin treatment, a TOR inhibitor. Rapamycin is a
macrocyclic compound produced by bacterium Streptomyces hygroscopicus and approved for
patient use by the Food and Drug Administration (FDA, USA) [87]. The rapamycin group was
treated daily with 100 nM rapamycin dissolved in DMSQO. The fish in all treatment groups

Figure 1. Aquaria set-up for CR and rapamycin treatment (a—d), and IF and rapamycin treatment (e) experiments.

1
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Monday  Tuesday =~ Wednesday Thursday  Friday Saturday  Sunday

Ad libitum (control 20 mg’ 20 mg’ 20 mg’ 20 mg’ 20 mg" 20 mg’ 20 mg’

for CR and

rapamycin-treated

groups)

Rapamycin 20 mg’ 20 mg’ 20 mg’ 20 mg’ 20 mg’ 20 mg’ 20 mg’

treatment

Caloric restriction 1 mg’ 1mg 1mg’ 1mg’ 1mg’ 1mg 1mg

Ad libitum 90 mg 90 mg 90 mg food™ 90 mg food™ 90 mg 90 mg 90 mg food™

(control for IFand  food™and  food™ and artemia® food”and  food™

rapamycin-treated ~ artemia’ artemia’

groups)

Rapamycin 90 mg 90 mg 90 mg food”™ 90 mg food™ 90 mg 90 mg 90 mg food™

treatment food” and  food™ and artemia’ food” and  food™
artemia’ artemia’

Intermittent 45 mg 45 mg food™ 45 mg 45 mg food™

feeding food™ and artemia’ food™

Overfed 180 mg 180 mg 180 mg food™ 180 mg 180 mg 180 mg 180 mg
food”and food”and and artemia® food”and food"and food"and food™and
artemia” artemia” artemia” artemia” artemia” artemia”

‘Food per fish per day.

"Twice a day.

*Once a day.

Table 2. Different feeding paradigms applied by our research group to study the effects of dietary restriction (i.e. CR and
IF) or overfeeding compared to drug treatment (i.e. rapamycin-treated) on zebrafish aging.

were weighed individually in beakers throughout the experiment (Figure 1d). The results
demonstrated small losses in body weight in all groups (Figure 2a). While these data indi-
cated that CR caused a significant weight loss, a better and more efficient CR protocol was
needed since all the fish lost weight, and this likely indicates that all animals were under some
stress.

CR can be performed as a daily reduction in caloric intake or as an every-other-day feeding
regimen, also known as an intermittent fasting (IF) paradigm. Research has shown that the
effects on body weight and markers related to cellular and synaptic plasticity in the brain are
not different for these two paradigms [88]. In our recent study [68], we utilized an IF regimen
that included dry flakes and artemia (Table 2). An IF paradigm would not disrupt any social
hierarchy of the fish or cause any unnecessary social isolation or netting stress in the fish since
the animals would be kept in their home tanks. Artemia is not only an extra source of protein
but also provides environmental enrichment to the fish [89]. The diet continued for 10 weeks
and the results indicated that while there was no prevention of an age-related decline in newly
born neurons, IF treatment stabilized an age-related decline in telomere shortening [68]. Thus,
some of the beneficial effects of dietary restriction maybe done through subtly altering the cell
cycle dynamics.
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Figure 2. (a) Final body weight on day 25 as percentage of the initial body weight. AL and RAPA animals lost 12 and
13% of their initial weight, respectively, whereas CR animals lost 23%. (b) The effect of IF and rapamycin treatment on
body weight of animals. Body weights at 4, 6 and 8 weeks were compared to the average weight at the beginning of the
experiment. While AL and RAPA animals showed a very similar pattern of weight gain throughout 8-week experiment,
average weight of IF animals was first stabilized, then after 4 weeks they continuously lost weight, with the largest
decline occurring between 6 and 8 weeks.

Our group has extended this paradigm to include a rapamycin-treated group to test whether
rapamycin could mimic CR’s effects [90], and careful design was necessary since the fish
remained continuously in the tanks (Figure 1e) while receiving the drug treatment and the
half-life of the drug needed to be considered. According to the literature, half-life of rapamy-
cin is 3 days [87] so at least half and at most three-quarters of the tank water was replaced with
fresh water supplemented with 100 nM rapamycin every 3 days to keep the active drug levels
consistent (Table 2). We applied the same protocol for water replacement for ad libitum (AL)
and IF groups without adding rapamycin, since the change of aquaria water also permitted us
to keep nitrate levels low and pH levels stable. Our preliminary data demonstrated that body
weight decreased significantly after 6-8 weeks of IF treatment but was not different in the
AL or rapamycin-treated animals [91] (Figure 2b). These data suggest that an IF paradigm in
zebrafish can significantly reduce body weight in young and old animals, and the effects of IF
can be studied in conjunction with a drug-treated group. Current analysis is being performed

13
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as to whether these treatments alter the course of some of the neurobiological alterations that
were referred to in Section 2.2. For example, CR may regulate DNA methylation at individual
loci by increasing the activities and/or expression levels of certain DNA methyltransferase
(DNMT) enzymes in different animal models [92, 93]. In addition to the regulation of DNMTs,
histone acetylation and deacetylation are affected by CR [94]. Induction of neuroprotection-
related gene expression patterns by CR, such as upregulation of mir-98-3p in the cerebral cor-
tex of rats have also been shown [95]. Also, CR regulates synaptic proteins in the aging brain
and delays cognitive declines in memory [96]. Therefore, the durations of CR or IF alongside
potential mimetics of dietary restriction are important to examine in zebrafish for potential
translation to human studies.

3.2. Overfeeding

Contrary to CR and IF paradigms that decelerate the aging process, overfeeding has been
proposed to accelerate aging. For example, the effects of obesity on behavioral and neuro-
biological changes have been investigated in humans [76] and animal models [97]. Zebrafish,
like humans, will overeat if exposed to large amounts of food [98]. Although studies have
examined the effects of overfeeding in zebrafish [99-101], few studies have utilized these ani-
mals as a model to study obesity, and to a lesser extent to study the effects of brain aging.
A recent study demonstrated that a life-long high caloric diet in adult zebrafish caused sig-
nificant increases in body weight, and eventually obesity, along with high cortisol levels and
decreased rate of neurogenesis which were similar to the observations on older fish [101].

In order to compare our dietary restriction and drug manipulations with overfeeding, our
research group decided to test whether short-term overfeeding in fish will lead to premature
neurobiological changes in the aging brain in young adults and even further accelerated brain
aging in older fish. For this paradigm, we increased the amount of dry food per feeding to
two times the normal quantity and supplied artemia every day instead of three times a week.
These overfed fish will be compared back to our regular AL- and IF-treated groups (Table 2).
Our initial observations indicate that the animals exposed to overfeeding have an increase in
body weight in comparison to AL-fed and IF animals. This type of feeding paradigm, along
with examining the effects of short-term dietary restriction, has important implications for
possible interventions and translational studies for humans.

3.3. Mutant models

Accelerated or decelerated brain aging may be affected by environmental manipulations such
as overfeeding or dietary restriction. However, it is difficult to establish the link between
direct cellular and molecular mechanisms affecting the behavioral or neurobiological changes
upon such dietary manipulations. As was mentioned earlier, one of the advantages of the
zebrafish animal model is the ease of manipulating genes. This can be done with forward
genetics screening where one can identify mutated genes responsible for a particular disease
phenotype, or it is possible to introduce a mutation in a specific gene of interest by using
reverse genetic screens such as the transposon-mediated insertional mutagenesis (Tol2) or
CRISPR-Cas9 system. Using inducible tissue- or cell-specific promotors a gene could be
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expressed at anatomically distinct areas in the brain, and thus a more refined understanding
of the gene function. Taken together, all of these available genetic tools and approaches allow
zebrafish researchers to perform large-scale genetic screens in order to understand the func-
tion of corresponding genes during development and adulthood.

Identifying genes which play role in decelerated and accelerated aging models are critically
important. One such example, which was obtained from a chemical screen, is a fish line with
a specific mutation in the acetylcholinesterase gene (ache®™>) that results in a loss-of-function
of this enzyme and an increase in the levels of acetylcholine [102]. In the normal aging brain,
there is a loss of acetylcholine that is thought to contribute to age-related cognitive decline
[103], so the fish with increased acetylcholine levels should have delayed brain aging and
cognitive deficits. While homozygous mutants die in very early developmental stages, inter-
estingly, mutants with a heterozygous mutation will develop and live until late adulthood.
Furthermore, Yu et al. demonstrated that age-related spatial learning deficits are delayed in
these animals, which is consistent with the hypothesis that acetylcholine levels affect age-
related cognitive function [14]. Thus, these data suggest that preventing age-related declines
in acetylcholine can alter the pattern of age-related phenotypes.

In order to understand the direct cellular mechanism of dietary restriction, we are currently
examining the effects of altering the TOR signaling pathway in zebrafish. We have two mod-
els with which we are currently working. The first is a zebrafish line with a knockout of the
tor gene using the Tol2 system that resulted in a mutated TOR [104]. In the second we are
creating transgenic models of zebrafish using the Tol2 system that will express one of the fol-
lowing types of TOR, (1) an overactivated mouse TOR complex, (2) an overactivated mouse
TOR complex that is rapamycin resistant, (3) a reduced or an inactive mouse TOR complex,
or (4) a reduced or an inactive mouse TOR complex that that is rapamycin resistant. This will
allow us to examine the effects of dietary restriction and rapamycin separately. While these
data regarding ache*® mutants and the data from potential TOR transgenics are interesting, a
confound still exists that needs to be addressed, which is that in both cases the mutations are
active throughout the entire life of the animal, including early developmental time periods.
Thus, future studies need to be directed at creating tissue- or cell-specific lines that are induc-
ible, which can be easily be done in zebrafish.

3.4. Transient gene knockdowns and overexpression in adults and embryos

One of the useful genetic tools available for use in zebrafish is injections of both morpholino
antisense oligonucleotides and in vitro transcribed capped mRNA. The morpholinos create
a transient knockdown of a specific gene of interest and are an essential tool for understand-
ing the specific role of that gene. Microinjecting morpholino antisense oligonucleotides tar-
gets and blocks access of the cellular components to specific RNAs and by doing so, can
prevent translation, splicing, or ribozyme activity depending on their design, and results in
a loss of a functional protein [105, 106]. Microinjection of in vitro transcribed capped mRNA,
on the other hand, serves as a powerful tool for overexpressing a gene of interest to under-
stand its function in vivo, which is in contrast to the knockdown approach with morpholi-
nos [107-109]. From a mechanistic point of view, morpholino antisense oligonucleotides
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can be designed in several ways, either translation-blocking or splice-blocking [105, 106].
As its name implies, a translation-blocking morpholino oligonucleotide binds to its target
RNA and blocks the sites where the translation initiation machinery accesses the target
RNA molecules. The splice-blocking morpholino oligonucleotide inhibits the splicing of
pre-mRNA. Besides these traditional types of morpholino, there is also the vivo-morpho-
lino, which is a promising tool for transient gene silencing in adult animals and cell culture
[110-115]. These vivo-morpholino experiments can also be compared to injections of in vitro
transcribed capped mRNA into the adult brain to overexpress a gene of interest. Taken
together these techniques allow for silencing or overexpressing a gene of interest in both
embryos and adults.

Injections of both morpholino antisense oligonucleotides and in vitro transcribed capped
mRNA can be easily done in embryos and adults. The injections into embryos are done in
the 14 cell stage. A method utilized for both vivo-morpholino and in vitro capped mRNA
injections in the adult brain is performed by cerebroventricular microinjection (CVMI). The
CVMI technique was used by Kizil et al. [116, 117] to investigate the effects of overproduction
of amyloid protein on cellular, molecular and functional aspects of the adult zebrafish brain,
and has been shown to be a useful method for inactivation studies in zebrafish and other verte-
brates [118-123]. These techniques in the adults hold promise to provide an understanding of
the role of a gene of interest without the possible confounding effects of early developmental
changes on the future adult animal. Moreover, the embryo injections not only give insight into
the developmental role of a gene of interest but might also provide a platform for an in vivo cell
culture model for examining the cellular mechanisms of aging and aging-related interventions.

4. Conclusions

Based on the similarities to the aging process in humans, the zebrafish is emerging as a
promising model to understand the mechanisms that lead to age-related behavioral and
neurobiological alterations. Additionally, there are many genetic tools such as mutagenesis
protocols and transient knockdown/overexpression approaches that can easily be applied
to the zebrafish to intervene in this aging process, in addition to the many potential envi-
ronmental manipulations. Moreover, it is possible to study different behavioral paradigms
such as visual motion processing and spatial learning and memory abilities that change
with increasing age. In these behaviorally-characterized animals it will be feasible to mea-
sure the expression levels of neurobiological markers to understand their functional role
in cognition, and determine the success of potential interventions. The zebrafish is also a
powerful model for the use of drug screening and provides information about promis-
ing therapeutics that can be eventually translated to human populations. All in all, this
gerontological model will be very useful for unlocking the secrets of the aging brain and
potentially helping to uncover anti-aging therapies in order to restore brains back to their
youthful capacity.
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Abstract

Cognitive dysfunction is an impairment in one or more of the six cognitive domains (com-
plex attention, executive function, learning and memory, language, perceptual motor
and social cognition). The effect of pharmacological interventions can be studied using
animal models of cognitive dysfunction, which are typically split into pharmacological,
developmental and genetic models. Rodents are the most commonly used animal spe-
cies for modelling cognitive dysfunction, although multiple models and test locations are
often recommended to improve validity. Researchers thus unfortunately need to balance
the validity of their experimental designs with financial, logistical and cost constraints.
Zebrafish could be the answer to this conundrum as one of their many advantages over
rodents is their high breeding rate which makes high-throughput screening more feasible
and thus increases cost-effectiveness. The popularity of zebrafish has been increasing in
recent times, as measured by the increasing number of zebrafish research publications. It
is thus unsurprising that several zebrafish models of cognitive dysfunction have already
been developed, together with zebrafish tests designed to measure zebrafish cognitive
performance. Future research will undoubtedly lead to the development of new zebraf-
ish models of cognitive dysfunction, as well as validate current ones to pave the way for
widespread adoption.

Keywords: zebrafish, cognition, animal model, cognitive dysfunction, drug discovery

1. Introduction to cognitive dysfunction

Cognitive dysfunction is an impairment in one of the six cognitive domains as defined by the
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5). The six cognitive
domains are complex attention, executive function, learning and memory, language, perceptual
motor and social cognition [1]. Cognitive disorders are a category of mental health disorders and
are officially termed ‘neurocognitive disorders’ by the DSM-5. There is a key difference between
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cognitive impairment in neurocognitive disorders and in neurodevelopmental disorders; in that,
the former is acquired, whereas the latter develops at birth or shortly thereafter. Neurocognitive
disorders are broadly divided into mild neurocognitive disorders and major neurocognitive dis-
orders, which are mostly made up of the dementias [1]. The difference between the two catego-
ries is innately arbitrary, as the diagnostic criteria rely on determining the degree of cognitive
and functional impairment in the patient. The DSM-5 itself explicitly acknowledges that precise
thresholds are difficult to determine because the cognitive and functional impairments associ-
ated with neurocognitive disorders exist in a spectrum. An impairment in one cognitive domain
is sufficient for the diagnosis of a neurocognitive disorder, except in the case of Alzheimer’s
disease, whereby impairment of memory and one other domain is required [2]. Although
Alzheimer’s disease is typically responsible for the majority of neurocognitive disorders, among
the medical conditions which can also affect mental functions are frontotemporal degeneration,
Huntington’s disease, Lewy body disease, traumatic brain injury, Parkinson’s disease, prion
disease and dementia/neurocognitive issues due to HIV infection [2, 3].

Treatments for cognitive dysfunction are broadly divided into psychopharmacological inter-
ventions and behaviour-based cognitive remediation, though both methods can be combined
to supplement one another. Cognitive remediation focuses on teaching patients cognitive
skills such as thinking and problem solving, which are typically taught in formal education or
through real-world activities which the patient may not have had the opportunity to experi-
ence due to their condition [4]. In contrast, psychopharmacological interventions such as anti-
psychotics primarily aim to treat or manage the underlying cause of cognitive dysfunction
but also improve cognition as they are usually capable of affecting a variety of central neuro-
receptors [5]. Examples of antipsychotics which improve cognition include serotonin receptor
antagonists such as clozapine [6] and a, -adrenoceptor antagonists such as iloperidone [7].

2. The animal model of cognitive dysfunction

While studies on behavioural-based cognitive remediation are perhaps best done in humans,
the effect of pharmacological interventions can be studied using animal models of cogni-
tive dysfunction. The following subsection aims to provide a brief overview of the six cog-
nitive domains defined by the DSM-5 and the animal models which can be used to model
a dysfunction in each domain. Animal models of cognitive dysfunction are typically split
into three major categories, namely, the pharmacological, developmental and genetic mod-
els. Pharmacological models utilize treatments such as dopamine and serotonin agonists, to
produce effects which mimic cognitive dysfunction. Developmental models induce cognitive
dysfunction in young animals via brain lesions or by disrupting the normal maturation pro-
cess by exposing the animals to certain compounds such as L-nitroarginine. Finally, genetic
models produce animals with cognitive dysfunctions through either inbreeding or genetic
modification [8].

2.1. Complex attention

The cognitive domain of complex attention consists of sustained attention, divided attention,
selective attention and information processing speed [9]. As the aptly named attention deficit
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hyperactivity disorder (ADHD) is likely to be the first disorder affecting this domain which
comes to mind, it is hardly surprising that animal models of a dysfunction in complex attention
are usually also animal models of ADHD. One such animal model of complex attention is spon-
taneously hypertensive rats which exhibit all the characteristic behaviours of ADHD, including
impaired sustained attention [10]. Animal tests have also been developed to study sustained
attention, such as the ‘5-choice serial reaction time task’ as well as an operant task which
requires rats to detect and discriminate between signals and non-signals [11]. The ‘5-choice
serial reaction time task’ can also be used as a measure of information processing speed [12].

2.2. Executive function

The cognitive domain of executive function consists of planning, decision-making, working
memory, responding to feedback/error correction, overriding habits and mental flexibility [9].
Executive function is typically associated with the prefrontal cortex and is believed to be sig-
nificantly more complex in primates as compared to rodents [12]. However, the use of rodent
models of executive function should not be entirely discounted for the same reasons that they
have become widely used today as animal models. These reasons include being a more cost
effective and simpler system for study, but one that still possesses many of the complex charac-
teristics which are of interest [13]. There is also evidence to believe that rats are also capable of
executive functions such as decision-making and that homologous regions within the prefron-
tal cortex of primates and rats also have parallel cognitive functions [13]. Among the aspects
of executive function which have been replicated using animal models is working memory,
using tasks such as the spatial delayed response and spatial search tests. Decision-making has
also been modelled using animals by utilising behavioural tasks (reversal learning, reinforcer
devaluation and delay discounting), which require flexible adaptation in response to a chang-
ing environment [14]. As a decline in executive function is a characteristic of the ageing pro-
cess, aged rats can also be used to simulate age-related cognitive decline [12].

2.3. Learning and memory

The cognitive domain of learning and memory consists of immediate memory and recent mem-
ory (including free recall, cued recall and recognition memory) [9]. Inbred ‘senescence acceler-
ated’ mice display spontaneously occurring age-related learning and memory defects, as well
as difficulty in acquiring new behaviours [15]. Animal models of Alzheimer’s disease such as
the PDAPP transgenic mice can also be used as models of learning and memory dysfunction
as they display memory impairments in object recognition tasks and also have difficulty in
learning tasks [16]. Other methods of producing animal models with impaired learning and
memory include the genetic modification of genes such as the tuberous sclerosis genes [17]
and causing brain injury to the animals in the form of mild trauma or concussions [18]. Several
tests designed to assess animal learning and memory include the Morris water maze [19] and
passive avoidance tasks which utilise apparatus such as the elevated T-maze [20].

2.4. Language

The cognitive domain of language consists of expressive language (including naming, flu-
ency, grammar and syntax) and receptive language [9]. Currently, no animal model has been
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produced which mimics an acquired language dysfunction in humans. However, a rodent
model of developmental language disability has already been developed from an observation
that humans with impaired language development also have difficulty in processing rapidly
presented auditory information [21]. It is the authors” hope that animal models of language
dysfunction will be developed in the future once it becomes possible to teach animals the
languages used by humans or for humans to learn animal languages.

2.5. Perceptual motor

The perceptual motor cognitive domain consists of construction and visual perception [9].
No animal models specifically meant to replicate a perceptual motor dysfunction have been
found in literature. This could possibly be because perceptual motor skills rely on integrating
information from a variety of sensory inputs and are thus exceedingly challenging to replicate
in animal studies. As the name suggests, perception is a major component of this domain
but may be difficult to assess in animals. Perceptual motor skills may also involve fine motor
tasks, which may be difficult to teach all but non-human primates [22].

2.6. Social cognition

The cognitive domain of social cognition consists of recognition of emotions, theory of mind
and behavioural regulation [9]. Animal models of social cognition have been produced, such as
the oxytocin receptor null mice model of autism which displays impaired social memory [23]
said to be analogous to human social cognition deficits [24]. Valproic acid-exposed rodents have
also been used to model the behavioural characteristics of autism spectrum disorder, including
a dysfunction of social cognition, as they tend to avoid interacting socially [25]. Social cogni-
tion can also be assessed through rodent behaviour tests, the degree of social interaction and
so forth, although there is debate on whether these measures actually assess social behaviour
or social cognition. However, certain social constructs such as ‘theory of mind” will require the
use of non-human primates or possibly another animal species besides rodents [24].

2.7. An overview of the current animal models for modelling cognitive dysfunction

Even from the brief overview above, it is clear that animals have been an invaluable tool for
modelling dysfunctions in four of the six cognitive domains, though modelling a dysfunction
in the language and perceptual motor cognitive domains is currently proving to be a chal-
lenge. Rodents are by far the most commonly used animal species for modelling cognitive
dysfunction, though other species such as non-human primates, felines and canines have been
used as well [26]. Whilst there is great discord on the validity of rodent models in comparison
to the more complex non-human primate models, rodents are preferred by the vast majority
of laboratories worldwide due to economical, logistical and ethical constraints regarding the
use of non-human primates [26]. However, rodent models have been criticised for lacking in
predictability when translating results into human clinical trials [27, 28]. One possible way of
improving the predictability of rodent models is to use more than one model and to replicate
the study at different locations [27]. While such an experimental design may improve the
validity of rodent models of cognitive dysfunction, the financial costs will undoubtedly rise in
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tandem with the number of models and test locations used, in addition to increasing logistical
and spatial requirements. Thus, researchers will unfortunately need to balance the validity of
their experimental designs with financial, logistical and cost constraints.

3. Zebrafish as an emerging animal model of cognitive dysfunction

The solution to the problem of validity versus practicality could be as simple as replacing rodents
with another animal species such as zebrafish (Danio rerio), which are becoming increasingly
popular [29] (Figure 1) due to their high breeding rate, which in turn makes high-throughput
screening feasible. This is because the oviparous zebrafish breed continuously throughout the
year and have relatively short generation times of between 3 and 5 months [30]. Zebrafish
offspring also quickly mature ex utero, gaining vision and the ability to swim freely as well as
feed, all within 72 hours. Larval zebrafish in their early life can survive in just 50 pl of solution,
enabling the use of microtitre plates for high-throughput screening to discover compounds
with a certain desired effect. In addition to being relatively small, zebrafish larvae are also
translucent, and thus in vivo imaging techniques such as fluorescent reporters may be used to
monitor the progression of diseases at the cellular and subcellular levels [31]. Dissolving the
compounds to be tested directly in the tank water is also an option with zebrafish, eliminating
the necessity of performing invasive procedures such as injections. Zebrafish are thought to
absorb substances dissolved in the tank water through the gastrointestinal tract and also via
the transdermal route in the case of immature zebrafish. These routes of absorption are possible
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Figure 1. Publications with the keyword ‘Zebrafish’ versus publications with the keywords ‘Zebrafish AND Cognitive’,
as indexed by PubMed from the year 1993 (first appearance of articles with the keywords ‘Zebrafish AND Cognitive”)
to 2017.
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in immature zebrafish as they start swallowing from their third day of life and do not develop
scales until they are several weeks old. Despite zebrafish being fish and hence more removed
from humans in an evolutionary sense as compared to mammalian rodents, their genes are
nonetheless around 75% homologous to human genes. This makes identifying the human
orthologues present in zebrafish relatively simple as both human and zebrafish genomes
have already been fully sequenced. Additionally, constructs of RNA, protein or DNA can be
injected into embryos at an early stage of development to modify their gene and hence protein
expression. Morpholinos are modified oligonucleotides which may be inserted into zebrafish
embryos via an injection to decrease the expression of selected genes. This method enables as
many as 500 knockout zebrafish embryos to be swiftly and effortlessly produced over a period
of several hours [32, 33]. The blood-brain barrier in zebrafish is also tight junction based and
highly permeable to macromolecules, meaning that zebrafish will be extremely responsive to
test compounds [34]. Anatomy wise, zebrafish brains also have similarities to human brains in
that both possess defined forebrain, midbrain and hindbrain. Both humans and zebrafish also
have a diencephalon, telencephalon and cerebellum, as well as peripheral nervous system with
motor, sensory and autonomic components [35]. Zebrafish also exhibit ‘higher’” behaviours and
show integrated neural functions such as memory, conditioned responses and social behaviour
[35]. All these aspects make zebrafish an attractive animal model for research into cognitive
dysfunction due to their cost-effectiveness, scalability and similarity to humans as compared to
several other animal models (Table 1). In addition, pharmacologic, developmental and genetic
animal models of cognitive dysfunction can be easily produced using zebrafish and on a much
larger scale as compared to rodents due to their higher breeding rate. The ‘higher’ behaviours
and cognitive ability exhibited by zebrafish will also enable the use of cognitive and behaviour
tests to assess cognitive dysfunction, much like those used for rodent models.

3.1. The progress towards developing a zebrafish model of cognitive dysfunction

While the concept of using zebrafish as an animal model may be relatively new as compared
to other more established animal models such as rodents, zebrafish models of cognitive dys-
function and zebrafish cognitive tests have already been developed. While rodent pharma-
cologic and developmental models of cognitive dysfunction have parallels in zebrafish, no
genetic models have been developed thus far. Zebrafish have also been found to display an
age-related decline in cognitive dysfunction [36], similar to that found in other animal models
such as rodents. Unfortunately, most zebrafish cognitive dysfunction models excluding those
which involve unconditioned or reflexive behaviours may need to be carried out in adults as
the neural system of zebrafish is still immature at the larval stage [37].

3.1.1. Complex attention

In the case of the cognitive domain of complex attention, there is no attention task for zebraf-
ish which is widely accepted, and thus validated zebrafish behaviour tasks for measuring
learning are used to infer attention [38]. However, the march of progress is relentless, and
tasks have already been developed to test complex attention, such as the “virtual object rec-
ognition test’ [39] and the ‘3-choice serial reaction time task’ [40] for adult zebrafish. It is
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Animal model Canines/felines ~ Non-human Rodents  Zebrafish
primates

Upkeep cost per animal $3$ $$3$ $$ $

Space required 0000 0000 0000 @000

Breeding rate 0000 [ le]e]e) 0000 0000

Feasibility of high-throughput screening @00 @00 000 000

Anatomical similarity to humans 000 000 000 @00

Genetic similarity to humans 000 000 @00 @00

The ‘$" symbols represent the relative upkeep cost for the four animal models, with a greater number of ‘$" symbols
signifying a greater cost. The number of shaded circles as compared to unshaded circles serves as a relative comparison
for the different attributes between the four animal models, with the superlative having all circles shaded.

Table 1. A comparison of the current animal models of cognitive dysfunction.

interesting to note that both zebrafish tasks are adapted from the tasks used in rodents, which
bode well for the prospects of both tests being widely accepted in the future for the testing of
complex attention in zebrafish.

3.1.2. Executive function

For the cognitive domain of executive function, reversal learning tasks have been used to
demonstrate the behavioural flexibility of adult zebrafish, which is associated with executive
function [37]. However, it should be noted that executive function also includes aspects of
working memory and feedback/error correction [9]. Thus, zebrafish models meant to assess
the cognitive domains of complex attention as well as learning and memory could also be
used to assess executive function, depending on the working definition regarding the scope
which executive function covers.

3.1.3. Learning and memory

For the learning and memory cognitive domain, the behaviour tasks which are used to assess
this cognitive domain include the condition place preference, predator avoidance, T-maze,
plus maze, three-compartment zebrafish maze and the three-choice discrimination tests [38]
for adult zebrafish. The pharmacological method of inducing cognitive dysfunction has also
been used to produce adult zebrafish which have deficits in learning and memory, by treating
them with compounds such as antiepileptic drugs [41] or scopolamine [42]. Larval zebraf-
ish may also be used to model nonassociative learning as they display short- and long-term
habituation to visual and acoustic stimuli, which leads to the suppression of characteristic
manoeuvre responses to these stimuli [43].

3.1.4. Language

In the case of the language cognitive domain, zebrafish models of dysfunction in this domain
are also currently absent from literature, possibly due to the reasons previously discussed.
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3.1.5. Perceptual motor

In the case of the perceptual motor cognitive domain, zebrafish models of dysfunction in
this domain are also currently absent from literature, possibly due to the reasons previously
discussed.

3.1.6. Social cognition

Lastly, the cognitive domain of social cognition is measured in adult zebrafish by exploit-
ing its natural shoaling behaviour. The shoaling may be achieved using live zebrafish or by
presenting computer-generated images of zebrafish and quantifying the resulting shoaling
behaviour using parameters such as the distance between the test zebrafish and the other
shoaling members [44]. Pharmacological methods of inducing social cognition dysfunction
include treatment with dizocilpine [45]. Ethanol can also be used as a developmental model
of social cognition dysfunction, as zebrafish embryos exposed to ethanol develop social cogni-
tion dysfunction in adulthood [46].

3.2. An overview of several cognitive dysfunction tests developed for zebrafish

3.2.1. Three-choice discrimination

3.2.1.1. Purpose

* Evaluates all five of Bushnell’s five categories of attention (orienting, expectancy, stimulus
differentiation, sustained attention and parallel processing) in an animal, when modified to
include additional stimuli as potential distractions [38, 47].

* Requires zebrafish to be able to orient themselves as well as being able to anticipate the

result of an action.

3.2.1.2. Procedure

* A zebrafish is trained to swim from a start chamber into one of three chambers using food
as a reinforcement.

* The correct chamber which contains food is illuminated with white light, whereas the emp-

ty incorrect chambers are left dark.

3.2.1.3. Critical assessment

¢ The zebrafish must overcome its preference for dark places in order to select the correct
chamber, and this demonstrates that the zebrafish is learning rather than acting solely on
instinct.

¢ The addition of a third chamber is an improvement over the T-maze as it reduces the
chance level from 50 to 33%.
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3.2.2. Three-choice serial reaction time
3.2.2.1. Purpose

* Evaluates the ability of a zebrafish to learn a complex behavioural task [40, 48].

* Demonstrates the capacity of zebrafish for learning and memory.

3.2.2.2. Procedure

* A zebrafish is first trained to approach the response aperture of a tank when it is lit by a
stimulus light, using food as a reinforcement.

¢ The trained zebrafish is then placed in a tank with three response apertures and given a
brief period to nose poke the lit aperture to receive reinforcement in the form of food.

3.2.2.3. Critical assessment

¢ The correlation with the rodent equivalent from which this test is derived from is unclear
due to anatomical differences between the two species.

¢ [t is also unclear if the stimulus light is visible from all areas of the test tank and thus a
failure of the zebrafish to see the stimulus light could be incorrectly perceived as a deficit
in learning and memory.

* The amount of time that the zebrafish is given to eat the food reinforcement should also be

carefully chosen to allow sufficient time for the zebrafish to finish the food.

3.2.3. Three-compartment zebrafish maze

3.2.3.1. Purpose

¢ Evaluates spatial discrimination learning in zebrafish and also demonstrates avoidance
discrimination learning in zebrafish [38, 49].

3.2.3.2. Procedure

* A zebrafish is first placed in the middle of a three-chambered tank, with partitions at either
end of the central chamber.

¢ After a minute, the partitions are lifted, and the zebrafish is allowed to swim into either the
left or right chambers.

¢ If the zebrafish swims into the chamber designated as the ‘wrong’ side, the partition is
pushed until it is within 1 cm from the end of the tank, in order to confine the zebrafish
and ‘punish’ it.

* After 10 seconds, the zebrafish is allowed to return to the central chamber, and the protocol
can be repeated as needed.
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3.2.3.3. Critical assessment

® Zebrafish can reliably learn and remember the response contingencies when this behav-
ioural task is repeated multiple times.

3.2.4. Plus maze
3.2.4.1. Purpose

* Evaluates a zebrafish’s ability to learn and remember the association between a single vi-
sual cue and a food reward (simple associative learning), as well as the location of the food
reward (spatial learning) [38, 50].

3.2.4.2. Procedure

¢ The plus maze is placed on a rotating circular platform, and a zebrafish is first transferred
into the middle of the plus maze (four-armed radial maze), which is bounded by start box
to prevent the zebrafish from entering the arms before the start of the experiment.

¢ The zebrafish then undergoes habituation (food provided in all arms) and shaping trials
(food provided only in certain arms next to a visual cue, such as a red plastic card).

¢ The final training step involves the use of paired and unpaired groups whereby the food is
provided together with or independently of the visual cue.

® Zebrafish learning can then be tested by providing only the visual cue with the food being
inaccessible (associative learning) or by providing the food in a fixed location relative to
external visual cues such as room equipment, without any visual cues in the maze itself
(spatial learning).

® Parameters such as the time spent in the target arm and the number of entries into the tar-

get arm versus other arms are quantified to assess zebrafish learning and memory.

3.2.4.3. Critical assessment

¢ The four distinct spatial locations provided by the plus maze is again an improvement over
the T-maze.

¢ The plus maze provides stimuli in a predictable way and is thus unsuitable for measuring
sustained attention.

¢ Itis also possible that the spatial learning task is accomplished by the zebrafish via non-
spatial strategies such as by remembering a single salient cue next to the target location.

3.2.5. Reversal of learning

3.2.5.1. Purpose

¢ Evaluates the ability of a zebrafish to adapt or shift their response strategy when presented
with changing environmental contingencies [37].
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3.2.5.2. Procedure

¢ Commonly involves first training a zebrafish to discriminate between two stimuli such as
different coloured lights and only reinforcing responses to one stimulus.

* Once the zebrafish reaches a certain response criterion, the contingency is reversed so that
the other stimulus is reinforced and the previously ‘correct’ stimulus is not.

* Subsequent extensions to this test include changing the colour of the stimuli (intra-dimen-
sional shift) or adding a third dimension such as shape, before the reversal (extradimen-
sional shift).

3.2.5.3. Critical assessment

* Zebrafish follow a similar pattern of improvement as mammals when subjected to multiple
reversals and interdimensional shifts as they require increasingly fewer trials to reach the
response criterion.

3.2.6. Shoaling behaviour
3.2.6.1. Purpose

* Evaluates shoaling behaviour in zebrafish, which is one aspect of zebrafish social behav-
iour [44].

3.2.6.2. Procedure

¢ A group of around ten zebrafish are first habituated together in the experimental tank on
several occasions before use.

* Each of the habituated zebrafish can then be placed individually in an experimental tank
without any stimuli, in order to measure their baseline behaviour.

* Shoaling behaviour can subsequently be induced using methods such as:
o Placing live stimulus fish inside/outside the experimental tank.
o Displaying animated zebrafish images.

¢ Shoaling behaviour is recorded and subsequently quantified by video tracking software to
determine behaviour parameters such as distance to the stimulus, distance to the bottom of
the tank and angular velocity.

3.2.6.3. Critical assessment

® Zebrafish are diurnal like humans and thus have good vision, which helps the face validity
of this test.

¢ Electronic devices meant for humans can also be used for this zebrafish test, which in-
creases cost-effectiveness.
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¢ It is not known if virtual fish are truly equivalent to live fish in inducing zebrafish social
behaviour as virtual fish do not interact with the experiment fish.

* Other social behaviours such as aggression and reproduction have not been studied using
this model.

3.2.7. T-maze

3.2.7.1. Purpose

* Evaluates a zebrafish’s ability associate visual stimuli with a food reward (similar to the
plus maze) [51].

3.2.7.2. Procedure

¢ Similar to the plus maze, but the T-maze only possesses two arms rather than four arms.

¢ Different coloured or patterned sleeves could be fitted to the arms or goal boxes instead of
lights.

3.2.7.3. Critical assessment

¢ Similar to the plus maze, although the T-maze only contains two chambers and thus fewer
distinct spatial locations.

3.2.8. Virtual object recognition

3.2.8.1. Purpose

¢ Evaluates an animal’s attention when presented with novel stimuli [39].

* Zebrafish can identify shape information independently of motion information.

3.2.8.2. Procedure

¢ A zebrafish is placed in a transparent tank, and two displays are used to display either
static or dynamic identical images on both ends of the tank.

e After a 10-minute familiarisation trial, the zebrafish is returned to the home tank and later
subjected to a novel shape recognition trial (one familiar image, one novel image).

* Recognition time (seconds) is measured when the zebrafish approaches the display area
and orients its head towards the display.

3.2.8.3. Critical assessment

* Testing sequence is fairly rapid, and no animal training is required, other than the initial
exposure session.
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3.2.9. Zebrafish larvae visual/acoustic stimuli habituation
3.2.9.1. Purpose

* Evaluates zebrafish larvae nonassociative learning as the test requires a degree of memory
storage and retrieval [43].

* Zebrafish larvae show long-term habituation to visual stimuli and short-term habituation
to acoustic stimuli, as demonstrated by a decline in the rate of characteristic movements in
response to repeated exposure to visual or acoustic stimuli.

3.2.9.2. Procedure

* Visual stimulation is provided by first equilibrating a zebrafish larva to a uniformly lit test-
ing chamber and then abruptly extinguishing the light, which triggers a unique turning
behaviour termed the O-bend:

o The training procedure is then repeated at desired intervals in either a massed or spaced
fashion, before returning the zebrafish to a holding tank.

o The visual stimulation can then be repeated after a desired amount of time to determine
how much of the habituation training remains.

* Acoustic stimulation is provided by exposing a zebrafish larva to a series of acoustic stim-
uli with varying intensities and intervals between each stimulus, to trigger a characteristic
kinematic startle response termed ‘short-latency C-start’:

o After a short resting period of several minutes, the protocol is repeated to determine the
degree of habituation.

3.2.9.3. Critical assessment

¢ Being able to use larval zebrafish allows for high-throughput screening methods.

* The characteristic responses are relatively simple and may not be suitable for testing higher
cognitive functions.

* Memory retention time also appears to be relatively short, ranging from minutes in short-
term habituation to hours in long-term habituation. Thus, zebrafish larvae may not be suit-
able for testing learning and memory over longer periods of time.

4. Conclusions and future directions

In conclusion, zebrafish have the potential to replace rodents as the most widely used model
of cognitive dysfunction, mainly due to their higher cost-effectiveness, and may have already
begun doing so as several zebrafish models of cognitive dysfunction have already been
developed. Future areas of research into the zebrafish model of cognitive dysfunction could
focus on producing new models of cognitive dysfunction to complement the existing models,
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as well as to expand the scope of research into cognitive dysfunction that is possible using
zebrafish. Already existing models should also be further examined to validate them in hopes
that in the near future, certain tasks will become widely accepted tests of cognitive dysfunc-
tion in zebrafish. Another potential area of research is the development and characterisation
of mutant zebrafish strains to produce genetic models of cognitive dysfunction in zebrafish.
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Abstract

In the recent years, a new branch of physical training has emerged, the high-intensity
interval training (HIIT). In contrast to continued exercise regime used in most of the
trainings, HIIT proposes a regime of short periods of maximum intensity exercising and
brief less intense recovery periods, which are repeated until complete exhaustion. HIIT
is calling the attention of those who search for fast escalation in physical performance;
however, the stress caused by this type of training may affect other systems functioning,
such as cognition. Thus, we investigated the effects of two physical regime protocols,
traditional endurance and HIIT on zebrafish learning, memory, and anxiety-like behav-
ior. To that, fish were trained for 30 days and submitted to a latent learning test, objects
discrimination test, and novel tank test. Our results showed that HIIT does not affect long
lasting memory, evaluated through the latent learning task, but it impairs discriminative
learning. On the other hand, both training protocols decrease anxiety-like behavior. This
study confirms that zebrafish show good performance in learning tasks and that cognitive
performance is dependent upon the regime of physical exercise and cognitive task used.

Keywords: training, latent learning, objects discrimination, novel tank, Danio rerio

1. Introduction

It is well known that regular physical activity is an efficient way to improve health in terms of
respiratory and cardiovascular functioning [1-3]. In addition to the effects in somatic function-
ing, studies with humans and animal models show that physical exercise affects cognition,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



46  Recent Advances in Zebrafish Researches

improving memory, and learning performance [4, 5]. For instance, positive results are reported
in terms of attention [6, 7], executive function [8], and motor skills [9].

The benefits of regular training are remarkable in the elderly population. Aging is accompa-
nied by a decline in cognitive abilities, which in some cases occur faster and in a pathological
manner [10]. Physical activity retards the cognitive decline, reduces the risk of dementia and
neurodegenerative disorders [11-13]. Continuous exercise through lifespan is important to
maintain the protective effects in elderly [14] and is also associated with large gray matter in
later life [15].

Besides the protective effects against damages due to aging, physical activity can improve
cognitive performance in different stages of life. Young adults who practice at least 8 h of
physical activity per week present better results in a sustained attention task when compared
to individuals with low levels of activity (less than 2 h per week) [16]. In male adolescents,
highly intense exercise is associated with the improvement in working memory and in brain-
derived neurotrophic factor (BDNF) levels [17]. In children, physical activity improves perfor-
mance on verbal and mathematical tests, cognitive flexibility and working memory [18, 19].

The benefits mentioned above seem to be related to structural changes in the brain. Physical
activity modifies the structure of the hippocampus [20], the most important brain area for learn-
ing and memory, and is associated with an increment in gray matter volume probably through
BDNF expression [21]. Moreover, it enhances plasticity [22] and stimulates neurogenesis [21].

Another benefit associated with physical activity is the improvement in psychological health.
Emotional disorders are common in modern society and impact several domains of one’s life.
Physical activity has been postulated as a promising treatment strategy [23]. A large body of
literature shows that it reduces anxiety, stress, and depression symptoms as it promotes posi-
tive mood and greater well-being [23-25]. These behavioral alterations are associated with
physical activity modulation of neurotransmitters such as dopamine, associated of the reward
system, and serotonin, which plays a role in well-being [26]. Physical activity also interferes in
the stress-regulation axis and may buffer stress effects [24].

Many factors can interfere in the beneficial effects of exercise, including individual character-
istics such as age, health status, sedentary level, cognitive abilities, and type of exercise [6, 21,
27-30]. More intense activities such as the high-intensity interval training (HIIT) have gained
popularity more recently. HIIT is characterized by short periods of maximum intensity exer-
cising interspersed with brief less intense recovery periods. However, it is not clear how this
type of exercise impacts health and cognition. HIIT has been elected as the preferred type of
training among those who practice physical activity due to its fast conditioning response.
However, the trade-off in maintaining HIIT or adopting the traditional training deserves
investigation. In this sense, the present study aims at investigating the cognitive and anxio-
lytic effects of HIIT in relation to traditional training.

Regarding physical activity, zebrafish swimming ability improves with training [31] and
enhances associative learning response [32]; therefore, it offers a good organism model to the
study of physical activity on cognition.
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2. Materials and methods

2.1. Animals and housing

Zebrafish (Danio rerio, 3-month age, both sexes) were acquired from a local farm (Natal, Brazil)
and maintained in storage tanks (50 L) for a month prior to the experiments. Tanks formed a
system with multistage filtration, containing mechanical, biological, and an activated carbon
filter, and UV light sterilizing unit. Temperature was kept at 28 + 1°C, and pH and dissolved
oxygen were measured regularly. Light was maintained in a 12/12-light/dark cycle. Fish were
fed twice a day ad libitum with commercial food (38% protein, 4% lipid, Nutricom Pet) and
Artemia salina. All the experiment procedures were performed with the permission of the
Ethical Committee for Animal Use of the Federal University of Rio Grande do Norte (CEUA
054-2016).

2.2. Groups and training

From the stock population, 115 fish were randomly assigned to one of the three groups
according to the type of physical training: traditional endurance, HIIT, and sedentary. These
fish were housed in separate in smaller tanks (40 x 20 x 25 cm, 15 L) and underwent 7 days
of acclimation before beginning the training phase (30 days), after which the tests were per-
formed. The experimental phase was developed in the same environment water quality con-
ditions of the stock fish.

Traditional endurance (n = 34): once a day, fish were transferred to a training tube, always
in groups of 5. The training tube consisted in transparent tunnel connected to a 180 L/h sub-
merse water pump (Moto Bomba SARLO 5300, 220 V, 60 Hz. Sarlobetter Equipaments Ltda.,
Sao Caetano do Sul-SP) placed inside a glass tank [32]. Each group was trained for 30 min,
during which the first 15 min fish could not exit the tube and was forced to remain swimming
against the water current. Then, the tube was open and fish that could not swim was pushed
by the current to the tank. After leaving the tube, they were returned to the home tank until
the next session.

HIIT (n = 39): the high-intensity training consisted in a progressive increment of water cur-
rent intensity. For this, we used water pumps with different powers. During the first 10 days,
animals were submitted to a forced swim against the water current powered by a pump
of 180 L/H (Moto Bomba SARLO 5300, 220 V, 60 Hz. Sarlobetter Equipamentos Ltda., Sdo
Caetano do Sul-SP). Between days 11 and 20, a pump with 300 L/h (Moto Bomba SARLO
5360) was used and in the last 10 days, it was changed to a 520 L/h pump (Moto Bomba
SARLO 5520). Training sessions lasted 10 min inside the water current followed by 5 min
interval, repeated three times (total time of training: 30 min).

Sedentary (n = 42): fish that was not subjected to training were placed once a day in the train-
ing tube without any water current for 30 min. After that, they were returned to the home tank
until the next session.
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2.3. Latent learning

In this paradigm, fish explore a maze for a training phase without any reinforcement until the
test day [33, 34]. The maze has two side arms with the same size (left and right) and a central
tunnel that connects the start box to a goal box, where a reward was placed only on the test
day. Maze walls were transparent allowing fish to see all the compartments. Exploration/
training sessions occurred once a day, for 30 min, during the last 15 days of physical training.
Fish group was placed in the start box for 30 s to habituate and then, the start box’s door was
opened, allowing fish to explore the maze. From each training group, some animals were
trained only to explore the right tunnel of the maze (traditional endurance n =7; HIIT n = 6;
Sedentary n = 7) and some animals were trained to explore only the left tunnel of the maze
(traditional endurance n = 9; HIIT n = 8; Sedentary n = 8). The reward chamber was empty
during the 15 days of training.

On the test day (31st day of physical training), a small shoal of five fish was positioned in the
goal box as reward stimulus to experimental fish. Animals were put individually in the start
box and after 30 s the door was lifted, and fish could explore the maze for 10 min. During
the test, the right and the left tunnels of the maze were open, so that fish could choose the
patch to the goal box. Fish behavior was recorded using a handy cam (Sony Digital Video
Camera Recorder; DCR-S5X45) above the maze and the following parameters were analyzed:
time spent in each tunnel of the maze and in the goal box, first tunnel chosen; latency to enter
the shoal area; duration of time with the shoal.

2.4. Objects discrimination test

The object discrimination test consisted in three phases: habituation, memorization, and dis-
crimination phases [35]. The three phases occurred in a 15 L tanks (40 x 20 x 25 cm) with the
walls covered with white paper to avoid any extern interference. Habituation phase lasted
5 days (25th-30th days of physical training), during which fish were transferred to the test
tank and allowed to explore it for 15 min to reduce possible isolation stress.

On the memorization phase (31st day), two objects (named of A and A’) were introduced in the
tank test and positioned in each side of the tank, 30 cm from each other. Objects were equal in
size, color, and shape. Fish was individually introduced into the tank and explored the objects
for 10 min; after which animal was returned to an individual tank. On the next day (32nd
day), the discrimination phase occurred, which object A” was replaced by a new one (named
object B) with same shape and size but different color. Fish explore the tank and objects for
10 min. During memorization and discrimination phases, fish behavior was recorded from
above using a handy cam (Sony Digital Video Camera Recorder; DCR-SX45). Behavior records
were analyzed for the time fish spent around each object during both phases [36].

2.5. Novel tank test

The novel tank test is one of the most common tests to evaluate anxiety in zebrafish. It is
based on the innate response of fish to dive and freeze when submitted to a new environment/
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situation [37]. The test took place after the end of physical training (day 31). Fish was
individually transferred to tank (20 x 12 x 15 cm) and behavior was recorded for 10 min with
a handy camera (Sony Digital Video Camera Recorder; DCR-5X45) positioned in front of the
tank. It evaluated average swimming velocity, total distance traveled, freezing duration, and
distance from the bottom of the tank.

2.6. Statistical analysis

For the latent learning test, one-way analysis of variance (ANOVA) was performed to investi-
gate the main effect of training regime and behavioral parameters during the test trial. When
significant effects were identified, post hoc Student Newman Keuls test was conducted to
reveal significant (p < 0.05) group differences.

We compared the objects exploration time in memorization and discrimination phases, and
also between the two phases using Two-Way ANOVA followed by Student Newman Keuls
when significance was found.

We also calculated an index of how much fish explored each object during both phases. The
exploration index for the memorization phase (exploration of memorization =E_ = Al + A2)
and discrimination index for the discrimination phase (discrimination index = D, = B — A3)
were calculated to verify whether there were differences in object exploration time between
groups [38]. Correlations between exploration in the memorization and discrimination phases
was compared using Simple Linear Regression (Pearson’s correlation).

All the locomotor parameters from the novel tank test were statistically compared using
One-Way ANOVA. For all tests, we considered the probability level of p < 0.05 for statistical
significance.

3. Results

3.1. Latent learning

Figure 1 presents the number of correct choice fish made during the test day and the time
spent in each tunnel on the test day, when both the right and the left tunnels of the maze were
open. One-Way ANOVA showed neither difference in the number of correct choice between
the three groups (F(2,44) = 0.76, p = 0.47; Figure 1a) nor in the number of correct choice con-
sidering the tunnel where fish was trained before (right trained fish: F(2,20) = 0.61, p = 0.55;
left trained fish: F(2,24) = 0.32, p = 0.72; Figure 1b). Also, time spent in the correct tunnel did
not differ between groups (F(2,44) = 0.04, p = 0.96; Figure 1c) and did not differ considering
the tunnel where fish was trained before (right trained fish: F(2,20) = 0.10, p = 0.90; left trained
fish: F(2,24) = 0.31, p = 0.74; Figure 1d).

However, during the test day, in which a shoal was presented at the reward area, animals
from HIIT group showed lower latency to enter in shoal area compared to the others groups
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Figure 1. Number of fish that chose the correct tunnel (a, b) and time spent in each tunnel (c, d) after leaving the start
box on the probe trial, during which both the right and the left tunnels of the maze were open. The correct choice was
the left tunnel for fish that were previously trained with the left tunnel open, and it was the right tunnel for fish that
were trained with the right tunnel open. Panel (a) and (c) show the total number of fish that made correct choice and
time spent in the correct tunnel irrespective of left or right tunnel training for each treatment. Panel (b) and (d) show the
correct choice and time spent in the correct tunnel of each group considering whether the fish were trained with the left
or right tunnel: light gray bars represent the fish trained with the left tunnel open and dark bars represent the fish trained
with the right tunnel open. Training regimes were: Traditional endurance (n = 16), HIIT (n = 14) and sedentary (n = 15).
The physical training conditions are shown on the x-axis: traditional endurance group was trained daily in a current
water tube until fish could not swim against it and was pushed to the calm water; high-intensity interval training (HIIT)
group was trained to maximum swim against the current three times of 10 min with 5 min interval; sedentary group was
put inside the training tube for the same period the other groups trained, but no water current was generated. All panels
show that there were no differences between groups. For further details of the results of statistical analysis, see results.

(One-Way ANOVA F(2,44) = 3.44, p = 0.04), and the same HIIT group spent less time in shoal
area (One-Way ANOVA F(2,44) = 20.70, p <0.001), as shown in Figure 2.

3.2. Objects discrimination

Figure 3 depicts the difference between the time exploring objects A and A’ in the memoriza-
tion phase and A and B in the discrimination phase for all the training groups. For traditional
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Figure 2. (a) Latency to leave the start box and (b) duration of time zebrafish spent in the goal box during the probe trial.
Bars show mean + SEM; sample size equals 16 for traditional endurance group, 14 for HIIT group, and 15 for sedentary
group. The physical training conditions are shown on the x-axis: traditional endurance group was trained daily in a
current water tube until fish could not swim against it and was pushed to the calm water; high-intensity interval training
(HIIT) group was trained to maximum swim against the current three times of 10 min with 5 min interval; sedentary
group was put inside the training tube for the same period the other groups trained, but no water current was generated.
During the latent learning training sections, fish were allowed to explore the maze with only one tunnel open. During the
probe trial, both tunnels were open and fish were allowed to use the tunnels to reach the goal box, where a conspecific
shoal was presented. Asterisk indicates statistical difference between groups (one-way ANOVA, p <0.05).

endurance group, Two-Way ANOVA of this data set revealed a significant effect of the objects
(F(1,56) = 4.02, p = 0.04), no effects of the phase (F(1,56) = 1.63, p = 0.21), but the objects x
phase interaction (F(1,56) = 9.01, p = 0.006) was also significant. Student Newman Keuls test
showed that exploration time of the novel object on the discrimination phase significantly
(p <0.01) differed from exploration time of the other objects (Figure 3a). For the HIIT group,
Two-Way ANOVA showed no significant effect of the objects (F(1,56) = 0.20, p = 0.65), no
effects of the phase (F(1,56) = 1.85, p = 0.18), and also no effects of interaction (F(1,56) = 0.50,
p = 0.48) (Figure 3b). For the sedentary group, Two-Way ANOVA indicates significant effect
of the objects (F(1,56) =29.93, p = 0.001), no effects of the phase (F(1,56) = 0.78, p = 0.38), but
again significance was observed for the objects x phase interaction (F(1,56) = 9.78, p = 0.003).
Student Newman Keuls test revealed that exploration time of the novel object on the discrim-
ination phase was significant different (p < 0.01) from exploration time of the other objects
(Figure 3c).

Figure 4 shows the correlation between exploration index (E,; memorization phase) and dis-
crimination index (D, discrimination phase) for the training groups. For the traditional endur-
ance group, E_ and D, were significant (ANOVA, F(1,14) = 5.67, p = 0.03), showing a directly
proportional relationship, as demonstrated by the angular coefficient (y = 0.66x — 1.90) and
Pearson’s correlation coefficient (r = 0.04; Figure 4a). For HIIT, there was no significant corre-
lation between E_ and D, (Pearson’s correlation coefficient r = 0.00007, p = 0.39; Figure 4b). For
the sedentary group, E_ and D, were significant (ANOVA, F(1,7) = 3.67, p = 0.04) and showed
proportional relationship, as observed from the angular coefficient (y = 0.42x + 28.81) and
Pearson’s correlation coefficient (r = 0.10; Figure 4c).
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Figure 3. Zebrafish exploration time for objects A vs. A’ (memorization phase), or A vs. B (discrimination phase) for the
physical training exposure regime groups: (a) traditional endurance, in which fish were trained daily in a current water
tube until it could not swim against it and was pushed to the calm water (n =8), (b) high-intensity interval training (HIIT)
group, in which fish were trained to maximum swim against the current 3 times of 10 min with 5 min interval (n = 14),
and (c) sedentary group, in which fish were put inside the training tube for the same period the other groups trained,
but no water current was generated (n =15). Bars mean exploration time + SEM in each object, in the memorization phase
(two equal objects) and in the discrimination phase (two different objects). Fish were observed for 10 min in each section.
Asterisk indicates statistical difference between fish objects exploration (two-way ANOVA, p <0.05).

3.3. Novel tank test

Figure 5 presents difference between the training groups related to average speed, total dis-
tance traveled, freezing behavior and distance from the bottom of the tank. One-Way ANOVA
showed that training regime did not affect average speed (F(2,33) = 2.07, p = 0.14; Figure 5a),
total distance traveled (F(2,33) = 1.89, p = 0.17; Figure 5b), and distance from the bottom of
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Figure 4. Linear regression between discrimination index (D,) and exploration index (E,) in the memorization phase.
(a) Traditional endurance, in which fish were trained daily in a current water tube until it could not swim against it and
was pushed to the calm water (n = 8), (b) high-intensity interval training (HIIT) group, in which fish were trained to
maximum swim against the current three times of 10 min with 5 min interval (n = 14), and (c) sedentary group, in which
fish were put inside the training tube for the same period the other groups trained, but no water current was generated
(n=15). For further details of the results of statistical analysis, see results.

the tank (F(2,33) = 0.08, p = 0.92; Figure 5d). However, freezing behavior, a characteristic
mainly related to anxiety, was affected by exercising. One-Way ANOVA showed that sed-
entary group presented higher freezing behavior than the traditional endurance and HIIT
groups (F(2,33) =9.62, p < 0.001; Figure 5c).
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Figure 5. Behavioral analysis in the novel tank test for each treatment: traditional endurance (n = 10), HIIT (n =11), and
sedentary (n=12). Behavioral tracking applied to compare (a) average speed swimming, (b) total distance traveled by the
fish, (c) freezing behavior, and (d) distance from the bottom of the tank between the three groups. Error bars represent
standard error. Data corresponds to 15 min of behavioral observation during the test. Asterisk indicates statistically
differences (one-way ANOVA, p <0.05).

4, Discussion

In this study, we show the effects of traditional endurance and high-intensity interval train-
ing (HIIT) on the learning and anxiety-like behavior in adult zebrafish. Our results evidence
that HIIT does not affect long lasting memory, as observed in the latent learning task, but it
impairs discriminative learning, as observed in the object discrimination task. We reinforce
the zebrafish intrinsic explorative behavior, both directed to novelty and social groups, and
showed that physical training affects these responses. However, both HIIT and traditional
exercise regime seems to have decreased anxiety-like behavior in zebrafish. This study con-
firms that zebrafish show good performance in learning tasks and that cognitive performance
is dependent upon the regime of physical exercise and cognitive task used.

Our results are in agreement with other studies on learning in zebrafish [33-35, 38, 39]. Latent
learning has been tested in zebrafish previously [33, 34] and the results are in line with those
reported here. Even the lateralization (right tunnel bias in the first choice) was observed in
these other studies using the same protocol we used. Regarding this response (right turn), the
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mechanisms that govern this bias are still not understood but a growing body of literature
has pointed out lateralization in zebrafish brain [33, 34, 40—42] probably due to asymmetri-
cal biochemical and neurobiological processes. Regarding the objects discrimination using
the same protocol we have presented, Oliveira et al. [35], Santos et al. [39], and Pinheiro-da-
Silva et al. [38] showed zebrafish ability to recognize the novel object in the discrimination
phase of the tests. However, even though the zebrafish is considered a translational model
for humans, physical exercise has received little attention, and as far as we know, only two
studies approach this issue. One of them relates physical exercise and aging in a protocol that
emphasizes swimming performance [31], while the other evaluates the effects of traditional
training and associative learning [32]. In the former, the authors have shown that training
enhances cognitive performance in zebrafish compared to sedentary fish. However, in the
present study, we use both traditional endurance and HIIT to compare how these two differ-
ent types of training affect cognition. We observed that chronic traditional training (i.e. daily
walking, running, or cycling) allowed zebrafish to latent learning and object discrimination,
what was not observed in high-intensity training.

Many recent studies have been approaching the high-intensity exercise protocols [2, 8, 28, 43].
It is of particular interest because this mode of training has spread through most of the gyms
and young people have been adopting mainly this type of training due to the fast condition-
ing response it promotes [8]. In the present study, we intent to simulate HIIT protocol by
exercising the fish acutely in a high-intensity swimming activity and then letting them rest for
a short time before repeating the process. This procedure has negatively affected the fish abil-
ity to discriminate objects (Figures 3 and 4) but is had no effects on latent learning (Figure 1).
We also observed that HIIT fish decreased time to reach the shoal in the latent learning test,
suggesting it performed the task faster than the other groups. However, HIIT fish showed
decreased time with the shoal. Shoaling is a behavioral pattern usually observed in zebrafish
due to its high social behavior [44, 45], suggesting the training protocol decreased fish interest
in maintaining social interaction. We believe that HIIT may have caused an increased explor-
atory effect, leading the fish to explore the tank more and shoaling less in the latent learning
test. The same effect may explain why fish did not discriminate objects: HIIT may have made
the fish to explore the tank of the objects more than focus its attention on the objects itself.
These results seem to agree with the decreased anxiety-like behavior (decreased freezing)
observed in the novel tank test, which may lead fish to be more explorative than presenting
the need for social interaction.

As itis known, many variables may affect exercise training on cognition, such as the cognitive
function examined and the level of physical training [2]. Regular physical exercise promotes
a number of benefits in the organisms [46, 47] and may have positive effects on cognitive
function [32, 48]. In the present study, we confirm that traditional training protocols (con-
tinued exercising without high-intensity periods) had beneficial consequences: fish behaves
as the control (sedentary) in the latent learning and in the objects discrimination task, but it
decreased anxiety-like behavior in the novel tank. Thus, while it seems that traditional endur-
ance cognitive function is comparable to sedentary fish, the anxiety response was significant
lower in the fish continuous trained.
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Perhaps the most interesting effect, we found in this study was the decreased freezing behav-
ior in the physical training groups. These fish were exposed to training for a prolonged period
of time, and tested to the novel tank only at the end of the training period. Different from the
cognitive tasks, in which fish were allowed to explore the tank in advance, in the novel tank
protocol, fish had only one chance to explore and learn about the tank. Somehow fish used to
physical training perceived the novel tank as less threatening, and spent its time exploring the
tank instead of showing freezing behavior. In this sense, physical exercise improves one’s per-
formance when facing a novel situation, response that is lost when the animal is re-submitted
to the tank several times to reduce stress, as we have done on the two cognitive tasks used in
the present study.

In fact, our results reinforce the zebrafish as a valuable model organism for throughput
screening of behavioral- and cognitive-related training regimes. While physical exercise is
highly encouraged and indeed recommended due to several health benefits related to its
chronic practice, it seems that the new category of high-intensity training still needs investi-
gations and search for the balance between the benefits of exercising and the damages of acute
intense stress. In this sense, our study is far from responding the question: other cognitive
protocols should be tested, novel HIIT protocols need to be developed, and several physi-
ological and neural parameters need to be measured, such as O, consumption, metabolic
rate, catecholamine and corticosteroid release indices, and brain-derived neurotrophic factor
levels. Moreover, an alternative form of high-intensity training that also demands attention,
coordination, and decision making should also be approached in future studies, such as the
game-based activities. Some authors have studied these activities in humans and showed
positive cognitive results afterwards [49, 50].

Therefore, while our results are robust in showing there are several effects of the physical train-
ing regime on behavior and cognition, we still need to understand how exercising models the
body and the brain to cause such effects and what is the extent to which exercising if indeed ben-
eficial. Taken together, these results indicate that high-intensity exercising implies in decreased
short-term learning and confirm the zebrafish as a trustful, reliable, and efficient model for basic
translational research of the effects of physical activity/training on cognition and behavior.

5. Conclusions

Overall, our results zebrafish is a profitable animal model for basic translational research.
Physical exercise in the modern society is medically recommended and rigorously followed in
search of increased health and willingness to study/work. However, not all exercising regimes
are adequate to anyone and the effects on the body and the brain may exceed the beneficial limit
and cause injury, as the decline in short-term learning and spatial navigation observed herein
after high-intensity training regime. Therefore, while exercising is important for health, it seems
that a trade-off between exercise type and intensity should be taken into account when search-
ing for the enhancement of body and brain. Still, additional studies are needed for a thorough
understanding of the effects of physical training and the limits it may impose to our health.
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Abstract

Both estrogen (E2) and nitric oxide (NO) have been shown to affect motor function, in part,
through regulation of dopamine (DA) release, transporter function, and the elicitation of
neuroprotection/neurodegeneration of healthy neurons, as well as in neurodegenerative
conditions such as Parkinson’s disease (PD). Currently, the “gold standard” treatment for
PD is the use of levodopa (L-DOPA). However, patients who experience long-term L-DOPA
and a monamine oxidase inhibitor (MAOI) treatment may develop unwanted side effects
such as hyperkinesia which can be exacerbated by female Parkinsonian patients also on E2
replacement therapy. The current study was designed to determine whether embryonic
zebrafish treated with either E2 or L-DOPA/MAOI develop a de novo-induced hyperkinetic
movement disorder that relies on the NO pathway to elicit this hyperkinetic phenotype.
Results from this study indicate that 5 days post-fertilization (dpf), fish treated with an
L-DOPA + MAOQI co-treatment or E2 elicited the development of a de novo hyperkinetic
phenotype. In addition, the de novo 1-DOPA + MAOI- and E2-induced hyperkinetic pheno-
types are dependent on NO and E2 for its initiation and recovery. In conclusion, these find-
ings point to the central role both NO and E2 play in the facilitation of de novo hyperkinesia.

Keywords: nitric oxide, estrogen, motor dysfunction, dopamine, L.-DOPA, monoamine
oxidase inhibitor, zebrafish
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1. Introduction

Movement disorders are prominent symptoms of a number of neurodegenerative diseases
such as Parkinson’s disease (PD), Huntington’s, and Alzheimer’s disorders. For example, PD
affects the motor system of the brain due to dopamine (DA) neurotransmitter deficiency. This
disease is caused by the systematic degeneration of DA neurons in the basal ganglia of the
brain [1]. Those with this movement disorder exhibit tremors, bradykinesia (hypokinesia),
rigidity, balance and posture impairment, loss of automatic movements, and speech diffi-
culties. PD affects millions across the world; the European Parkinson’s Disease Association
states that 6.3 million people have the neurodegenerative disorder globally [2]. Those who
suffer with PD are without a cure and must resort to methods of PD treatment for relief.
Currently, the “gold standard” treatment for PD is the use of levodopa (1.-DOPA). A precur-
sor to dopamine, L-DOPA is a small enough molecule to pass the blood-brain barrier and
enter the basal ganglia where it is acted upon by DOPA decarboxylase to create an increase in
dopamine levels. As DA neurons degenerate, an influx of dopamine from exogenous -DOPA
reverses the negative effects of PD [3]. In conjunction with 1-DOPA, monoamine oxidase
inhibitors (MAOI) are used to also increase dopamine levels as a co-treatment by inhibiting
the DA-degrading enzyme monoamine oxidase. Thus, inhibiting monoamine oxidase in con-
junction with L-DOPA treatment creates higher levels of DA in PD patients to help alleviate
their symptoms. However, patients who experience long-term L-DOPA and MAOI treatment
may develop unwanted side effects such as hyperkinesia, an increase in muscular activity that
may be excessive or abnormal [4].

Previous studies have suggested that estrogen (E2) has neuroprotective effects in DA neurons
and can regulate the synthesis of DA as a pro-dopaminergic agent [5]. In addition, studies
show that DA neurons of the central nervous system have E2 receptors and the presence of
the E2 synthesis enzyme aromatase [5]. It is clear that there is a connection between E2, the
central nervous system, and movement disorders like PD. Indeed, premenopausal women
are less likely to show PD symptoms with a majority of patients being male and over 60 [6].
Thus, there appears to be a sexual dimorphism between males and females when it comes to
PD prevalence [6]. As a result of the hormonal differences, E2 is considered a neuroprotectant
molecule, but there is no evidence for a similar role for testosterone [6]. Recently, this effect
has been examined in female rats which have been treated with the 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine (MPTP) neurotoxin and have shown the ability to resist muscular activ-
ity loss compared to males [6]. In addition to being neuroprotective, there is also accumulat-
ing evidence that E2 may also cause detrimental effects such as hyperkinetic/chorea/dystonia
symptoms in females on postmenopausal replacement therapy after hysterectomy [5]. There
is also the recent case of a patient suffering from adult-onset Sydenham’s chorea who discon-
tinued E2 replacement therapy and months later these hyperkinetic/chorea symptoms were
significantly diminished [7].

Part of the mechanism by which E2 may exert its influence in the nigrostrital (BG) of PD
patients is through its documented influence on nitric oxide (NO) levels through its regula-
tion of the expression of nitric oxide synthase (NOS) [8]. NO, a gas released by the actions
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of the NOS enzyme on L-arginine, acts as a signaling molecule with direct actions on exist-
ing metabolic pathways, as well as through genomic mechanisms [9, 10]. As a gas, NO can
diffuse across cellular membranes without the aid of membrane-bound transport proteins
or receptors. NO can interact directly with its end targets either in the cell in which it was
synthesized or in surrounding cells. In turn, its actions are precisely controlled due to its
very short half-life and restricted diffusion distance [11, 12]. At higher concentrations NO
can act as a free radical in some situations or binds to superoxide anion (O,"), causing patho-
physiological oxidative stress effects [13]. It is under these conditions that NO is thought to
play a role in the genesis of such neurological diseases as PD [4]. On the other hand, NO at
lower concentrations can act as a cellular protectant through prevention of apoptosis, exci-
totoxicity, neuronal depolarization, and regulation of the redox state in the mitochondria
[14, 15]. In particular, NO has been implicated in the neuromodulation/neuroprotection of DA
neurons in the nigrostrital (BG) pathway associated with either animal models of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-hydroxydopamine (6OHDA) neurotoxic-
ity that create PD-like symptoms or from PD patient clinical data. NO acting at the cellular
level interacts with either its soluble guanylyl cyclase (sGC) receptor molecule to produce
cyclic GMP (¢cGMP) which activates a cascade of cellular enzymes or causes S-nitrosylation
of cysteine residues leading to protein conformational changes [16, 17]. These two pathways
are referred to as either the NO-sGC-cGMP-dependent or NO-sGC-cGMP-independent path-
ways, respectively. In the BG, one of the four nitric oxide synthase (NOS) isoforms, neuro-
nal (n)NQOS, is believed to act through the NO-sGC-cGMP-dependent pathway which acts to
modulate transcription factors, phosphodiesterases, ion-gated channels, or cGMP-dependent
protein kinases (PKG), each of which continues to act physiologically in the nervous system
[18]. In the BG, NO has been shown to affect DA release, influence transporter function, and
elicit neuroprotection of DA neurons [19].

Zebrafish (Danio rerio) have been found to be an excellent model for studying motor disorders
because they show similar neurological functions that humans possess and can easily demon-
strate PD-like symptoms with damage to its basal ganglia-like structures [20]. In turn, a model
where BG-like pathways are simpler and the DA neurons fewer in number and easier to visu-
alize and access would be ideal for such studies. The embryonic zebrafish would appear to
fit these criteria. The DA system has been well characterized in both embryonic development
and in adults. The DA system in zebrafish, which is equivalent to the nigrostrital pathway
in mammals, has been shown to ascend to the subpallium (striatum) from the basal dien-
cephalon [21]. Also, zebrafish embryos and adults respond to the DA neurotoxins MPTP and
60HDA, as well as to the DA receptor agonists/antagonists in much the same manner as in
mammalian models of PD [22-24]. Indeed, there are an increasing number of studies which
make a case for the use of zebrafish as a model for the study of movement disorders such
as PD [20]. Earlier observations from our laboratory have established a zebrafish locomotor
dysfunctional hypokinetic model linked to both E2 and NO deficiency [24]. In our most recent
study, it was demonstrated that when NO synthases are inhibited in zebrafish, using nNOSI,
a condition called “listless” occurs where the fish lack swimming abilities, are rigid, and have
difficulty maintaining balance, similar to human symptoms of PD [25]. Also, co-treatment
with either nNOSI or estrogen (E2), an upstream regulator of NO synthase, could rescue fish
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from the “listless”/PD-like phenotype caused by exposure to the neurotoxin 6-hydroxydopa-
mine (6 OHDA) [26]. In turn, NO-deprived zebrafish were rescued from the “listless”/PD-like
phenotype when co-treated with L-DOPA, a precursor to DA used routinely in PD therapy.
Most significantly, NO involvement in the motor homeostasis of the embryonic zebrafish was
shown to be expressed through the NO-sGC-cGMP-PKG-dependent pathway [26]. Therefore,
initial evidence for NO’s E2-linked role in locomotor activities in an embryonic zebrafish
model was established.

It is the hypothesis of this study that when embryonic zebrafish are treated with either E2 or
L-DOPA/MAOI that a de novo-induced hyperkinetic movement disorder phenotype will be
generated. In conclusion, these results establish a rapid turnover zebrafish model for the study
of the role of NO-E2-related DA actions in normal and hyperkinetic movement phenotypes.

2. Materials and methods

2.1. Fish preparations

The compound roy;nacre double-homozygous mutant zebrafish, named casper, were used in
this study. Casper shows the effect of combined melanocyte and iridophore loss in which the
body of the embryonic and adult fish is largely transparent due to loss of light absorption and
reflection [27]. These transgenic fish were obtained from Carolina Biological Supply. All fish
were maintained in a basic embryonic rearing solution (ERS) consisting of NaCl, CaCl,, KCl,
and MgSQO,. These necessary ions were dissolved in deionized water containing a 0.05% meth-
ylene blue solution, which serves as an antimicrobial agent. All solutions were changed every
24 h, and embryos were incubated at 28°C. All reagents were obtained from Sigma-Aldrich,
and solutions were made daily before use unless noted otherwise. Fish treated at 4-6 days
post-fertilization (dpf) were allowed to hatch on their own prior to treatment. All procedures
were in accordance with NIH guidance for the care and treatment of animals.

2.2. Reagent preparations
2.2.1. E2-related reagents

All E2-related reagents for treating zebrafish have been previously tested in a dose-response
paradigm to insure optimal results and proper survival [26]. Based on previous studies, E2
(17p-estradiol, Sigma) used at 1 and 5 uM, and initially solubilized in a 100% ethanol stock
solution diluted down to the base treatment solution with ERS, ensuring that the ethanol
concentration in the final solution was equal to or lower than 0.5%. The control group con-
sisted of ERS salt solution plus 0.5% ethanol. The reagent 4-androstene-3,17-dione (4-OH-A,
MW-286.4, Sigma) was used as an aromatase inhibitor (Al) to block the production of E2 from
androgens [24, 25, 28]. It was used at 50 pM and made from a 100% ethanol stock solution
diluted down to the base treatment solution with ERS, ensuring that the ethanol concentra-
tion in the final solution was equal to or lower than 0.5%.



The Roles of Estrogen, Nitric Oxide, and Dopamine in the Generation of Hyperkinetic Motor...
http://dx.doi.org/10.5772/intechopen.73869

2.2.2. NO-related reagents

All NO-related reagents for treating zebrafish have been previously tested in a dose-response
paradigm to insure optimal results and proper survival. Based on literature review, baseline
target concentrations were identified. Proadifen hydrochloride (Sigma) was used as a selective
nNOS inhibitor (nNOSI). With ERS as the diluent, fish were tested at 10, 30, and 50 uM. The
50 uM concentration provided optimal results in its ability to create the hypokinetic (listless)
condition, and this dose was used throughout the current study.

Diethylenetriamine/nitric oxide adduct (DETA-NO, Sigma) was used to provide a slow
extended release of exogenous NO as a co-treatment with some of the inhibitors used in the
experiments in an effort to show that NO inhibition-mediated symptoms exhibited by fish can
be rescued. It was dissolved into ERS resulting in working concentrations of 400-50 uM with
50 uM providing the best results.

1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, Sigma) was used as a soluble guanylyl
cyclase (sGC) inhibitor which compromises the NO-cGMP-dependent pathway by reducing
c¢GMP production. It was dissolved into a 0.1% DMSO solution and then diluted with ERS to a
working concentration of 30 uM for application. In addition, DTT (dithiothreitol, Sigma) was
used as an inhibitor of the NO-cGMP-independent pathway which prevents S-nitrosylation
events at a concentration of 100 pM.

2.2.3. DA-related reagents

The L-DOPA DA precursor L.-DOPA ethyl ester (-3, 4-dihydroxyphenylalanine methyl ester,
Sigma) are used at concentrations up to 10 mM, which is the limit of its solubility in the ERS
control solution. L-DOPA is acted upon by DOPA decarboxylase to be converted into DA. It
was used to elevate the neurotransmitter in deficient fish starting at ranges prescribed previ-
ously for zebrafish embryos [29, 30]. The optimal dose was 10 mM and used throughout the
current study.

Monoamine oxidase inhibitor (MAQI) is an agent used to manipulate the zebrafish DA neu-
rons by preventing DA degradation at the synapse. The MAQ], L-deprenyl (Sigma), was used
at a concentration of 50 uM to elicit hyperdyskinetic behavior in a co-treatment paradigm
with L-DOPA.

A DA receptor antagonist (haloperidol, Sigma) was used at a concentration of 1-50 uM as
prescribed for zebrafish embryos [31] and 1 uM was found to be optimal.

2.3. Hyperkinesia phenotype protocols

Fish at 5 dpf were co-treated with L-DOPA + MAOI for up to 48 h or E2 alone for 3-6 h to
induce a hyperkinetic state. Using this protocol, additional experiments were also designed
to determine whether either L.-DOPA or MAOI alone could cause the hyperkinetic phenotype.
Specifically, fish were treated with either L-DOPA, MAOI, or a L.-DOPA + MAOQI co-treatment
along with the ERS controls. Next, studies were designed to determine if the hyperkinetic
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phenotype could be modified changing NO levels in the .-DOPA + MAOI-treated fish.
Specifically, the co-treatment (L-DOPA + MAOI) was compared to the .-DOPA + MAOQOI +
nNOSI tri-treatments along with their respective controls. Next, experiments were designed
to test recovery of 5 dpf fish after a 40-h treatment with L.-DOPA + MAOI which was followed
by either ERS, nNOSI, or DETA-NO post-treatment washouts. The third set of experiments
looked at the role of E2 in the generation of the hyperkinetic state. Specifically, fish were
treated with either E2, at various concentrations, L.-DOPA + MAOQOI, and L-DOPA + MAOQOI +
Al Similar co-treatment studies were carried out with E2 according to the following proto-
cols: E2 + haloperidol and E2 + nNOSL

2.4. Data collection

For visual analysis, fish were characterized using a dissecting microscope, as expressing the
hyperkinetic dyskinesia phenotype when their swimming behaviors became significantly dif-
ferent from ERS controls. Specifically, the ‘hyperkinetic dyskinesia’ phenotype was identified
as showing rapid, erratic, and brief spurts of swimming movements and was either calculated
as a percent of the treated group or by video capture analysis using a Nikon SMZ1500 micro-
scope to measure the number of spontaneously initiated swimming movements per minute.
Also, fish were timed (seconds) as to the duration of their startle/escape response to being
touched by a probe on the tail region. The percent survival under the various experimental
conditions was also determined for both the hyperkinetic treatment conditions.

2.5. Data analysis

Data were analyzed for significant differences either by a z-test for two-population pro-
portions or for multiple proportions using chi-square contingency table test, followed by a
Marascuilo’s post-hoc analysis. In addition, for timed video capture movements and startle/
escape responses, statistical analysis by using either a two-tailed t-test or an analysis of vari-
ance (ANOVA) one-way paired t-test or ANOVA Single Factor tests. For the ANOVA analysis
a Tukey post-hoc method was also run to determine significant differences between the vari-
ous treatment groups. Sample sizes for all separately treated fish were n = 30 and all experi-
ments were repeated in triplicate.

3. Results

3.1. L.-DOPA + MAOI co-treatment cause the development of a de novo hyperkinetic
phenotype in 5 dpf fish

Figure 1A shows the percentage of zebrafish that demonstrated a hyperkinetic phenotype
when co-treated with L-DOPA + MAOI over 40 h of treatment compared with ERS controls.
These data show that a significant portion of a population exhibited hyperkinesia after 24 h
(55%) in the co-treatment and rises to 90% after 40 h (p < 0.01) compared to 0% for the ERS



The Roles of Estrogen, Nitric Oxide, and Dopamine in the Generation of Hyperkinetic Motor...
http://dx.doi.org/10.5772/intechopen.73869

controls. This provides evidence that the co-treatment is an effective combination for induc-
ing the hyperkinetic phenotype compared to ERS controls that demonstrated no hyperkine-
sia. Specifically, the hyperkinetic fish demonstrated spontaneous swift, erratic, and chorea/
catatonic excitement-like movements when compared to controls.

Figure 1B demonstrates that co-treated fish remain stable for the duration of the treatment
paradigm with no significant deaths when compared to ERS controls (p > 0.05).

Figure 2 shows photomicrographs from video capture of zebrafish fin movements under
various treatment conditions. Note that control fish exhibited synchronous and symmetri-
cal adduction (Figure 2A) and abduction (Figure 2B) of fin positions during movement or
at rest. In contrast, the L-DOPA + MAOI co-treated fish show asymmetric and asynchro-
nous adduction and abduction in their pectoral movements (Figure 2C). Behaviorally, these
fish exhibit a lack of control of swimming movements and chorea/catatonic excitement-like
symptoms.
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Figure 1. The effects of an 1-DOPA + MAOI co-treatment on generating a hyperkinetic motor behavior phenotype
in 5 dpf zebrafish evaluated at 24 and 40 h post-treatment. (A) The percentage of hyperkinetic zebrafish induced by
co-treatment with L.-DOPA + MAOI compared to ERS controls over 24- and 40-h treatment periods shows a significant
increase (*p < 0.01) in the appearance of the hyperkinetic phenotype when compared to ERS controls. (B) Shows that
there was no significant difference between the ERS and co-treatment mortality rates at both 24 and 48 h post-treatment
(p>0.05). Bars = +SD.
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Figure 2. Video capture photomicrographs of 5 dpf fish fin movements 40 h post-treatment. (A and B) Pictures represent
ERS control zebrafish pectoral fin synchronous movements in the adduction (A) and abduction (B) states (arrows).
(C) Asymmetric pectoral fin movements in response to L-DOPA + MAOI co-treatment. Note that while the left fin is
abducted, the right one is adducted (arrows).

3.2. MAOI is more effective than L-DOPA in eliciting the de novo hyperkinetic
phenotype in 5 dpf fish

Figure 3 shows the frequency of initiated movements among ERS control, L-DOPA, MAOQ],
and co-treatment (L-DOPA + MAOI) fish. This experiment tested which of the two DA-related
reagents in the co-treatment was more responsible for generating the hyperkinetic phenotype.
These data show that MAQI is the primary facilitator of de novo hyperkinesia in the co-treatment
when compared to L-DOPA (p < 0.01). Specifically, control and L-DOPA frequency of spontane-
ous movements were not significantly different at 40 h of treatment (41 + 5 compared to 37 + 12
times/min, respectively, p > 0.05). Similarly, L.-DOPA + MAQOI and MAOI-only treatments were
not significantly different (74 + 15 compared to 73 + 12 times/min, p > 0.05). However, MAOI
treatment was significantly different from L-DOPA treatment (37 + 12 compared to 73 + 12
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Figure 3. The number of spontaneous movements that 5 dpf zebrafish initiated over a 1-min duration after 40 h under
various treatment conditions. Note that ERS controls initiated movements at approximately 41 times/min, L-DOPA
treated zebrafish at 37 times/min, MAQI at 74 times/min, and co-treated L-DOPA/MAQI at 73 times/min. Bars = +SD.
*.

p<0.01.



The Roles of Estrogen, Nitric Oxide, and Dopamine in the Generation of Hyperkinetic Motor...
http://dx.doi.org/10.5772/intechopen.73869

times/min, p < 0.01). Specifically, both MAOI and the L-DOPA + MAOI co-treatment initiated
by approximately twofold the number of spontaneous movements than that of either ERS or
L-DOPA alone.

3.3. The de novo L-DOPA + MAOI-induced hyperkinetic phenotype is dependent
on NO, E2, and the DA system for its initiation and recovery

Figure 4 shows the effect of nNOSI on the L.-DOPA + MAOI-induced hyperkinetic phenotype.
During the first 48 h of treatment, ERS controls showed no hyperkinesia; however, L-DOPA +
MAOI co-treatment demonstrated 94% hyperkinesia. Note that Figure 4A shows that the
L-DOPA + MAOQI + nNOSI tri-treatment significantly reduced the co-treatment-induced
hyperkinesia after 48 h of treatment (43% vs. 94%, respectively, p <0.01). Figure 4B shows the
duration of zebrafish swimming, post-tail probe, comparing ERS control, L.-DOPA + MAOI
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Figure 4. The effect of nNOSI on the .-DOPA + MAOI-induced hyperkinetic phenotype at 48 h post-treatment. (A) The
tri-treatment (.-DOPA + MAOI + nNOSI caused a significant reduction (*p < 0.01) in the percent of fish demonstrating
the tail probe-induced hyperkinetic phenotype when compared to the co-treatment (.-DOPA + MAOI). (B) The
duration of zebrafish swimming, post-tail probe, comparing ERS control, .-DOPA + MAQI co-treatment, and L-DOPA +
MAOI + nNOSI tri-treatments. Note that the tri-treatment significantly decreased the swim duration (***p < 0.05) when
compared to the co-treatment values. Also note that two distinct swimming behaviors, rapid followed by twitch-swim,
were observed only in co-treated fish in response to probe stimulation and were significantly different from ERS control
values and from each other (*p < 0.05 rapid swim, and **p < 0.05. Twitch-swim). Bars = +SD.
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co-treatment, and 1L-DOPA + MAOI + nNOSI tri-treatments. Note that co-treatment escape
swimming behaviors demonstrate a rapid swim followed by much longer twitch swim dura-
tion. Specifically, the co-treatment rapid swim phenotype had an average swim duration
of 5.1 + 2.5 s followed by a twitch swim duration of 36.2 + 12.5 s. In contrast, the L-DOPA +
MAOI + nNOSI tri-treatment was significantly reduced the swim duration to 1.5+ 0.2 s when
compared to the co-treatment values (p < 0.01).
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Figure 5. Demonstration of the percentages of 5 dpf fish that recovered after 24 hours of post-treatment (washout) with
various treatments from the hyperkinetic state initially induced by the co-treatment of L.-DOPA + MAOIL. (A) The washout
with ERS showed that approximately 80% of the fish recovered when compared to 0% of the non-washed out fish.
At this point the ERS washout fish were not significantly different from those of controls (*p > 0.05). (B) Recovery
rate of hyperkinetic fish in response to ERS, and nNOSI post-treatments (washout). Note that nNOSI post-treatment
significantly inhibits the recovery response when compared to either ERS or DETA-NO post-treatments (*p < 0.01).
Bars = +SD.
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Figure 5 depicts experiments testing recovery of 5 dpf fish after a 40 hours treatment with
L-DOPA + MAOI to induce the hyperkinetic phenotype. Data were collected after a 24 hours
post-treatment washout with either ERS or nNOSI. Figure 5A shows that fish treated con-
tinually with ERS demonstrates normal (non-hyperkinetic) swimming behaviors and the fish
that were not washed out with ERS (just kept in the co-treatment) had a 0% recovery rate.
However, the fish that were washed out with ERS solution after the initial co-treatment had
approximately an 80% recovery back to normal swimming patterns. Figure 5B shows that
post-treatment washout with nNOSI post-treatment (less than 20%) washouts showed signifi-
cantly less recovery (p <0.01).

Figure 6 shows what happens to swimming durations when at 5 dpf, zebrafish were treated
with different concentrations of E2. At 6 h post-treatment, fish were lightly touched with a
probe and their escape response timed (s—seconds) until they stopped. When the ERS con-
trol fish were stimulated they swam for 0.5 + 0.3 s. Fish treated with 1 uM E2, responded by
swimming 1.2 + 0.5 s, which was not significantly (p > 0.05) different when compared to the
ERS controls. However, fish treated with a 5 uM E2 dosage, swam at durations significantly
longer (4.7 + 3.9 s, p < 0.05) when compared to both the ERS and standard 1 uM dosage of E2.
Specifically, 100% of the higher dosage 5 uM E2 fish exhibited significant hyperkinetic activ-
ity. Conversely, fish treated with 10 uM E2 were not able to survive the treatment.

When exposed to various treatments with the reagents Al, and L.-DOPA + MAOI or L-DOPA +
MAOI+AL 5 dpf fish exhibited several different swimming phenotypes (Figure 7). Specifically,
fish treated with Al were 67% listlessness, a significantly higher proportion (p < 0.05) when
compared to the two other group’s swimming characteristics. Most significantly, hyperkinesia
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Figure 6. Zebrafish at 5 dpf are treated with different concentrations of E2 and at 6 h post-treatment, fish were lightly
touched with a probe and their escape response timed (s—seconds) until they stopped swimming. Note that a 5 uM
E2 concentration caused a significant increase in hyperkinetic swimming activity when compared to a 1 pM E2 dose
(*p <0.05). A 10 uM dose of E2 was found to be toxic. Bars = +SD.
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Figure 7. Effects of Al treatment on L-DOPA + MAOI-induced hyperkinetic activity in 5 dpf fish. Note that the addition
of Al to the tri-treatment (L-DOPA + MAOI + Al) significantly reduced (*p < 0.01) the hyperkinetic probe-induced swim
time (s—seconds) when compared to that of the co-treatment (L-DOPA + MAOI). Bars = +SD.

was seen in approximately 80% of the co-treated (L-DOPA + MAOI) fish, a significant percent-
age (p < 0.05) when compared to negligible percentages in both the Al fish and the tri-treated
(or .-DOPA + MAOI + Al) fish (Figure 7A). Normal swimming behavior was the dominant
phenotype in the tri-treated fish with a significant (p < 0.05) proportion of fish exhibiting this
behavior. Figure 7B shows that Al treated fish exhibited a significantly reduced swimming
duration (p < 0.05) when compared to both the co-treatment and tri-treatments. The addition
of Al to the L.-DOPA + MAOI co-treatment significantly reduced the response time of fish
exhibiting the hyperkinetic phenotype. Specifically, co-treated fish (L-DOPA + MAOI) swam
at 2.9 + 0.4 s when probed which is much quicker when compared to the Al (0.2 + 0.4 s) and
tri-treated fish (1.0 £ 1.8 s).

Figure 8A shows the effect of HA on E2-induced hyperkinesia. Specifically, the addition of
HA to E2 in a co-treatment paradigm (E2 + HA) significantly reduced (p < 0.05) the hyper-
kinetic probe-induced swim time by fourfold from 4.2 + 3.9 s to 0.5 + 0.3 s. In addition, the
co-treatment values were very similar to those of the ERS (0.4 + 0.2 s) and HA ((0.4 £ 0.2 s)
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Figure 8. The effect of HA and nNOSI on E2-induced hyperkinesia. (A) Note that the addition of HA to E2 as a
co-treatment significantly reduced (*p < 0.05) the hyperkinetic probe-induced swim time (s—seconds) by fourfold when
compared to E2 values. Also, the co-treatment reduced the swim time values to approximately those of the ERS and HA
controls. (B) Note that the addition of nNOSI to E2 as a co-treatment significantly reduced (*p < 0.01) the hyperkinetic
probe-induced swim time (s—seconds) by threefold when compared to E2 values. Also, the co-treatment swim time
values were not significantly different (p > 0.05) from those of the ERS and nNOSI controls. Bars = +5D.

control values. Figure 8B shows the effect of nNOSI on E2-induced hyperkinesia. Specifically,
the addition of nNOSI to E2 in a co-treatment paradigm (E2 + nNOSI) significantly reduced
(p <0.01) the hyperkinetic probe-induced swim time by three-fold from 4.39+2.3st01.3£0.5s.
In addition, the co-treatment values were not significantly different (p > 0.05) to those of the
ERS (0.8 £ 0.3 s) and nNOSI (0.9 + 0.6 s) control values.

4. Discussion

The goal of this study was to explore the hypothesis that the co-treatment of L-DOPA + MAO],
and E2 by itself will produce a zebrafish model of de novo hyperkinesia which are both
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dependent on the NO pathway for its expression. Also, the current study explored the pos-
sibility of using nNOSI as a modulating agent to reduce the de novo hyperkinetic dyskinesia
phenotype in the zebrafish.

Data from the current study shows that 5 dpf zebrafish exhibited hyperkinesia as early as
24 h after treatment with an L-DOPA + MAOI co-treatment. Specifically, the hyperkinetic fish
demonstrated spontaneous swift, erratic, and chorea/catatonic excitement-like movements, as
well as, a significant increase in the number of spontaneous movements when compared to
controls. This is the first report of de novo L-DOPA + MAOI-induced hyperkinesia in embry-
onic zebrafish. However, L.-DOPA has been shown in older zebrafish larvae to facilitate recov-
ery of swimming speed after treatment with the antipsychotic fluphenazine [29]. In addition,
data from the current study also show that MAOI is the primary facilitator of hyperkinesia
in the co-treatment when compared to L-DOPA. Specifically, both MAOI and the L-DOPA +
MAOQI co-treatment initiated by approximately twofold the number of spontaneous move-
ments than that of either ERS or L-DOPA alone. In an interesting corollary to this finding, it
was shown in an earlier study that L.-DOPA administered to zebrafish reduced the number of
neurons in its nigrostriatal-like pathway which was partially rescued by monoamine oxidase
inhibition [32]. This study was focused on the possibility that L.-DOPA contains a neurotoxic
product that may cause oxidative stress to DA neurons. We saw none of these symptoms in
our study perhaps due to the fact that our findings were collected over a matter of 1-2 days
duration which was not long enough to see these potential side effects. On the other hand,
the fact that monoamine oxidase inhibition increased fish motor activity by a post-treatment
paradigm is in support of our findings [32].

The current study also reported that the de novo L.-DOPA + MAOI-induced hyperkinetic phe-
notype is dependent on NO for its initiation and recovery. Specifically, the L-DOPA + MAQOI +
nNOSI tri-treatment significantly reduced the L-DOPA + MAOI co-treatment-induced hyper-
kinesia. Similar results in earlier studies have shown that in hemiparkinsonian rats nNOSI
improves L-DOPA-induced dyskinesia [4]. The findings are also in line with earlier sugges-
tions of the possibility that nNOSI could be used as a therapeutic agent to reduce the dyski-
netic side effects of long-term 1-DOPA therapy [33]. In turn, current post-treatment studies
demonstrated that NO accelerates recovery from the L-DOPA + MAOI-induced hyperkinetic
phenotype when compared to ERS controls. In contrast, nNOSI post-treatment significantly
reduced the rate of recovery from the hyperkinetic phenotype. These findings are most likely
explained by the documented effects of NO on DA dynamics. Specifically, in the BG, NO has
been shown to affect DA release, influence transporter function, and elicit neuroprotection of
DA neurons [19].

In the present study, it was also determined that E2 can cause a de novo hyperkinetic phe-
notype in zebrafish. Specifically, a 3-6 h treatment with E2 elicited a tenfold increase in
fish swim duration when compared with that of ERS controls. E2 was also found to sig-
nificantly affect the L-DOPA + MAOI co-treatment-induced de novo hyperkinetic phenotype.
Specifically, the addition of Al to the L-DOPA + MAOI co-treatment significantly reduced the
response time of fish exhibiting the hyperkinetic phenotype returning them back to control



The Roles of Estrogen, Nitric Oxide, and Dopamine in the Generation of Hyperkinetic Motor...
http://dx.doi.org/10.5772/intechopen.73869

levels. These data suggest that E2 is linked to the DA system regulating motor activity in
the embryonic zebrafish. This finding was further validated in this study by results showing
that the DA receptor antagonist, haloperidol (HA), significantly diminished the E2-induced
de novo hyperkinetic activity. Specifically, a co-treatment of E2 + HA significantly reduced
by fourfold the hyperkinetic phenotype when compared to just an E2 treatment. This evi-
dence leads to the conclusion that the E2-induced hyperkinetic phenotype acts through the
DA D1/D2 receptor system. This conclusion is further substantiated by an earlier study that
showed that HA significantly reduced the level of larval zebrafish locomotor activity along
a similar time line [31]. Furthermore, the effects of E2 on stimulating/regulating DA levels
and thus motor activity have been well documented in other animal models. Specifically, it
has been shown that E2 influences DA dynamics in the nigrostrital pathway that is crucial
for normal motor function and is the site of PD pathology [5]. In this system, similar to NO,
E2 affects the synthesis, release and turnover of DA, as well as DA transporter and recep-
tor expression [5]. E2 derivatives have also been shown to cause hyperactivity in animal
models. Specifically, the addition of bisphenol A, a xenoestrogen exhibiting E2-mimicking
hormone-like properties, was shown to cause hyperactivity in newborn mice, adult male
rats, and larval zebrafish [34-36]. However, the present study reports for the first time a
rapid de novo E2-induced hyperkinetic response over just a 3-6 h duration in the embryonic
zebrafish. In addition, the current de novo E2-induced hyperkinetic zebrafish model appears
to correlate with accumulating evidence that E2 may also cause detrimental effects such as
hyperkinetic/chorea/dystonia symptoms in female patients either through postmenopausal
replacement therapy or through E2 replacement therapy after hysterectomy [5]. There is also
the recent case of a patient suffering from adult-onset Sydenham’s chorea who discontinued
E2 replacement therapy and months later these hyperkinetic/chorea symptoms were signifi-
cantly diminished [7].

5. Conclusions

The current study was designed to determine whether embryonic zebrafish treated with
either E2 or L-DOPA/MACQI would develop a de novo-induced hyperkinetic movement disor-
der and that they rely on the NO pathway to elicit this hyperkinetic phenotype. Results from
this study indicate that 5 dpf fish treated with an L-DOPA + MACQI co-treatment or E2 elicited
the development of a de novo hyperkinetic phenotype. In addition, the de novo L-DOPA +
MAOI- and E2-induced hyperkinetic phenotypes are dependent on NO and E2 for its initia-
tion and recovery. In conclusion, these findings point to the central role that both NO and E2
play in the facilitation of de novo hyperkinesia. In turn, the actions of both E2 and .-DOPA +
MAOQI in the induction of the hyperkinetic phenotype is dependent on the NO pathway and
acts through the DA system. Most significantly, nNOSI has the capacity in this model to
modulate the de novo hyperkinetic phenotype which suggests the possibility that it may be
further tested for its therapeutic value in patients suffering from long-term L-DOPA-induced
dyskinetic side effects.
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Abstract

There are several similarities and differences in electrical excitability between zebrafish
and human ventricles. Major ion currents generating ventricular action potentials are
largely the same in human and zebrafish hearts with some exceptions. A large T-type
calcium current is unique to the zebrafish ventricle (absent in human ventricle), and
two potassium currents (I, and I ) may be absent in zebrafish ventricular myocytes.
However, there are substantial differences among alpha subunit isoforms of the ion chan-
nel families or subfamilies (e.g. zebrafish Kv11.2 vs. human Kv11.1; zebrafish Kir2.4 vs.
human Kir2.1) between human and zebrafish hearts. Contraction of zebrafish ventricle is
strongly dependent on extracellular calcium, while human ventricle relies heavily on cal-
cium stores of the sarcoplasmic reticulum. These differences may affect the use of zebraf-
ish as a model in drug screening and safety pharmacology.

Keywords: cardiac action potential, ion currents, ion channels, drug screening,
e-c coupling

1. Introduction

Zebrafish (Danio rerio), a tropical freshwater fish species, is a popular vertebrate model and
widely used to resolve diverse research questions in developmental biology and genetics,
human diseases, environmental toxicology and several other disciplines. The advantages of
the zebrafish model are research technical (e.g. well-annotated and easily modifiable genome,
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transparency of embryos), economical (cost and ease of maintenance, large number of offspring
and short generation time) and ethical (replacement of mammalian models —3R principle) [1, 2].
Those qualifications have made zebrafish an interesting object in studies, where new molecules
are searched and selected for drug development programs [3-5]. Potentially zebrafish could be
a high throughput and relatively inexpensive in vivo model for screening therapeutically effec-
tive and nontoxic candidate molecules for drug development programs. Indeed, great expec-
tations are set on the zebrafish model, which is sometimes regarded as an ideal system for
preclinical screening of cardiovascular drugs [6]. The expectations are based on the conserved
properties of cardiac physiology between humans and zebrafish, such as the similarities in the
shape of ventricular action potential (AP) and heart rate [7-9]. The documented responses of
zebrafish hearts (e.g. bradycardia, atrioventricular block, prolongation QT interval of electro-
cardiogram) to the inhibitors of human ether-a-go-go-related (KCNH2) channel provide some
credence to those expectations, even though sensitivity and specificity of the responses are not
optimal [9-13]. In the screening of cardiovascular drugs, the in vivo zebrafish model has the
advantage that all cardiac ion channels are simultaneously exposed to the compound, thereby
allowing phenotype-based screening. However, in order to provide an accurate mode for the
human heart, molecular composition, voltage-dependence and gating kinetics of ion chan-
nels of the zebrafish heart should closely match those of the human heart. Unfortunately, the
ionic and molecular bases of electrical excitability of the zebrafish heart are still unsatisfactorily
known. This is a significant shortcoming, since the requirements set for effective and safe drugs
are extremely rigorous, and safety evaluation necessitates exact knowledge about the mode of
drug action [14]. Those requirements are delineated in Comprehensive in vitro Proarrhythmia
Assay (CiPA) initiative for cardiac safety evaluation of new drugs, which provides an accurate
mechanistic-based assessment of proarrhythmic potential [14-16]. Rational evaluation of drug
toxicity in the zebrafish model is not possible before ion currents and channels of the zebrafish
cardiac myocytes are known in sufficient detail. The present overview compares ion current
and ion channel compositions of zebrafish and human ventricles in order to indicate similari-
ties and differences between the fish model and the human heart, and gaps in our knowledge
of the zebrafish cardiac excitability and excitation-contraction (e-c) coupling. These issues have
also been discussed in other recent reviews [17-19].

2. Cardiac action potential

Contraction of cardiac myocytes is triggered by electrical excitation of myocyte sarcolemma
in the form of cardiac AP. Propagation of AP through the heart can be recorded as electrocar-
diogram (Figure 1A). Each functionally different cardiac tissue has a characteristic AP shape
generated by the tissue-specific ion currents and ion channel compositions. The five differ-
ent phases of the mammalian ventricular AP —with the exception of phase 1 fast repolariza-
tion—are readily discernible in the zebrafish ventricular AP (Figure 1B). Similar to the human
ventricular AP (but unlike the murine AP), the zebrafish ventricular AP has a distinct plateau
phase (phase 2) at positive voltages [8, 9, 20] (Figure 1B). Indeed, the only major difference
between zebrafish and human ventricular APs is the absence of the fast phase 1 repolarization
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Figure 1. Electrocardiogram (A) and ventricular action potential (B) of the zebrafish heart at 26°C. Electrocardiogram
was recorded from surface of spontaneously beating heart in vitro. Ventricular action potential was recorded from an
enzymatically isolated cardiac myocyte with patch-clamp technique. The main ion currents responsible for different
phases of ventricular action potential are also shown. I, Na*current; I, L-type Ca? current; I, T-type Ca? current; L.,
the fast component of delayed rectifier K* current; L, the slow component of the delayed rectifier K* current; I, the
inward rectifier K* current.

Ks’ K17

in the zebrafish AP [19]. This may be due to the absence of the transient outward K* current
(I,) in zebrafish ventricular myocytes [8].

Zebrafish are ectothermic vertebrates and therefore their AP characteristics may change
depending on the rearing temperature of the fish, as has been reported for several teleost fish
species [21, 22]. In the adult zebrafish, reared at 28°C, the duration of ventricular AP (APD,;
at 28°C) is about 30% shorter than that of the human ventricular AP at 37°C (Table 1). At
36°C, the duration of zebrafish ventricular AP is only 80 ms, i.e. about 25% of the duration of
human ventricular AP at 37°C. The shorter AP of the zebrafish heart may be associated with
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Zebrafish Reference ~ Human Reference
Relative heart size (% of body mass) 0.1 [48] 0.64 [50]
Diastolic/systolic blood pressure 0.42/2.51 [70] 70/125 [71]
(mm Hg)
Myocyte size (ventricle) (pF) 26-33 [8,39] 117-227 [72, 73]
T-tubuli No [20, 48] Yes [67, 74]
Role of CICR! in e-c coupling (%) 15 [48] ~70 [75, 76]
Myofibril location Subsarcolemmal [47] Throughout the

myocyte

Ventricular AP duration (ms) ~240 at 28°C [19] ~330 at 37°C [77]

~80 at 37°C
Resting heart rate (bpm) 120-130 at 28°C [8, 19, 23] 60-80 bpm at 37°C [71]

~287 at 37°C

ICICR, Ca?-induced Ca* release.

Table 1. Basic characteristics of the zebrafish heart and cardiac myocytes in comparison to those of the human heart.

the higher heart rate of the fish, which at 28°C is about double (120-130 beats per minute) and
at 37°C about quadruple (287 beats per minute) the human resting heart rate [19, 23] (Table 1).
Temperature is an important environmental factor for an ectothermic vertebrate, which modi-
fies cardiac gene expression and ion channel function [24-26]. Therefore, rearing and experi-
mental temperatures should be carefully controlled and reported in zebrafish studies.

3. Ion currents and ion channels

Density and kinetics of ion currents must be such that chamber-specific APs are generated
and can be adjusted to heart rates according to the circulatory demands. This is reflected in
the composition of ion channel assemblies and their abundances in different cardiac cham-
bers and in a species-specific manner [21]. This overview is limited to ventricular myocytes,
since atrial ion currents/channels of the zebrafish heart are still relatively poorly known.

3.1. Sodium currents and channels

Sodium influx through the voltage-gated Na* channels initiates the all-or-none action poten-
tial (AP) of atrial and ventricular myocytes, when the current flow from the upstream cell
depolarizes the membrane of the downstream cell to the threshold level (about -55 mV). At
the threshold voltage, the density of inward Na* current (I ) exceeds the total density of the
outward K* currents (). The rapid opening of Na* channels generates a fast upstroke (depo-
larization) of AP and an overshoot to the level of about +40 mV (phase 0) [19, 20] (Figure 1B).
Then I, quickly inactivates due to the closing of the inactivation gate of the channel.
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The density of I, is the main determinant for the rate of AP propagation over the heart.
The rate of AP upstroke in zebrafish ventricular myocytes at 28°C is about 130 V s (RMP
~ -84 mV) (Haverinen et al., submitted), which is less than half of the rate of AP upstroke in
human ventricular myocytes at 37°C [27]. These findings suggest that the density of ventricu-
lar I is lower and the rate of AP propagation slower than in human ventricles at the species-
specific temperatures (28°C vs. 37°C). However, a thorough analysis of the zebrafish I is
needed to reveal to what extent these differences are due to RMP (availability of Na* channel
for opening), Na* channel density and kinetic properties of the cardiac Na* channels.

The zebrafish heart expresses eight different Na" channel alpha subunits. The main isoforms
are Na 1.5Lb (83.1% of the transcripts) and Na 1.4b (16.2%), which are orthologues to the
human cardiac Na 1.5 (71.1% in the right ventricle) and skeletal Na 1.4 channels, respectively
[28] (Table 2). Na 2.1 is abundantly expressed in the human right ventricle (27.8%), but seems
to be absent in zebrafish ventricular myocytes. Unlike the mammalian cardiac I, which is
tetrodotoxin-resistant (IC,, about 1 uM), the zebrafish I is more than two orders of magnitude
more sensitive to tetrodotoxin (IC,; about 6 nM) (Haverinen et al., submitted), similar to the I, _
of other fish species [29, 30]. Thus, there is a remarkable difference in tetrodotoxin-sensitivity
and some minor differences in Na* channel composition between zebrafish and human hearts.

3.2. Calcium currents and channels

The vertebrate heart usually has two main types of Ca* currents, a high-threshold or long-
lasting L-type current (I, ) and a low-threshold or transient T-type (I ,) current. The former
is activated at voltages more positive than -40 mV and with the peak amplitude at about
+10 mV, while the latter is generated already at -60 mV and with the peak current amplitude
at about -30 mV [31, 32].

I, is the main I of atrial and ventricular myocytes. It has a significant physiological func-
tion in maintaining the long plateau (phase 2) of the cardiac AP and mediating Ca?" influx
into the myocyte (Figure 1B). I contributes to the Ca* transient, which sets cardiac con-
traction in motion, either directly by increasing cytosolic Ca*" concentration or triggering a
further release of Ca? from the sarcoplasmic reticulum (SR) (for more details see excitation-
contraction coupling). The mean density of I, in ventricular myocytes of the zebrafish heart
at 28°C s 6-8 pA pF', which is about double the density of the human ventricular I, at 35°C
(34 pA pF") [8, 20, 33, 34]. This difference may signify a larger role of sarcolemmal Ca?* influx
in e-c coupling of the zebrafish heart [33]. In the human ventricle, the main L-type Ca?" chan-
nel isoform is Ca 1.2, which represents 98.4% of the total Ca*" channel transcripts in the right
ventricle [35] (Table 2). In the zebrafish ventricle, seven different L-type Ca* alpha subunits
are expressed, among them three paralogue pairs [36]. Similar to the human ventricle, Ca 1.2
is the most abundant L-type Ca?" channel isoform in zebrafish ventricle consisting of 38.3% of
the all Ca*" channels transcripts.

In vertebrate hearts I, is a sizeable current in nodal myocytes and it may be also present in
atrial myocytes, but it is usually absent in ventricular myocytes. In this respect, the zebrafish is
clearly different. A characteristic feature for zebrafish ventricular myocytes is a large I with a
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Ion current

Ion channels’

Ion channels™

Zebrafish Human

I, Na 1.5Lb (83.1%) Na 1.5 (71.1%)
Na 1.4b (16.2%) Na 2.1 (27.8%)
Na_1.1b (0.48%) Na 1.3 (7.1%)
Na_1.6b (0.12%) Na 1.1 (2.7%)
Na,_1.6a (0.03%) Na 1.7 (1.4%)
Na, 1.1a (0.02%)
Na,1.4a (0.01%)
Na,1.5La (0.01%)

ICa

I Ca 1.2 (38.3%) Ca 1.2 (98.4%)
Ca 1.3a (0.07%) Ca,1.3 (0.039%)
Ca 1.1a (2.63%)

Ier Ca 3.1 (54.8%) Ca 3.1 (0.14%)
Ca 3.2a (0.06%) Ca 3.2 (1.45%)
Ca 3.2b (0.03%)

Lo Ca 2.1b (3.84%)

I (voltage-gated)

L, K 11.1a (0.1%) K 11.1% (54.3%)
K, 11.1b (0.1%)
K 11.2a' (84.6%)
K, 11.2b (0.3%)
K 11.3 (0.2%)

o K 1.5 (26.1%)

L. K 7.1 (14.6%) K 7.1 (15.7%)

L Not examined K 4.3 (12.1%)

I, (inward rectifying)

Kir2.1a (0.6%)
Kir2.1b (0.005%)
Kir2.2a (6.3%)
Kir2.2b (0.1%)
Kir2.3 (0.04%)
Kir2.4 (93.0%)

Kir2.1 (46.5%)

Kir2.2 (28.9%)

Kir2.3 (24.5%)

'"KCNH6 (Zebrafish erg).
’KCNH2 (Human erg).
"Zebrafish results are from [19, 36] and unpublished results of Hassinen et al.

“"Human results are from [35].

Table 2. Major ion currents and ion channel transcripts of zebrafish ventricle in comparison to those of the human
ventricle.
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current density almost equal to that of I, | [8, 37]. T-type Ca** channels pass Ca* influx at more
negative voltages than L-type Ca* channels. Therefore, they may contribute to upstroke and
early plateau of the ventricular AP. Although I ., inactivates faster than I , it allows a signifi-
cant sarcolemmal Ca? entry into zebrafish ventricular myocytes. During a 300 ms depolarizing
pulse to =30 mV the Ca* influx through T-type Ca*" channels is about 35% of the Ca* influx of
L-type Ca* channels during 300 ms pulse to +10 mV [36]. Therefore, I may have a significant
role in e-c coupling of zebrafish ventricular myocytes. T-type Ca* channels are abundantly
expressed in the zebrafish ventricle constituting majority of the transcripts (about 55%) of the
total Ca* channel population (Table 2). Altogether five alpha subunits of the T-type (Ca, 3) fam-
ily are expressed in the zebrafish ventricle. Ca 3.1 (alphalG) is clearly the dominant isoform,
not only among T-type Ca?" channels, but also among all the cardiac Ca* channel types with
the transcript abundance of 54.8%. The other T-type alpha subunits are expressed only in trace
amounts. In human ventricular myocytes, the T-type Ca*" channels are very weakly expressed.
Ca 3.1 and Ca 3.2 alpha subunits constitute together less than 2% of the Ca** channels tran-
scripts in the human right ventricle [35] (Table 2). Taken together the prominent expression
of I, in zebrafish ventricular myocytes is one of the most striking differences in ion channel
composition between zebrafish and human hearts. The exact role of I_ ;. in excitation and e-c
coupling of zebrafish ventricular myocytes needs to be examined in detail.

Overall, the diversity of Ca* channels in zebrafish ventricle is larger than in the human ven-
tricle. Most notably, T-type Ca*" channels are more abundant than L-type Ca* channels.

3.3. Potassium currents and channels

Outward potassium currents (I) are repolarizing, i.e. they maintain negative resting mem-
brane potential (RMP) and limit the duration of cardiac AP.

3.3.1. Inward rectifier K* currents and channels

The inward rectifier K* current (I.,) maintains RMP of atrial and ventricular myocytes and
provides K* efflux for the final phase 3 repolarization of AP [38] (Figure 1B). This current is
generated by the Kir2 subfamily channels in vertebrate hearts. Characteristic for the inward
rectifier K* channels of the Kir2 family is that they pass outward I, in the voltage range from
about —80 to 0 mV with the peak current at -59 mV in zebrafish ventricular myocytes [39]. At
RMP, the net K* flux at the RMP is almost zero, but the outward I, activates instantaneously
on depolarization of sarcolemma and generates a fast outward surge of [, at the rising phase
of AP. At the plateau voltage, K* efflux is small due to the voltage-dependent block of the
channel pore by intracellular polyamines and Mg* ions. When membrane potential starts to
repolarize (due to the activation of I and I, _ and inactivation of I ), the polyamine block of
Kir2 channels relaxes and K* efflux through Kir2 channel accelerates repolarization at phase
3. Different members of the Kir2 family differ in the ease with which they allow K* efflux
through the sarcolemma. Large difference in Ba*-sensitivity between Kir2 isoforms suggests
that their interaction with potential medicinal drug molecules might also differ [39].

The main Kir2 channel isoform of the zebrafish ventricle is Kir2.4, as in the most teleost fishes
studied thus far [39]. In the zebrafish atrium Kir2.2a channels are abundantly expressed in
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addition to Kir2.4 channels. There are striking differences in isoform composition between
zebrafish and human ventricles. The main isoform in the human ventricles is Kir2.1 (46.5%
of the transcripts in the right ventricle), which appears only in trace amounts (0.8%) in the
zebrafish ventricle. Kir2.3 is abundantly expressed in human ventricle (24.5%), but almost
totally absent in the zebrafish ventricle (Table 2). Since the Kir2 isoforms differ in their rec-
tification properties those differences in isoform composition are likely to have functional
consequences for repolarization of AP.

3.3.2. Voltage-gated K* currents and channels

Voltage-gated K* currents provide sarcolemmal K* efflux for repolarization of AP. Several
different voltage-gated K* currents are expressed in human ventricle including fast and slow
components of the delayed rectifier current (I, and I, respectively) and transient outward
current (I ) [27, 40, 41]. Transcripts for the ultra-rapid component of the delayed rectifier
channel (K 1.5) are expressed in the human ventricle, but the current seems to be specific
for atrial myocytes and not expressed in the ventricles [42]. Much less is known about the
voltage-gated K* currents of the zebrafish heart. Similar to the human ventricle, I, seems to be
the main repolarizing current also in zebrafish ventricle [8, 37, 43]. Until now, I, _has not been
recorded in zebrafish cardiac myocytes, even though transcripts of the K 7.1 (KCNQ1) chan-
nel are expressed in the zebrafish ventricle (Hassinen et al., unpublished) (Table 2). Neither
hasbeenI_found in zebrafish cardiac myocytes [8]. These findings suggest that repolarization
of zebrafish ventricular myocytes might be more strongly dependent on single voltage-gated
K* current, I , than human ventricular myocytes. However, a closer examination of the K" ion
composition of zebrafish ventricular myocytes is needed to verify/falsify these assumptions.

I, is the dominant repolarizing current in human and zebrafish ventricular myocytes.
Notably the current is generated by different isoforms in human and zebrafish heart. In the
human cardiac myocytes, I, flows through the ergl (Herg or KCNH2 or K 11.1) channels
(Table 2). In zebrafish myocytes I, is generated almost exclusively by KCNH6 (K 11.2a,b or
zebrafish erg) channels [19, 44], although it is often referred to as an orthologue to human
KCNH2 channels [9, 11, 45]. Indeed, the expression of K 11.1a,b transcripts in the zebraf-
ish ventricle is only 0.2%, while K 11.2a,b channel transcripts constitute 84.9% of the total
voltage-gated K* channel alpha subunit population. Transcripts of the K 7.1 channels form
about 15% of the total transcripts of the voltage-gated K* channels in both human and zebraf-
ish ventricles (Table 2). K 1.5 channels are expressed in the human ventricle, but no reports
exist about any zebrafish orthologues.

4. Excitation-contraction coupling

There are prominent differences in size, shape and fine structure between zebrafish and
human ventricular myocytes (Table 1). Zebrafish ventricular myocytes are 5-10 times smaller
(26.1-33.3 pF) than human ventricular myocytes (117-227 pF). Zebrafish ventricular myocytes
are almost as long as human ventricular myocytes, but are much thinner [20, 46]. In human
ventricular myocytes, myofibrils are evenly distributed throughout the myocyte, while in
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zebrafish ventricular myocytes myofibrils locate immediately under the sarcolemma [47].
Due to the small diameter of ventricular myocytes and cortical location of myofibrils T-tubuli
are unnecessary for cellular signaling and probably therefore completely absent in zebrafish
myocytes [20, 48].

The marked differences in myocyte size and structure appear as significant differences in
the excitation-contraction (e-c) coupling between zebrafish and human (mammalian) cardiac
myocytes (Figure 2). The contraction of human ventricular myocyte mainly relies on intracel-
lular Ca* stores of the sarcoplasmic reticulum (SR) in generating cytosolic Ca* transients. A
small Ca* influx through L-type Ca* channels triggers a large Ca*" release via ryanodine-sen-
sitive Ca release channels of the SR so that about 77% of the cytosolic Ca* transient originates
from the SR [49, 50]. In ventricular myocytes of the zebrafish heart Ca* release from the SR
makes only about 15% of the total Ca*" transient [48]. Voltage-dependence of cell shortening
and Ca? transients also suggest that sarcolemma Ca* influx is the main source of cytosolic Ca*
in zebrafish cardiomyocytes [51]. In human cardiac myocytes, voltage dependence of the Ca*
transients is bell-shaped reflecting the voltage dependence of the trigger for Ca* release from
the SR, I, [52]. In zebrafish myocytes both I and Na*-Ca*-exchange directly contribute to
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Figure 2. A simplified scheme about excitation-contraction coupling of the zebrafish ventricle (top) in comparison to
that of the human ventricle (bottom). Main influx and efflux pathways of Ca* during contraction and relaxation of the
ventricular myocyte. LCC, L-type Ca? channel; TCC, T-type Ca* channel; NCX, Na*-Ca* exchange; RyR, ryanodine
receptor; SR, sarcoplasmic reticulum; Serca, sarco-endoplasmic reticulum Ca*-ATPase.
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cytosolic Ca* transient resulting in monophasic voltage dependence of cell shortening and
Ca* transients [51]. Sarcolemmal Ca* influx via I and I during a single twitch is almost
130 uM L from which about 32% occurs through T-type Ca* channels [36]. These differ-
ences in Ca* handling are associated with 71% lower expression of ryanodine receptors in the
zebrafish ventricle in comparison to mammalian (rabbit) ventricle, whereas little differences
exist in the SR Ca** content [48]. Ca*" sensitivity of ryanodine receptors of the fish heart is often
low in comparison to that of mammalian cardiac ryanodine receptors [53], which might also
contribute to the small SR Ca* release in zebrafish cardiomyocytes [48]. Overall, the main dif-
ferences in e-c coupling between zebrafish and human ventricular myocytes are the smaller
role of intracellular Ca* stores of the SR, the presence of large I, ; and the absence of T-tubuli
in the zebrafish myocytes.

5. Implications for the use of zebrafish in drug screening

The use of animal models for studies of human cardiac electrophysiology is based on the simi-
larity of animal and human hearts concerning ion current densities, ion channel compositions
and mechanisms of ion channel regulation by rate changes and autonomic nervous system ago-
nists [54, 55]. However, electrophysiological properties of cardiac myocytes are species-specific
and significantly different even between mammalian species (e.g. human vs. dog, rabbit and
guinea pig) [54, 55]. Therefore, it is necessary to consider, whether the noticed differences in
electrophysiology between zebrafish and human ventricular myocyte might affect the status of
zebrafish as a model for drug screening and safety pharmacology. In this respect, quantitative
differences in repolarizing currents between model and human hearts are regarded significant
[54, 55]. Since ion channel isoforms often differ concerning activation and inactivation kinetics,
voltage-dependence and drug affinity [39, 43, 56-58], isoform-composition of the expressed ion
channels is also expected to be important for drug screening.

The human erg (KCNH2) channel is known for its propensity of being blocked by wide vari-
ety of small molecules, which may lead to AP prolongation and lethal cardiac arrhythmias.
Therefore, preclinical drug screening procedures aim to assess drug-induced inhibition of I
and prolongation of AP and QTc interval of electrocardiogram in order to remove proarrhyth-
mic molecules from the drug development programs. However, drugs which inhibit [ do not
always produce QT prolongation due to simultaneous inhibition of the depolarizing I, and I .,
currents, or since other ion channels provide a repolarization reserve to compensate for I inhi-
bition. Proarrhythmic effects appear only when the drug changes the balance between inward
and outward currents. To improve preclinical drug screening, the consortium of international
stakeholders has recently launched an initiative called Comprehensive in-vitro Proarrhythmia
Assay (CiPA). One of the central tenets of this initiative is that drug molecules are tested in
vitro against multiple ion channels. Indeed, recent studies have indicated that the assessment
of drug affinity toward multiple ionic targets improves the prediction of proarrhythmia risk in
comparison to the sole I analysis [59, 60]. For example, if the outward I and inward I, are
inhibited with a similar IC, value (e.g. in the case of verapamil), the proarrhythmia risk is low.

Potential confounding factors in the applicability of zebrafish as a model is the presence of
large I, , and the putative absence of I, _and I . Since different channel isoforms of the same
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subfamily may have different electrophysiological properties and drug affinities, the erg
(human KCNH2 vs. zebrafish KCNH6) and Kir2 (human Kir2.1 vs. zebrafish Kir2.4) channel
isoform compositions may be also important. Zebrafish might be a useful high-throughput
drug screening platform with the advantages of both phenotype screening, if it fulfils the
qualifications of the CiPA procedure. Therefore, the calibration routine of the CiPA initiative
should be conducted on zebrafish cardiac myocytes [61]. This routine involves key cardiac ion
channels (I, I, I, I, I, and I ), which should be examined under standardized voltage-
clamp conditions for inhibition potency (IC) of 12 selected drugs of the “minimally accept-
able” dataset [61]. These compounds are categorized into high, intermediate and low risk
of torsades de pointes arrhythmia according to their currently known properties. The list of
target channels should also include I,  in the zebrafish.

One more factor that may be important in regard to proarrhythmia potency of zebrafish heart
is the e-c coupling of ventricular myocytes. Factors recognized as significant causes of cardiac
arrhythmias in mammals include APs that are too long or too short. If APs are abnormally long,
early afterdepolarizations during the AP plateau (Phase 2 or 3) may be provoked by reactiva-
tion of Ca* or Na' currents in the voltage “window,” where all Ca* and Na* channels have not
yet been inactivated and can be reactivated. In addition, early afterdepolarizations are pro-
moted by spontaneous Ca* release from the SR that activates inward current via the reverse
mode operation of Na'-Ca*" exchange [62]. APs that are too short can predispose the heart
to delayed afterdepolarizations, which occur in early diastole (Phase 4), when spontaneous
Ca” releases from the SR activate the inward Na*-Ca*-exchange current. Afterdepolarizations
may depolarize membrane potential to the AP threshold and induce extra systoles (triggered
activity). Generation of delayed afterdepolarizations requires spontaneous Ca* release from
the SR, which subsequently activates Ca** efflux via Na*-Ca*" exchange and membrane depo-
larization to the AP threshold [63]. In zebrafish heart, SR makes only a minor contribution to
cardiac e-c coupling, possibly due to the low Ca* sensitivity of the ryanodine receptors. The
relative independence of fish heart contraction from Ca*-induced Ca* release is expected to
make the zebrafish heart relatively resistant against early and delayed afterdepolarizations
and therefore less suitable as an arrhythmia model [18].

The similarities between human and zebrafish cardiac electrophysiology are often emphasized,
while the differences are overlooked or neglected. However, it may be that those physiological
functions and electrophysiological properties that are unique to the zebrafish heart are the most
useful features for cardiac research. Perhaps the most spectacular example is the exceptional
regeneration power of the zebrafish heart, which may reveal to us the molecular underpinnings
needed to heal the damaged human heart [64]. Similarly, the exceptionally strong expression
of the I, in the zebrafish ventricle may provide a test system to examine the role of T-type
Ca*" channels in e-c coupling and its significance as a drug target. In the human heart, I is
re-expressed and T-tubuli are lost, when the heart is subjected to pathological stressors that
induce hypertrophy and failure [65-67]. Thus, zebrafish heart could be a “natural” model for
testing proarrhythmic propensity of the drugs in the diseased heart. Structural (small cell size,
absence of T-tubuli) and functional characteristics (minor role of SR in e-c coupling, presence
of I.;) of the zebrafish ventricle are more like those of fetal or neonatal mammalian heart than
those of the adult human heart [68, 69]. Therefore, the zebrafish heart might be a better model
for fetal/neonatal and diseased human heart than for the adult human heart in drug screening.
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Abstract

Sensory information from the aquatic environment is required for life and survival of
zebrafish. Changes in the environment are detected by specialized sensory cells that
convert different types of stimuli into electric energy, thus originating an organ-specific
transduction. Ion channels are at the basis of each sensory modality and are responsible
or are required for detecting thermal, chemical, or mechanical stimuli but also for more
complex sensory processes as hearing, olfaction, taste, or vision. The capacity of the sen-
sory cells to preferentially detect a specific stimulus is the result of a characteristic com-
bination of different ion channels. This chapter summarizes the current knowledge about
the occurrence and localization of ion channels in sensory organs of zebrafish belonging
to the superfamilies of transient-receptor potential and acid-sensing ion channels that are
involved in different qualities of sensibility superfamilies in the sensory organs of zebraf-
ish. This animal model is currently used to study some human pathologies in which ion
channels are involved. Furthermore, zebrafish is regarded as an ideal model to study
in vivo the transient-receptor potential ion channels.

Keywords: sensory organs, sensibility, transient-receptor potential ion channels,
acid-sensing ion channels, zebrafish

1. Introduction

Sensory information from the environment is required for life and survival, and it is detected
by specialized cells which together make up the sensory system. In fishes the sensory system

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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consists of specialized sensory organs (SO) able to detect light, mechanical and chemical envi-
ronmental stimuli [1]. SO contain differentiated and specialized sensory cells that convert
different types of stimuli into electric energy, thus originating an organ-specific transduction.
Actually it is accepted that ion channels are at the basis of each sensory modality and are
responsible or are required for detecting thermal, chemical, or mechanical stimuli [2—4].

The identification of ion channels selectively activated by specific stimuli supported the concept
that the expression of a particular ion channel confers selectivity to respond to a unique stimulus.
Nevertheless, the ion channels originally proposed as specific transducers are not selectively
associated with the distinct types of sensibility. In fact, it has been observed that ion channels
originally associated with one particular stimulus can be activated by different stimuli and are
expressed in sensory cells functionally specific for other sensitivities. In other words, a specific
ion channel can be expressed in more than a sensory cell type, and each cell type may express
more than one type of ion channel. Thus, the capacity of the sensory cells of a SO to preferentially
detect a specific stimulus is the result of a characteristic combination of different ion channels
[5-7]. On the other hand, to be a reasonable candidate for sensing and/or transducing a stimulus,
an ion channel must be expressed in the right place. Thus, the sensory cells of SO are thought to
express ion channels that can act as sensors/transducers of the sensibility they are deputy. For
example, some acid-sensing ion channels (ASICs) are presumably involved in mechanosensa-
tion and therefore are expressed in the mechanoreceptor cells. Also, in detecting chemical prop-
erties of food, ASICs participate, and consistently they are present in sensory cells of taste buds.

The interest for the presence of ion channels in the zebrafish SO is because it is a model to
study some human pathologies in which ion channels are involved, related to vision [8-10],
hearing and balance [11-13], taste [14], or olfaction [15]. Furthermore, zebrafish is regarded
as an ideal model to study in vivo the transient-receptor potential (TRP) ion channels [16, 17].

Thus, this chapter summarizes the current knowledge about the occurrence and localization
in SO of zebrafish of ion channels belonging to the superfamilies of TRP and ASICs that are
involved in different qualities of sensibility.

2. The superfamily of transient-receptor potential (TRP) ion
channels

TRPs are nonselective cation channels, of which few are highly Ca* selective and some are per-
meable for highly hydrated Mg*. The TRP superfamily is subdivided into seven subfamilies:
TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (muco-
lipin), TRPA (ankyrin), and TRPN (NOMPC-like); the latter one is found only in invertebrates
and fishes [18]. In yeast, the eighth TRP family was recently identified and named as TRPY [19].

At least 28 different TRP proteins have been identified in mammals. Structurally, a typical
TRP protein contains six putative transmembrane domains (51-S6) with a pore-forming reen-
trant loop between S5 and S6. Intracellular N- and C-termini are variable in length and consist
of a variety of domains [3, 20, 21]. This ion channel superfamily shows a variety of gating
mechanisms with modes of activation ranging from ligand binding, voltage, and changes in
temperature to covalent modifications of nucleophilic residues (see for a review [3, 22, 23]).
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TRP channels serve diverse functions. The members of the TRP superfamily with potential
capability for mediating mechanosensing include TRPC1, TRPC3, TRPC5, TRPC6, TRPV4,
TRPM3, TRPM7, TRPP1, and TRPP2 [3, 23-27]. Some of them have been suggested as can-
didates for the mechanotransduction channel in the inner ear vertebrate hair cells, thus
involved in hearing and balance. Nevertheless, Wu et al. [28] informed that the available
results argue against the participation of any of the mouse TRP channels in hair cell transduc-
tion. Conversely, other studies suggest that TRPC3 and TRPC6 are required for the normal
function of cells involved in hearing and are potential components of mechanotransducing
complexes [29]. TRPC1, TRPC3, TRPC5, and TRPC6 channels contribute to auditory mecha-
nosensation in a combinatorial manner but have no direct role in cochlear mechanotransduc-
tion [30].

Six members of this superfamily, TRPA1, TRPMS, TRPV1, TRPV2, TRPV3, and TRPV4, seem
to participate in temperature sensing and TRPV1, TRPV2, TRPV3, and TRPV4 have incom-
pletely overlapping functions over a broad thermal range from warm to hot [3, 7, 23, 31].
TRPA1 and TRPMS respond to cool and cold, TRPV1 and TRPV2 are activated by painful
levels of heat (>43°C and > 52°C, respectively), TRPV3 and TRPV4 respond to non-painful
warmth (33-39°C), TRPMS is activated by non-painful cool temperatures (<25°C), and TRPA
1 is activated by painful cold (<18°C; [32]). As a poikilotherm that lives in water, the detec-
tion of small fluctuations in the temperature can be of capital importance in zebrafish for
survival.

Most of the authors suggest that chemosensation is determined primarily by the chemical
activation of nociceptors and thermoreceptors and that activation by chemicals involves the
direct activity of an ion channel by chemical stimuli: the so-called ionotropic transduction [33,
34]. TRP channels play integral roles in transducing chemical stimuli, giving rise to sensa-
tions of taste, irritation, warmth, coolness, and pungency. Among them are TRPM5, TRPV1,
TRPA1, TRPMS, TRPV3, and TRPV4 [35, 36]. In this regard, TRPV1 is responsive to noxious
stimuli and various chemical agents [31, 37-40].

3. The superfamily of acid-sensing ion channels (ASICs)

ASICs are voltage-insensitive, amiloride-sensitive Na*-selective cation channels that monitor
moderate deviations from the physiological values of extracellular pH [24, 41, 42]. In mam-
mals six ASIC proteins encoded by four genes have been identified: ASIC1a, ASIC1b, ASIC2a,
ASIC2b, ASIC3, and ASIC4 which differ in their kinetics, external pH sensitivity, tissue dis-
tribution, and pharmacological properties [43, 44]. The pH values required for half-maximal
activation are 6.2-6.8 for ASIC1a, 5.9-6.2 for ASIC1b, 4.9 for ASIC2a, and 6.5-6.7 for ASIC3
[45, 46]. This capability of respond to minimal variation in pH might be of capital importance
for survival in the aquatic environment. Structurally, ASICs consist of two transmembrane
domains and a large extracellular loop [47], and in addition to their roles as detectors of pH
variations, some ASICs may work as mechanosensors (or are required for mechanosensation)
and nociceptors [47-53].

The members of these two families of ion channels that exhibit mechanosensitivity, thermo-
sensitivity, and chemosensitivity are summarized in Table 1.
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Mechanosensitivity Thermosensitivity Chemosensitivity
TRPA1, TRPC1, TRPC3, TRPC5, TRPC6, TRPV1, = TRPA1, TRPMS, TRPV1, TRPMS5, TRPV1, TRPA1,
TRPV2, TRPV4, TRPM3, TRPM4, TRPM?, TRPV2, TRPV3, TRPV4 TRPMS, TRPV3, TRPV4

TRPMS, TRPP1, TRPP2

ASIC1, ASIC2, ASIC3 ASIC1, ASIC2, ASIC3 ASIC1, ASIC2, ASIC3

Table 1. Members of the transient-receptor potential (TRP) ion channel and acid-sensing ion channel (ASIC) superfamilies
that exhibit mechanosensitivity, thermosensitivity, and chemosensitivity.

Neuromast Inner ear Olfactory epithelium Taste buds Retina
trpcl + INL, GCL
trpc2a +
trpc2b +
trpc3 +
trpcda INL, GCL
trpc5b INL
trpc7a +
trpmla INL
trpm4b + +
trpm5/TRPM5 + +
TRPA1 + +
TRPV4 HC, MC NEC CON, nsc sC AC
ASIC1 HC
ASIC2 HC, nerves nsc (cilia) SC, nerves INL, IPL, GCL
ASIC4 HC, MC sC PhR, GCL

AC, amacrine cells; CON, ciliated olfactory neurons; FR, photoreceptors; GCL, ganglion cell layer; HC, hair cells; INL,
inner nuclear layer; IPL, inner plexiform layer; MC, mantle cells; NEC, neuroepithelial cells; SC, sensory cells; nsc, non-
sensory (nonolfactory) cells.

Table 2. Detection of transient-receptor potential (TRP) ion channels and acid-sensing ion channels (ASICs) in the
sensory organs of zebrafish in larval state and adults.

4. TRP and ASICs in zebrafish

Expression of individual TRP ion channels has been observed in many tissues evidencing
their roles as multifunctional cellular sensor proteins and functional analysis revealed their
participation in all kinds of sensory detection: thermodetection, mechanodetection, chemode-
tection, nociception, and light perception.
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In zebrafish, TRP channel genes belonging to the melastatin (TRPM [54-56]) vanilloid [57],
canonical (TRPC [58, 59]) ankyrin [60, 61] and TRPN (also known as NOMPC [62]) have been
detected. But based on their distribution, not all these ion channels are expressed in SO and
therefore are involved in sensory detection.

Phylogenetic analysis has revealed 11 trpm genes and 12 trpc genes in the zebrafish genome:
simple genes were identified for trmp2, trmp3, trpm5, trmp6, and trmp7, duplicate orthologs
were found for trpm1 (trpmla and trmplb), and quadruplicate orthologs were found for trpm4
(trpm4a, trpm4b1, trpm4b2, trpm4b3) [56]. Regarding the TRPC family, simple genes were iden-
tified for frpcl and frpc3 and duplicate for trpc2 (trpc2a and trpc2b), trpc4 (trpcda and trpc4b),
trpcb (trpcsa and trpce5b), trpe6 (trpcba and trpc6b), and trpc7 (trpc7a and trpe7b) [58, 59, 63, 64].

In zebrafish the orthologs and paralogs of the six ASIC proteins detected in mammals have been
identified and are denominated zASICs: ZASIC1.1, zASIC1.2, zASIC1.3, zASIC2, zASIC4.1,
and zASIC4.2. The six proteins encoded by these genes have similar predicted molecular
masses (~60 kDa) and share 60-75% amino acid sequence with rat and human ASICs [65].

5. TRP and ASICs in the sensory organs of zebrafish

Whole-mount in situ hybridization experiments as well as immunohistochemistry revealed
the occurrence of TRPs and ASICs in SO of zebrafish as well as changes in the pattern of
expression between developing and adult animals. Furthermore, functional analyses have
demonstrated the involvement of some ion channels in different modalities of sensitivity.

5.1. Lateral line, supetficial neuromasts, and ear

The mechanosensory cells in zebrafish are grouped into superficial and deep neuromasts that
form the lateral line system (LLS [66, 67]) and in the sensory epithelia of the inner ear [68, 69].
The neuromasts and the neuroepithelium of the inner ear are filled with specific hair sensory
cells that sense water flow and movement and endolymph movement, respectively. Thus, hair
sensory cells are functionally mechanoreceptors where the conversion of mechanical stimuli
into electrochemical signals, i.e.,, mechanotransduction, takes place, presumably because of
the presence of mechanotransducer ion channels.

The role of TRPA1 in zebrafish mechanotransduction is still unclear. Using morpholino anti-
sense oligonucleotides, it was observed that TRPA1 is required for inner ear and LLS hair cell
function since these animals showed deafness [60]. In contrast, trpala;trpalb doubly homo-
zygous mutant zebrafish larvae have normal hair cell function [61]. The mechanosensory
roles of TRPA1 in zebrafish are not supported by results obtained in TRPA1 knockout mice in
which inner ear hair cell function was normal [70, 71]. A preliminary study of our group failed
to demonstrate TRPMS in sensory cells of the inner ear (Figure 1e).

TRPV4 is involved in mechanic and chemical sensation but also responds to warm tempera-
tures and acidic pH (see [72]). Whole-mount in situ hybridization in zebrafish embryos showed
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expression of trpv4 in neuromasts of LLS at 24 hours post fertilization (hpf), which decreases at
3 days post-fecunation (dpf) but remains at residual levels [57]. Using immunohistochemistry,
TRPV4 was detected in neuromasts showing two patterns of distribution: in mantle cells alone
or in a subset of hair sensory cells in addition to the mantle cells; the superficial neuromasts (pit
organs) also displayed TRPV4 immunostaining in both mantle and hair cells [73] (Figure 1a).
In the inner ear, TRPV4 immunoreactivity was observed in some hair cells of the macula and
in a subpopulation of hair cells in the cristae ampullaris of the three semicircular canals [73].

Regarding ASICs specific immunoreactivity for ASIC1 and ASIC3 (Figure 1c) was detected in
thehair cells of LLS, while ASIC2 was restricted to the nerves supplying neuromasts (Figure 1b).
Moreover, supporting and mantle cells, i.e., the non-sensory cells of the neuromasts, also dis-
played ASIC4 [74]. In the inner ear sensory cells, ASIC1 and ASIC3, but not ASIC4, were found
in neurosensory cells (Figure 1f, h, and i), while ASIC2 was only found in the nerves supply-
ing them (Figure 1g).

It is possible that these ion channels could account for the transduction of mechanical stimuli as
specialized hair cells in the LLS neuromasts are able to detect water movements and vibrations
comparable to hair cells in the mammalian inner ear. Moreover the occurrence of TRPV4 in
the ear neuroepithelia claims for an involvement of this ion channel in hearing and balance.

Figure 1.Immunohistochemical localization of ASICs and TRPMS in the canal neuromasts (a—c) and inner ear
neuroepithelia (ne) of adult zebrafish. N: nerve.
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5.2. Olfactory epithelium and taste buds

The taste buds and the olfactory epithelium detect chemical changes in the aquatic environ-
ment. In zebrafish the chemosensory cells are grouped into taste buds [75] and in the lamellae
of the olfactory epithelium [76]. Moreover, scattered solitary chemosensory cells are present
in the skin [77].

The occurrence of frpv4d mRNA in the olfactory pit of zebrafish was observed during the
embryonic period [57]. Thereafter, TRPV4 immunoreactivity was observed in ciliated olfac-
tory neurons and in unidentified cells placed in the non-sensory olfactory epithelium but not
the crypt neurons [73, 78] (Figure 2b). On the other hand, ASIC2 mRNA and protein were
detected in the olfactory rosette of adult zebrafish. Specific ASIC2 hybridization was observed
in the luminal pole of the non-sensory epithelium, especially in the cilia basal bodies, and
immunoreactivity for ASIC2 was restricted to the cilia of the non-sensory cells; ASIC2 expres-
sion was always absent in the olfactory cells [79] (Figure 2d).
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Figure 2. Inmunohistochemical localization of TRP and ASICs in the olfactory epithelium of adult zebrafish. se, sensory
epithelium; n-se, non-sensory epithelium.
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The localization of TRPV4 in the olfactory epithelium suggests that it participates in the detec-
tion of chemical stimuli, including the odorant ones. Conversely the localization of ASIC2
suggests that it is not involved in olfaction. Since the cilia sense and transduce mechanical and
chemical stimuli, ASIC2 expression in this location might be related to detection of aquatic
environment, pH variations, or water movement through the nasal cavity.

Unpublished results for our laboratory also demonstrated the occurrence of TRPMS, ASIC3,
and ASIC4 in the microvilli of the sensory epithelium and of TRPV1 in some unidenti-
fied cells of the non-sensory epithelium (Figure 2a, ¢, e, and f). Furthermore, we detected
TRPC2 in a subpopulation of olfactory neurons different to the calretinin-positive ones
(Figure 2g-i).

In fish taste receptor cells, different classes of ion channels have been detected which, like in
mammals, presumably participate in the detection and/or transduction of chemical gustatory
signals. The zebrafish homolog of TRPM5 (zfTRPMS) is expressed in cells of the taste buds
[55]. TRPV4 has been also detected in the sensory cells of the cutaneous taste buds and in a
subset of sensory cells in the oropharyngeal ones [73, 80] (Figure 3a). In addition TRPV4 was
detected in the cutaneous solitary chemosensory cells [73]. Preliminary results of our group

TRPV4 ' _ TRPV1

Figure 3. Inmunohistochemical localization of TRP and ASICs in the taste buds of adult zebrafish.
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have also detected TRPM1 in taste buds (Figure 3b—d). On the other hand, ASIC1 and ASIC3
were regularly absent from taste buds, whereas faint ASIC2 and robust ASIC4 immunoreac-
tivities were detected in sensory cells (Figure 3e and f). Moreover, ASIC2 immunoreactivity
was found in nerves supplying taste [81]. Since these ion channels are involved in the detec-
tion of sensory modalities other than olfaction, it can be hypothesized that taste cells sense
stimuli other than those specific for taste.

5.3. Retina

Some TRP channels are present in the vertebrate retina. trpC1 expression was observed in the
ganglion cells as well as the inner nuclear layer of the eye, while trpC6 was absent from SO
[63]. Vina et al. [82] have investigated the expression and distribution of TRPV4 in the retina
of zebrafish from 3 until 100 days post fertilization (dpf). Immunohistochemistry revealed
the presence of TRPV4 in amacrine cells, localized in the inner nuclear layer and ganglion cell
layers [73, 83] (Figure 4a—c). At 24 and 48 hpf, trpm1a was found expressed in different cells of
the retina; thereafter at 3 dpf, it was expressed in the inner nuclear layer. On the other hand,
trpm1b was initially expressed in cells of the outer retinal neuroepithelium and then in the
inner nuclear layer [56].

Figure 4. Immunohistochemical localization of TRP and ASICs in the retina of larvae (a, d, g) and adult zebrafish. en,
encephalon; 1, lens; on, optic nerve; Ph, photoreceptors.
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Regarding ASICs, in the retina of zebrafish larvae, ASIC2 and ASIC4 were detected in the reti-
nal ganglion cells [65]. asicl mRNA and protein expressions were observed in the adult zebraf-
ish retina using whole-mount in situ hybridization and immunohistochemistry study [84]. Vifia
et al. [82] in adult animals detected mRNA encoding ASIC2 and ASIC4.2 but not zASIC4.1.
ASIC2 was found in the outer nuclear layer, the outer plexiform layer, the inner plexiform
layer, the retinal ganglion cell layer, and the optic nerve. ASIC4 was expressed in the photore-
ceptor layer and to a lesser extent in the retinal ganglion cell layer (Figure 4d-i). Furthermore,
the expression of both ASIC2 and ASIC4.2 was downregulated by light and darkness [82].

6. Concluding remarks

The sensory organs of zebrafish express multifunctional TRP and ASICs, most of them
related to sensory modalities other than those expected for the sensory cells in which they are
expressed. Based on the distribution of these multifunctional ion channels in SO, it seems they
participate in multiple physiological functions as in mammals (mechanosensation, hearing,
and temperature sensing) but furthermore have potential roles in olfaction, taste, and vision.

The ability to detect fluctuations in the aquatic temperature is critical to maintaining body tem-
perature and avoiding injury in diverse animals from insects to mammals. In zebrafish ion chan-
nels are required for the sensation of heat [85]. Also of special importance for zebrafish is the
detection of water movement. This function is classically attributed to the neuromast hair cells
of the LLS. The occurrence of mechanosensitive ion channels in these cells supports this idea.
But because the role of ASIC2 in mechanosensing and its presence in the cilia of the nonolfactory
epithelium it is plausible suggest also a role of these cells in detecting water movement (see [79]).
On the other hand, the presence of TRPV4 in sensory cells of the neuromasts and of the inner
ear claims for an involvement of TRPV4 in mechanotransduction as suggested before [2, 72, 86]
and is of particular importance since it potentially plays significant roles in human hearing [87].

Different TRP and ASICs have been observed in olfactory neurons and sensory taste cells of
zebrafish, but its functions remain to be elucidated. However, in supporting a role of TRPV4 in
olfaction in zebrafish, Ahmed et al. [88] and Nakashimo et al. [89] have detected TRPV1,
TRPV2, TRPV3, and TRPV4 immunoreactivity in the olfactory epithelium of mice, and they
suggest that TRPV channels may contribute to olfactory chemosensation. Of particular inter-
est are the preliminary data presented here about the occurrence of TRPC2 in the olfactory
epithelium of adult zebrafish. This ion channel is related to the detection of pheromones and
sexual behavior in mammals [90, 91] and since zebrafish lack of a true vomeronasal organ age,
sex, seasonal changes in TRPC2 must be analyzed in depth. Regarding the taste, and differ-
ently to mammals [35], the involvement of TRP ion channels has been poorly studied, while
no great differences seem to exist with respect to ASICs (see [80]).

The expression of multiple TRP ion channels and ASICs in the developing and adult retina
suggests they participate in vision. Fluctuations in pH play an important role in the retina, and
for that reason, ASICs, and presumably also some TRPs, are thought to be involved in the fine-
tuning of visual perception, adaptation to different light intensities, and phototransduction
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[92]. As pH variations are also associated with pathological conditions, ASICs are likely to be
involved in the pathogenesis of retinal diseases [93, 94], and its blockade may have a potential
neuroprotective effect in ocular ischemic diseases [95].
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Abstract

Nanotoxicology represents a new research area in toxicology that allows to evaluate
the toxicological properties of nanoparticles in order to determine whether and to what
extent they represent an environmental threat. Behavior, fate, transport, and toxicity of
nanoparticles are influenced to their particular properties and of several environmen-
tal factors. The mechanisms underlying the toxicity of nanomaterials have recently been
studied specially in aquatic organisms. In particular, in recent years, the use of Danio rerio
or zebrafish as an animal model system for nanoparticle toxicity assay increased expo-
nentially. In this review, we compare the recent researches employing zebrafish, adults
or embryos, for different nanoparticles’ toxicity assessment.

Keywords: Danio rerio, nanoparticles, nanomaterials, biomarkers, ZFET

1. Introduction

Nanotechnology has advanced exponentially over the past decade, and nanoscale materi-
als are being exploited in several applications [1]. Between 2011 and 2015, there has been a
30-fold increase in the production of nanoproducts [2].

Engineered nanodevices are finding a new range of applications for the possibility of modifi-
cations of their shape, size, surface, and chemical properties. These characteristics are not pres-
ent in their bulk counterparts [1]. For example, they have very high specific surface areas that
give rise to enhanced reactivity and solubility, reduced melting and sintering temperatures, as
well as altered crystal structures [1].
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Nowadays, we are using a wide variety of commercially available nanoparticles [1]. Metal
and carbon nanoparticles (NPs) represent the largest and fastest growing group of NPs [2].

Hence, environmental contamination is already occurring and is predicted to increase dra-
matically. This growth of nanotechnology has not advanced without concerns regarding their
potential adverse environmental impacts. Several studies of nanotoxicology have been made
in fact to evaluate the toxicity of various NPs [3-5]. However, there is much to do for evaluat-
ing whether the NPs may be an environmental threat. In fact, there are an increasing number
of studies where the toxicity of a several engineered nanoparticles or nanomaterials such as
fullerenes, graphene metal nanoparticles, metal oxides nanoparticles, crystalline materials,
amorphous materials, and nano-sized polymers has been evaluated [6]. For toxicity assays
several model organisms are used, such as Daphnia magna [7-9], Paracentrotus lividus [10, 11],
Muytilus galloprovincialis [12, 13] or Mytilus edulis [14, 15], Artemia salina [16, 17], Danio rerio
[18-21], and other animal models like mice [22, 23]. Each and every year, the number of engi-
neered nanomaterials and their products is continuously increasing, which is necessary to
have a representative model organism, able to assess nanotoxicity accurately. In this regard,
zebrafish as model organism has attracted scientific interest. In this review, we focused on
nanotoxicological studies conducted using as model zebrafish, adults or embryos, with dif-
ferent assessment methods

2. Zebrafish: a perfect experimental animal model

Danio rerio (Hamilton and Buchanan, 1822), commonly known as zebrafish, is a small tropical
freshwater fish which lives in river basins of India, Northern Pakistan, Nepal, Bhutan, and
South Asia. It belongs to the family of Cyprinidae, within the order of the Cypriniformes.
Zebrafish adults are 4-5 cm long, and so they can be easily managed in large numbers in the
laboratory.

Zebrafish can tolerate a temperature range of 24.5-28.5°C [24]; however, the growth speed of
zebrafish embryos varies according to temperature [25].

One of the reasons why zebrafish is an excellent laboratory model is for its ability to spawn
huge amounts of eggs the whole year.

Zebrafish embryonic development has been well characterized to [25]. The embryos them-
selves are transparent during the first few days of their lives because chorion is transparent.
Pigmentation in the embryos starts about 30-72 h post fertilization [26]. Fertilization activates
cytoplasmic movements, easily evident within about 10 min. The first cleavage of the newly
fertilized egg occurs about 40 min after fertilization. The cytoplasmic divisions are meroblas-
tic, and at the end of them, a blastodisc forms.

Blastula of zebrafish is a “stereoblastula” because blastocoel is not present. The blastula and
gastrula stage of zebrafish at 28°C is equivalent to 2.25-5.25 h post fertilization (hpf) and
5.25-10 hpf, respectively [25].
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Ballard [27] coined the term “pharyngula” (2448 h) to refer to the embryo that has developed
to the phylotypic stage, when it possesses the classic vertebrate bauplan. This is the time of
development when one can most readily compare the morphologies of embryos of diverse
vertebrates.

During hatching period (48-72 h), they are called “embryos” until the end of the third day and
afterward “larvae,” whether they have hatched or not [25].

There are several advantages for using zebrafish as a model species in nanotoxicological stud-
ies. Main benefit regards its size. Zebrafish adult is approximately 5 cm long, so it can be
handled without any difficulty and reduces housing space and husbandry costs.

The tiny size of the larval and adult zebrafish allows to reduce quantities the dosing of experi-
mental solutions and thereby creates limited volumes of waste to disposal and minimizes
quantities of lab ware and chemicals.

Small embryos allow reasonable sample sizes to be tested together using a multiwell plate
or series of Petri dishes to provide several experimental replicates at one time. From the egg
stage, zebrafish embryos can survive for several days through the absorption of yolk and can
be visually assessed for malformation [26].

The rapid maturation of zebrafish (sexual maturation occurs around 100 days) allows easy
experimentation for transgenerational endpoints required for mutagenesis screening and
assessing chemicals for teratogenicity.

This species shows high fecundity (single female can lay up to 200 eggs per week) and trans-
parent embryos. The eggs hatch rapidly and organogenesis occurs quickly. As a result, the
major organs are developed within few days post fertilization (dpf) in larvae.

Zebrafish eggs remain transparent from fertilization to when the tissues become dense and
pigmentation is initiated (at approximately 30-72 h post fertilization (hpf)); this allows unob-
structed observations of the main morphological changes up to and beyond pharyngulation.
Therefore, using little magnification, adverse effects of chemical exposure on development
of the brain, notochord, heart, jaw, trunk segmentation, and measurements of size can be
assessed quantitatively.

Their optical clarity allows for identification of phenotypic traits during mutagenesis screen-
ing and assessment of endpoints of toxicity during toxicity testing. This proves even more
valuable when immunochemistry (IHC) techniques are used. There are a vast amount of
immunohistochemical markers available, allowing assessments of aberrant morphology or
activation of certain signaling pathways by toxicants through the staining of specific tissues
and cells types.

The zebrafish research community has developed a range of resources very useful to the toxi-
cologists, including mutant strains, cONA clone collections, and whole genome that has been
sequenced a few years ago. Highly conserved signaling pathways are found both in zebrafish
and mammals with a high level of genomic homology [28].
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In recent years, the use of zebrafish as an established animal model system for nanoparticle
toxicity assay is growing exponentially. Different types of parameters are used to evaluate
nanoparticle toxicity such as hatching achievement rate, developmental malformation of
organs, damage in gills and skin, abnormal behavior (movement impairment), reproduction
toxicity, and finally mortality. In fact, there are an increasing number of literatures that docu-
ment the concern over toxicity for broad range of engineered nanoparticles or nanomaterials.
In this regard, zebrafish as an in vivo model organism has attracted scientific interest because
of its unique features abovementioned.

Interestingly, zebrafish behavioral response is also a sensitive indicator for abnormal change
in toxicity. An experiment performed by [29] has also shown that TiO, nanoparticles affect
larval swimming parameters, including velocity and activity level.

The disruption of gills, skin, and endocrine system by nanoparticles is another parameter to
understand nanoparticle-induced toxicity. It has been reported that silver ions (Ag*) gener-
ated by AgNPs exert acute toxicity, mainly due to their interaction with the gills. In the gills,
ionic Ag* inhibits Na*/K*-ATPase action and the enzymes related to Na" and Cl" uptake, finally
affecting osmoregulation [30].

Nanoparticle affects male and female reproductivity and fetal development. Wang et al.
[31] assessed the disturbance in zebrafish reproduction after the chronic exposure of TiO,
nanoparticles.

Using this model organism, several specific protocols have been used for the toxicity screen-
ing. The correlation of successful hatching efficiency and embryo toxicity is an important
parameter to evaluate the nanotoxicity.

2.1. Hatching analysis

The hatching-related parameters may be one of the endpoints that have been underestimated
in the several studies. There are conflicting results about the endpoint in the same and dif-
ferent species [32, 33], because the results are not easy to interpret. Consequently, hatching-
related parameters do not seem to be able to show the toxicity of a nanoparticle especially
at environmental-relevant concentrations. In fact, many papers associate different endpoints
related to hatching and embryo development [34].

Paatero et al. [35] have used Danio rerio embryos to study toxicity profiles of differently
surface-functionalized mesoporous silica nanoparticles (MSNs). Embryos with the chorion
membrane intact, or dechorionated embryos, were incubated or microinjected with amino
(NH2-MSNSs), polyethyleneimine (PEI-MSNs), succinic acid (SUCC-MSNSs), or polyethylene
glycol (PEG-MSNs)-functionalized MSNs. Toxicity was assessed by viability and cardio-
vascular function. Typically cardiovascular toxicity was evident prior to lethality. Confocal
microscopy revealed that PEI-MSNs penetrated into the embryos, whereas PEG", NH,, and
SUCC-MSNs remained aggregated on the skin surface. Direct exposure of inner organs by
microinjecting NH -MSNs and PEI-MSNs demonstrated that the particles displayed similar
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toxicity indicating that functionalization affects the toxicity profile by influencing penetrance
through biological barriers.

Samaee et al. [36] have studied the nano-TiO, toxicity to zebrafish embryos through evaluat-
ing the success in hatching in relationship with hours postexposure. Zebrafish embryos 4 h
post fertilization were exposed to nTiO, (0, 0.01, 10, and 1000 ug mL(-1)) for 130 h. The hatch-
ing rate (HR) was calculated for each concentration tested. It was observed that TiO, nanopar-
ticles can cause premature hatching in zebrafish embryos, dose dependently.

Ong et al. [37] have used silicon, cadmium selenide, silver, and zinc NPs as well as single-
walled carbon nanotubes to assess NP effects on zebrafish hatch. They have reported com-
plete inhibition of hatching and embryo death within chorion upon nanoparticle exposure,
because the nanoparticles interact with the hatching enzymes, and they concluded that the
observed effects arose from the NPs themselves and not their dissolved metal components.

2.2. Developmental disorder analysis of zebrafish embryos: zebrafish embryo
toxicity test

Zebrafish embryo toxicity test (ZFET) is a modern nonanimal test, and it represents an alter-
native approach to acute toxicity testing, since with the same sensitivity and specificity, it is
possible to find more simplification, economicity, and speedy of execution, as well as sug-
gested by the European Community in order to decrease the impact of the experimental tests
on live animals [20, 38]. Fish Embryo Toxicity Test is included in the guidelines to perform
toxicity test about FDA and ICH for the pharmaceutical products and about EPA and OECD
for the chemical substances [39].

Fish embryo-larval assays provide a screening and investigative tool able of testing a larger num-
ber of nanoparticles, and this model has become increasingly common for investigation of devel-
opmental toxicity mechanisms [18-20, 40, 41]. ZFET is not a suitable test if you want to evaluate
the developmental malformations after the 96 hours post fertilization (hpf), such as the skeletal
anomalies, because calcification process in zebrafish starts the seventh day of development.

Usenko et al. [42] have evaluated carbon fullerene (C,, C,, and C,(OH),,) toxicity in zebraf-
ish embryos. They observed caudal fin malformation at the concentrations of 200 ppb of C
and C,, and yolk sac edema, pericardial edema, and pectoral fin malformations over the con-
centrations of 2500 ppb of C, (OH),,. Additionally, they also observed swelling of zebrafish

embryos and delay in development upon exposure to 5000 ppb of C (OH),,.

Brundo et al. [18] tested the nanomaterials that were synthesized proposing a groundbreak-
ing approach by an upside-down vision of the Au/TiO, nano-system to avoid the release of
nanoparticles. The system was synthesized by wrapping Au nanoparticles with a thin layer of
TiO,. The nontoxicity of the nano-system was established by testing the effect of the material
on Danio rerio larvae. Zebrafish larvae were exposed to different concentrations of nanopar-
ticles of TiO, and Au and to new nanomaterials. Authors evaluated as biomarkers of exposure
the expression of inducible metallothioneins. The results obtained by toxicity test showed
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that neither mortality nor sublethal effects were induced by the different nanomaterials and
free nanoparticles tested. However, only zebrafish larvae exposed to free Au nanoparticles
showed a different response to anti-MT antibody. In fact, the immunolocalization analysis
highlighted an increase synthesis of the inducible metallothioneins.

Xu et al. [41] evaluated the effect of CuO-NPs on early zebrafish development. The results
reveal that CuO-NPs can induce abnormal phenotypes of a smaller head and eyes and delayed
epiboly. The gene expression pattern shows that CuO-NPs spatially narrow the expression
of dorsal genes chordin and goosecoid and alter the expression of dIx3, ntl, and hgg which
are related to the cell migration of gastrulation. The decreased expression of pax2 and pax6
involved in neural differentiation was accordant with the decreased sizes of neural structures.
Cmlc, expression suggests that CuO-NPs prevented looping of the heart tube during cardio-
genesis. Furthermore, quantitative RT-PCR results suggest that the CuO-NPs could increase
the canonical Wnt signaling pathway to narrow the expression of chordin and goosecoid in
dorsoventral patterning as well as decrease the transcription of Wnt5 and Wnt11 to result in
slower, less directed movements and an abnormal cell shape. These findings indicated the
CuO-NPs exert developmental toxicity.

Pecoraro et al. [20] have tested nanocomposite membranes prepared using Nafion poly-
mer combined with various fillers, such as anatase-type TiO, nanoparticles and graphene
oxide. The nontoxicity of these nanocomposites, already shown to be effective for water
purification applications [19], was recognized by testing the effect of these different mate-
rials on zebrafish embryos. They evaluated as biomarkers of exposure the expression of
heme-oxygenase 1 and inducible nitric oxide synthases. Embryo toxicity test showed that
neither mortality nor sublethal effects were caused by the different nanoparticles and nano-
systems tested. Only zebrafish larvae exposed to free nanoparticles have shown a different
response to antibodies anti-heme-oxygenase 1 and anti-inducible nitric oxide synthases.
The immunolocalization analysis in fact has highlighted an increase in the synthesis of
these biomarkers.

2.3. Pathologies analysis in organs of zebrafish embryos and adults

As no authorization is required, many authors prefer the ZFET, and few toxicity studies
on nanoparticles are conducted with embryos after 96 hpf. Developmental malformation
of zebrafish embryos was studied to several authors, and they can relate incomplete organ
development, deformity of body parts, or lack of pigmentation. Zhu et al. [43] did one of the
first studies on developmental toxicity in fish caused by iron oxide nanoparticles in aquatic
environments. To study the ecological effects of iron oxide nanoparticles on aquatic organ-
isms, they used early life stages of the Danio rerio to examine such effects on embryonic
development in this species. The results showed that >10 mg/L of iron oxide nanoparticles
instigated developmental toxicity in these embryos, causing mortality, hatching delay, and
malformation. Moreover, an early life stage test using zebrafish embryos/larvae is also dis-
cussed and recommended in this study as an effective protocol for assessing the potential
toxicity of nanoparticles.
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Pecoraro et al. [21] did a study on adverse effects of AgNPs in adult of Danio rerio. Fishes
exposed to increasing concentrations (8, 45, 70 pug/l) of silver nanoparticles (AgNPs, 25 nm in
average diameter) and after treatment for 30 days were quickly euthanized in MS-222. Authors
have evaluated bioaccumulation of AgNPs using ICP-MS and analyzed histological changes,
biomarkers of oxidative damage, and gene expression in the gut, liver, and gill tissues of
AgNPs-treated zebrafish. The histological analysis showed lesions of secondary lamellae of
the gills with different degrees of toxicity such as hyperplasia, lamellar fusion, subepithelial
edema, and even in some cases telangiectasia. Huge necrosis of the intestinal villi was found
in the gut. No lesion was detected in the liver. The analysis revealed a high expression of
metallothioneins 1 (MTs 1) in animals exposed to AgNPs compared to the control group. The
ICP-MS analysis shows that the amount of particles absorbed in all treated samples is almost
the same. They affirm that AgNP toxicity is linked more to their size and state of aggregation
than to their concentrations. Silver nanoparticles can damage gills and gut because they are
able to pass through the mucosal barrier thanks to their small size. However, the damage is
still reversible because it is not documented injury to the basal membrane.

3. Discussion

The toxicology of engineered NMs is a relatively new and evolving field, and although their
applications are increasing, there are many concerns about their environmental and health
impacts [44]. A large number of studies carried out on several nanoparticles have produced
conflicting results. In fact, despite continuous attempts to establish a correlation between
structure of the particles and their interactions with biological systems, we are still far from
elucidating with certainty the toxicological profile of NPs [45]. Among these investigations,
a large numbers of authors, for example, have confirmed the nontoxicity of AuNPs [46-50];
conversely, others have observed the toxicity of AuNPs [51-53].

Despite some authors showed low toxicity of other particles such as TiO, NPs [54, 55], studies
demonstrated that exposure to high concentrations of TiO, particles was able to induce lung
tumor formation after 2 years in rats [56]. Moreover, the International Agency for Research on
Cancer (IARC) has classified TiO, as a possibly carcinogenic to human (Group 2B carcinogen) [57].

For this reason, same researches are developing an innovative nanomaterial that could help to
overcome problems related to the toxic effects of NPs, being able to exploit all their qualities
[12, 18, 20].

The use of zebrafish as animal model is recommended in several of these researches because
it is an inexpensive, quick, and easy model to assess the nanoparticle toxicity [58], and it can
offer many advantages for toxicological research [59, 60]. In particular, ZFET, an alternative
approach to acute toxicity testing, is important in order to decrease the impact of the experi-
mental tests on live animals as well as suggested by the European Community. Therefore, the
use of zebrafish model can be proposed for screening the toxicity profile of nanomaterials and
their rapid feedback [61].
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Abstract

Pollution on the Earth is ubiquitous across ecosystems from the land to the ocean. Various
sources contribute to pollution including industrial (e.g. chemicals), agricultural (e.g. pes-
ticides) and domestic (e.g. transportation) pollutants’ ecosystems and substrate environ-
ment (e.g. contamination in water). The extensive use of chemicals in agriculture, forests
and wetlands may impair biological communities. Due to the lack of target specificity,
these chemicals can cause severe and persistent toxic effects on nontarget aquatic species,
including bacteria, invertebrates and vertebrates. Different degrees of biological response
have been presented according to intensities of different chemicals. The cadmium (Cd?*)
contamination in aquatic environment has attracted more and more attention due to its
toxic characteristics, for example, accumulation in environment, nondegradability and
the potential threat to the ecosystem. Knowledge and understanding of these conditions
have led to the development of new monitoring and assessment technologies based on
biological and chemical methods. This chapter covers new monitoring technologies and
environment assessment of Cd* stress using zebrafish (Danio rerio), which include the
behaviour responses, metabolism and electrocardiogram (ECG).

Keywords: zebrafish, behaviour responses, metabolism, electrocardiogram (ECG),
cadmium stress

1. Introduction

With the development of industrialization, the efforts of decreasing pollutants from the natu-
ral environment cannot satisfy the fundamental requirement of health and safety due to the
large and increasing amounts of waste materials [1]. Environmental pollution has become an
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increasingly serious problem in recent years [2, 3], and water pollution has caused more and
more concern. The extensive use of chemicals in agriculture, forests and wetlands may impair
biological communities [4, 5].

Due to the lack of target specificity, most contaminants can cause severe and persistent toxic
effects on non-target aquatic species, including invertebrates and vertebrates [6, 7]. Knowledge
and understanding of these conditions have led to the development of new monitoring, anal-
ysis and assessment technologies based on biological, physical and chemical methods [8-10].
Campanella et al. [11] achieved the monitoring of the evolution of photosynthetic oxygen (O,)
and the detection of alterations due to toxic effects caused by environmental pollutants using
a sensor by coupling a suited algal bioreceptor to an amperometric gas diffusion electrode.
Glasgow et al. [12] illustrated that real-time remote monitoring and sensing technology which
is a more important tool for evaluation of water quality. Zhang et al. [13] developed an online
behaviour monitoring system to assess the toxic effects of carbamate pesticides on medaka
(Oryzias latipes), a small fish native to East Asia. Alexakis [14] assessed the water samples
based on chemical indexes such as sodium adsorption ratio, sodium percentage and residual
sodium carbonate. These methods greatly contribute to environmental stress assessment and
water resource management.

Heavy metal pollution caused worldwide attention due to their bioaccumulation. Cadmium
(Cd) is one of the most easily accumulated toxic substances in humans and organisms [15]. Cd
pollution commonly occurs in food and environment (e.g. water, air), and also Cd has a long
half-life period in human and animal bodies. Hansen has investigated that rats accumulated
Cd?* at a greater rate firstly and the kidney toxicity due to Cd*needed 6-8 weeks [16]. The
accumulation of cadmium could be observed in different organs in fish [17] (Figure 1).
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Figure 1. Step-wise behaviour responses according to previous reports: The model showed a series of different
behaviours including “No effect,” “Acclimation,” “Adjustment (Readjustment)” and “Toxic effect”. Threshold, the point
at which a physiological effect begins to be specifically manifested on the individuals after exposure to stressors, decided
the behaviour responses.
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In the ecological assessment of environmental stress, many methods in different levels (molec-
ular, cell, physiological and individual) are used [18]. Behaviour responses to toxic effects
have been specifically observed [19, 20]. It has been reported that Daphnia magna, medaka
(Oryzias latipes) and rare minnow (Gobiocypris rarus) are aquatic homeostatic organisms
[21, 22] showing evident step-wise behaviour response, including “No effect”, “Acclimation”,
“Adjustment (Readjustment)” and “Toxic effect” [23-25]. Wang et al. [26] reported a sequence
of intoxication and recovery processes through data transformation (i.e. integration) at the
time progressed after exposure to toxic chemicals and suggested that the behaviour response
is a good indicator for aquatic organisms to assess the water quality.

As an endpoint in the physiological level, organisms” metabolism plays an important role in
the environmental stress assessment. Metabolism is the fundamental process of organisms,
and it is related to energy assimilation, transformation and allocation that strongly influence
the rate of individual growth and reproduction [27]. Standard metabolic rate (SMR), which is
the minimum metabolic level of fish in the state of rest and starvation, means the metabolism
level of organisms, which could be analysed directly by oxygen consumption (OC) monitoring
system [28]. Respiration is an important physiological characteristic of the metabolic activities
of fish, which can reflect the adaptation of fish to the external environment. Metabolism in
the characteristic of SMR is ordinarily equal to OC [29] on the condition of no food supplied
during the monitoring of fish respiration. Usually, there are many factors that can affect OC of
fish including water temperature, body mass, body size, dioxide oxygen, sanity, atmospheric
pressure, injury and disease [28].

Heart ECG provides a chart that represents the electrical activity of the heart, and it also
provides a time voltage of the heartbeat [30]. The notation of ECG waveform suggested by
Einthoven [31] is still in use today and has been used to detect and monitor disease in differ-
ent animals [32-34]. ECG waves (P, Q, R, S and T) and the time intervals (PR, QRS, ST and
QT) have been used to differentiate healthy and diseased fish [35]. Therefore, fish ECG can be
a good tool to assess water quality.

Zebrafish (Danio rerio), whose ether-a-go-go-related gene (zERG) which has high similarities
in the protein sequence with the human gene (hERG) [35] has been frequently used as a rep-
resentative in the toxicologic assessment of chemicals [36], providing sensitive, economical,
practical and biological monitors for aquatic pollutants [37, 38]. First, it is economic to use
zebrafish to assess water quality. Second, zebrafish can be a tool as good as higher vertebrates
on toxic testing. Third, the use of zebrafish with other fish can realize the potential toxic-
ity analysis [39]. Therefore, new monitoring technologies based on the behaviour responses,
metabolism and electrocardiogram (ECG) of zebrafish can be applied to realize the monitor-
ing and assessment of Cd*" stress.

2. Methods

In the recording of the behaviour responses, metabolism and ECG, room temperature is
controlled at 26 + 2°C with a photoperiod of 16 h light and 8 h dark. Nonchlorinated water
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(hardness based on CaCO,: 250 + 25 mg/L, pH 7.8 and temperature 26 + 2°C) is used. No food
is provided to test organisms during the assessment.

2.1. The recording of behaviour responses

An online monitoring system, built in the Research Center for Eco-Environmental Science,
Chinese Academy of Sciences [40], is used to analyse the continuous swimming behaviour
(Figure 2). Behaviour data are collected by behaviour sensors, which are made up of two pairs
of electrodes that sent a high-frequency signal of alternating current by one pair and then
received another. The behaviour strength is sampled automatically every second, and the
average behaviour strength data are taken twice an hour in the first 2 h. Behaviour strength
that changes from 0 (losing the ability of movement) to 1 (full behaviour expression) is applied
to represent the differences of behavioural responses [13].

Test zebrafish were placed in behaviour sensors (10 cm long, 7 cm in diameter). These sensors
were closed off on both sides with 250 um nylon nets, and three replicates per concentration
were used. Flow rate of each test channel was controlled about 2 L/h. Temperature and light
conditions were the same as stock rearing. The flow rate in each test chamber was controlled
to about 1 L/h in the online mixing system, and then the flow rate in the online monitoring
system of behaviour strength was about 2 L/h.
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Figure 2. Signal acquisition and transmission of the behaviour responses: (a) the signal acquisition, (b) the normal signal
analysis, and (c) the signal analysis after Fast Fourier Transform.



The Monitoring and Assessment of Cd?* Stress Using Zebrafish (Danio rerio)
http://dx.doi.org/10.5772/intechopen.74454

2.2. The recording of metabolism

An online monitoring system based on OC is used to record the metabolism of zebrafish
(Figure 3). The metabolism monitoring system is made up of water tank, flow-through sensor,
peristaltic pump, three-way valve, digital control unit, data acquisition unit, dissolved oxygen
(DO) sensor, thermometer, pressure meter and water tubes.

Before the assessments, test zebrafish volumes are measured by 5 ml graduated glass cylinder
(Va), and the body mass of test zebrafish is weighted as follows: A beaker (50 ml) with 10 ml
water is weighted by a precision electronic balance (FA2204N, Shanghai Jinghai Instrument),
which is regarded as a baseline weight. Then, test individuals are put into the beaker to get
the wet weight (m). Test zebrafish are placed into the flow-through sensors (200 ml, Vr) with
nylon nets (250 um) at both sides to prevent test zebrafish running into water tubes. The water
flow rate of the sensor is controlled by a peristaltic pump at approximately 2 L/h. The whole
cycle of the three-way valve is designed as 150 s flushing phase (to ensure DO in test chamber
is enough for test individuals) after 300 s circulation phase (to make measurement, regarded
as t). During the circulation mode, the three-way valve is energized to close the loop. In this
mode, the water flows from the flow-through sensor to the DO sensor. When the organisms
breathe, the DO sensor can realize the measurement. In this phase, water tubes are installed in
the correct direction, and all connections are sealed completely to ensure no external oxygen
enters the system. During the flushing mode (dotted lines), the three-way valve will pump
water (black dot) from water tank (brown box) to test chamber, and the water body will
flow through chamber into water tank again (red dot). The flushing and circulation cycle are
repeated until the end of the experiment. Oxygen concentrations of both inflow and outflow
water are detected by DO sensor, and then these data are recorded as DO, and DO,. Absolute
room pressure is provided to ensure the stability of DO in the system. Prior to the start of the
experiment, all sensors are warmed up for 5 min, and then the OC data begin to be collected.
Water temperature is recorded to remain constant through the experiments.
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Figure 3. Online monitoring systems of metabolism based on oxygen consumption (OC).
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DO (mg/L) data in the metabolism monitoring system are converted to OC using Eq. (1):

(DO,-DO) x (Vr = Va)
VO, = T ey

in which VO,: OC of test zebrafish (mg/kg/h); DO;: DO concentration of water body flowing
into SMR sensors (mg/L); DO: DO concentration of water body flowing out SMR sensors
(mg/L); V: the volume of flow-through sensor (L) and it is 0.2 L for zebrafish; V: test zebrafish
volume (L); m: test zebrafish mass (kg); and #: time of circulation cycle (h).

2.3. The recording of ECG

The ECGs are detected by RM-6240C Multichannel Physiological Signal Acquisition and
Processing System (ChengDu Instrument Factory, China). During ECG acquisition, zebrafish
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Figure 4. The acquisition and the analysis of zebrafish ECG.
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are fixed in a damp sponge with the ventral side exposed for electrode placement (Figure 4a).
Two micro-electrodes are positioned at 90° to the animal’s epidermis near the heart and inside
the medial pectoral fin; the positive electrode is on the right side and the negative electrode
is at a relatively lower position on the left side. The grounding electrode is closer to the top of
the pelvic fins as presented in Figure 4a. The relative distance between grounding electrode
and other two electrodes is 8-10 mm. All electrodes are inserted into the skin to approxi-
mately 1 mm in depth. The exact position of the positive and negative electrodes was adjusted
slightly to obtain the maximum voltage signals. ECG signals are characterized by the follow-
ing parameters: waves P, Q, R, 5, T and intervals PR, QRS, ST, QT (Figure 4b). ECG signals of
each zebrafish are obtained over a 3 min period. Baseline ECG signals are recorded 24 h before
assessment. The positive and negative electrodes are attached to the atrioventricular junction
of the zebrafish, and the ECG signals are recorded at a sampling frequency of 4 kHz with the
time constant 0.02 s [Figure 4c(I)]. The recorded signals were digitally processed by MATLAB
(MATLAB R2009a, The MathWorks Inc., Natick, MA, USA). First, a zero-phase digital filter is
used [Figure 4c(II)], and then the wavelet decomposition is acquired by performing a 10-level
1D wavelet analysis using coif5 wavelet. With the wavelet decomposition structure and the
coif5 wavelet, the coefficients of the filtered signals are further reconstructed. The de-noised
signals [Figure 4c(III)] are finally obtained from the above-reconstructed wavelet decompo-
sition structure using the principle of Stein’s unbiased risk; soft threshold, level-dependent
estimation of level noise and coif5 wavelet at level 10 are used to analyse the ECG changes.

3. Results and discussion

3.1. The behaviour responses

According to the acute toxicity experiment following the guidelines for fish acute toxicity from
OECD 203 [41], 48 h median lethal concentration (LC 48 h) of cadmium chloride (CdClL,) to
zebrafish after probit analysis in MATLAB with 95% confidence interval is 42.6 mg/L. The
LC, 48 h value (42.6 mg/L) is regarded as 1.0 TU, and then the exposure concentrations are
4.26,42.6 and 85.2 mg/L in 0.1, 1.0 and 2.0 TU CdCl, treatments, respectively.

The behaviour responses based on behaviour strength (BS) of zebrafish are shown in Figure 5.
The average BS in control kept about 0.8, and the higher the chemical concentrations, the
lower is the behaviour strength. These results suggest that the toxic effects of CdCl, on the BS
of zebrafish are closely related to the concentrations, which was defined as dose-effect rela-
tionship [42]. It is noteworthy that lower BS values could be observed in the dark period at
13-21 and 37 and 45 h in all treatments. Considering the ups and downs in BS curves matched
to photo and scoot phase, this may suggest a possibility of circadian rhythm in test organisms
after being exposed to the chemical [43].

The behaviour activity (BA) as integrated BS was obtained by linear regression (Figure 6). If BA
is in the positive range, the BS would be higher than the accumulated average of BS and could
be considered as in active state [44]. The BA values were mostly negative at initial stage. The
crossing times of BA between positive and negative values were commonly observed which
show the circadian rhythms. The control group showed the high value between 21 and 37 h,
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Figure 5. Behaviour responses of zebrafish in the treatments of CdCl,. Grey shadow means the dark periods as the
experiment started from 9 o’clock in the morning.
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Figure 6. BA values for CdCl, across different treatments. Control (blue), 0.1TU (green), 1.0 TU (yellow) and 2.0 TU (red).
Shadows mean dark periods.

which matched photophase. However, BS values were not high at either previous (0-13 h) or
next (4548 h) photoperiod. Remarkably, the circadian rhythms appeared in different treat-
ments, being substantially different with the control group. Except the last phase with 1.0 TU,
rhythmic activity was clearly observed at dark phases, 13-21 and 37—45 h, which indicated
that the pollutant is a stimulating agent to resume the circadian system in test organisms. BS
was higher at scoot phase. It was noteworthy that the rhythm was disrupted with 1.0 TU at
the end of the experiment, whereas the lower (0.1 TU) and higher (2 TU) levels showed clear
rhythms. The circadian rhythms of the test group were quite different from the control group,
indicating that the environmental stress stimulated the biological clock of zebrafish and made
it more clear in pollutants than in control [45], which is consistent with the result of Figure 5.

3.2. The changes of metabolism

As presented in Figure 7, the exposure of CdCl, significantly affected the overall oxygen
consumption (OC) of zebrafish (p < 0.05). OC at 0.1 TU (463.11 + 44.21 mg/kg/h) was sig-
nificantly (p < 0.05) lower than the control (617.39 + 30.48 mg/kg/h) and higher than 1.0
TU (314.40 + 40.04 mg/kg/h) and 2.0 TU (229.07 + 28.66 mg/kg/h). These results could be
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Figure 7.Changes in average oxygen consumption (mgO2/kg/h) after exposure to CdCl, across different toxic
concentrations, 0TU, 0.1TU, 1TU and 2TU. The bars in the histogram represent the mean + SD of oxygen consumption
in different TUs. Different alphabets on the bar represent statistical significance based on multiple comparison (p < 0.05).

supported by a previous report on the effects of CdCl, on the respiration of fresh water
crab [46], which is a fundamental physiological function in organisms that can affect other
metabolic processes, for example, feeding, food absorption and excretion [47]. In the toxic
environment of CdCl,, the internal environment of the cell changed, and all the related
energy processes were changed correspondingly [48].

Figure 8 shows the continuous changes of zebrafish OC during 48 h exposure of CdCl,, which
suggested that the total tendency of the continuous results had the same order as presented
in Figure 7. In control, a high respiration rate was maintained at about 617.39 mg/kg/h dur-
ing the observation period. In different treatments, the observed levels of OC decreased with
the increase in concentrations, for example, OC was approximately 500 mg/kg/h in 0.1 TU,
300 mg/kg/h in 1.0 TU and 200 mg/kg/h in 2.0 TU.

—— Control 01TU—10TU — 20TU
§snu

0 4312162024233236404443
Exposure Time (h)

Figure 8. Continuous changes of zebrafish OC during 48 h exposure in differentCdCl treatments.
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During 48 h exposure, OC in most treatments had some circadian rhythms according to the
average values in different periods (Table 1) because OCs were significantly (p < 0.05) higher
during photo phase (D1 and D2) than scoot period (N1 and N2).

When zebrafish were exposed to 0.1 TU and 1.0 TU CdCl,, OCs were significantly (p < 0.05)
different between sooct phase and photo phase. This indicated that the response of zebrafish
to pollutants was stronger and had great effects on diurnal variation during 48 h exposure.
There was a greater fluctuation of OC in CdCl, exposures than in the control. In most treat-
ments, higher values were observed during photo phases (0.1, 1 and 2 TU). At the beginning,
OC decreased until the 11th h and then recovered during 21-36 h. In the end, OC decreased
at all concentrations during the exposure of CdCl, in 3648 h.

3.3. The changes of ECG

Figure 9 shows the average values of zebrafish ECG characteristics in different treatments.
The values of all exposure time points during the 48-h exposure are assigned to the corre-
sponding concentration groups. After exposure to CdCl,, the amplitudes of all waves (P, Q,
R, S and T) and interval durations (PR, QRS, ST and QT) showed some difference with sig-
nificance (p < 0.05 or p < 0.01). In the control group, the amplitudes of all waves were the
largest, and they were almost the smallest in different intervals. Overall, the amplitudes of
waves tended to show negative relationships, and intervals showed positive relationship with
CdCl, concentrations. The changes of waves that Q, T, QRS and QT intervals showed clearly
observed dose-effect relationship. There were some exceptions: S and ST did not show an
obvious dose-effect relationship, and R showed a reverse effect to other waves. These results
suggested that it was not sufficient to analyse the toxic effects of environmental stress on
zebrafish ECG alone, depending on the average values of these characteristics.

To assess water quality using zebrafish ECG characteristics, the continuous changes based on
the de-noised ECG signals were applied (Figure 10). The difference of zebrafish ECG char-
acteristics after two-way ANOVA is shown in Table 2. Some characteristics (Q, R, S and T)
showed some significant difference (p < 0.05 or p < 0.01) at different exposure times in the
control group (Figure 10b-e), but the differences of P, PR, QRS, ST and QT showed no signifi-
cant changes, which suggests that P, PR, QRS, ST and QT can serve as normal control in the
analysis of CdCl, toxic effects on zebrafish ECG (Figure 10a, f, g, h, i).

Time periods Control 0.1TU 1.0 TU 2.0 TU

D1 610.47 + 25.6972% 460.38 +52.88 310.53 +£52.92 236.69 + 32.28®
N1 632.18 +23.31"° 436.54 + 36.44® 285.47 +21.01°% 214.81 £22.228
D2 633.20 + 33.03"A° 488.10 +37.48™ 342.35 £27.01°% 246.67 +23.02°°
N2 590.88 +17.78™48 458.77 +30.42 309.99 +22.47°8 207.22 +12.83™8

D1, the first 0 day results, from 0 to 11 h and from 21 to 24 h; D2, the second-day results, from 24 to 36 h and from 46 to
48 h; N1, the first-night results, from 11 to 21 h; N2, the second-night results, from 36 to 46 h exposure. Data are shown
asM+S.D.*p<0.05, A, B, aand b mean the significant difference with D1, D2, N1 and N2, respectively.

Table 1. OC of zebrafish in different treatments during both photo phase (D) and scoot period (N).
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Figure 9. Comparison of zebrafish ECG characteristics after treated with CdCl,. The unit of wave amplitude (P, Q, R, S
and T) is pv, the unit of duration (PR interval, ST segment, QRS complex and QT interval) is ms. Vertical bars indicate
mean values and the solid lines are standard deviation. The data of every ECG parameter are representative of at least
four independent experiments. — represents two experimental groups indicating the ends of a line segment. *p < 0.05,
**p <0.01.

The observed continuous changes of ECG suggested that signals of P, Q, T and PR were disor-
dered, in which the data of amplitudes and durations showed no clear regularity depending
on either exposure time or concentrations. According to the analysis of the tendency (Table 2
and Figure 10), R, QRS, ST and QT in different treatments showed dose dependency; how-
ever, due to some fluctuation changes at 8, 16 and 32 h, ST and QT did not show clear time
dependence.

Overall, QRS, ST and QT showed prolonged effects after CdCl, exposure and wave R showed
a decrease in amplitude. A prolonged ST reflects delayed repolarization of ventricular func-
tion. As it is reported, ST depression hysteresis could offer a substantially better diagnostic
accuracy for coronary artery disease [49], and ST elevation could be induced by CdCl, [50].
A wide QRS reflecting left-sided intra-ventricular conduction delay and prolonged QRS
reflects delayed depolarization of ventricular function too. Prolonged QT reflects delayed
repolarization of action potential [51]. CdCl, is highly toxic to the cardiomyocytes, charac-
terized by lengthening the repolarization phase of the cardiac action potential, manifested
as prolongation of the QT on the surface ECG and predisposition to special arrhythmia [35].
Therefore, the QT prolonging suggested that CdCl, induced bradycardia and arrhythmia
in zebrafish. The R wave voltage changes were observed with doxorubicin (DXR) treat-
ment. On the cellular level, DXR treatment led to a decrease in V__, with little increase or
no change in resting potential and a marked prolongation in action potential duration at
50-75% repolarization levels [52].

To specify the role of ECG characteristics in the assessment of CdCl, stress, the Pearson corre-
lation analysis between ECG characteristics and CdCl, stress was performed based on the cor-
relation coefficient rand significance p. We first checked the correlation coefficient r to see how
much they correlated (r < 0.3, poor correlation, 0.3 <r < 0.5 moderate, r > 0.5 high correlation).

145



146 Recent Advances in Zebrafish Researches

Duration{ms) Amplitude (V) Amplitude(uV)y  Amplitude (uV)

Duration[ms)

a
_"'C‘H""_'El ITU=0.5TUITU 0O

b

121 “—CNTTO0ATU™ 0.5TU ITU
10 I 2 . i
8 , 4—* * * — 4
R — -6
4 T 7= B
2 T -10
0 -12
0 c 0
20 -“:‘%‘_—_" +- — —{-———g—-«l -+
o G R -8
S5 g .
10f =
ok 16
W e
154
10
Sk
0
_5'
164 5000 g
400
140 1
Lt l 300 N | .
124 :i 200 1&;- e
" H o
=

2 4 8 16 32 48
Exposure Time (h)

2 4 é 16 32 48
Exposure Time (h)

Figure 10. The continuous changes of ECG characteristics in different treatments. a-e represent the characteristics of
waves P, Q, R, S and T and f-i represent the characteristics PR interval, QRS complex, of ST segment and QT interval.
Log scale was used in the x-axis.

Then, we checked p value to see whether these two variables are correlated significantly
(p <0.05). When r is high (absolute r > 0.5) with significance (p <0.05), it indicates that the data
correlation is significant [53, 54].

The environmental stress E is primarily decided by both chemical concentrations (C) and
exposure time (f) with an exponential function as shown in Eq. (2) [55]:

E = e(Cxt)+E
f

2)
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ECG characteristics Treatments Start time Exposure time
Oh 2h 4h 8h 16 h 32h 48 h
P (uv) Control — \ \ \ \ \ \
0.1TU — * ok \ *% ** .-
05TU - \ \ \ \ \ \
1.0TU _ - - ot * * -
Q (uv) Control — \ \ \ * * \
0.1TU — \ * ok \ o -
0.5TU _ o - s % \ -
1.0TU _ * - - - \ -
R (uv) Control — * \ * - . .
0.1TU _ o o % - o -
0.5 TU _ ot o - - ot -
1.0TU — * ot - - ot -
S (uv) Control — \ * \ * \ \
0.1 TU _ ™ o % * ot -
0.5TU _ ot o * - ot -
1.0TU _ ot ot * - - -
T (uv) Control - \ \ \ \ \ *
0.1 TU _ ok ok - o % o
0.5TU _ - o * o * o
1.0TU _ - o - * - o
PR (ms) Control — \ \ \ \ \ \
0.1 TU - \ \ * \ \ **
0.5TU - \ \ * * \ \
1.0TU - \ \ \ \ \ **
QRS (ms) Control — \ \ \ \ \ \
0.1TU _ ok *t *k *k \ \
0.5TU - \ \ \ \ \ \
1.0 TU - \ \ * \ \ =
ST (ms) Control — \ \ \ \ \ \
0.1TU — \ #% \ ot - ot
0.5TU — \ % * \ * ot
1.0 TU — \ * \ \ - ot
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ECG characteristics Treatments Start time Exposure time
0Oh 2h 4h 8h 16 h 32h 48h
QT (ms) Control — \ \ \ \ \ \
0.1TU - \ \ * \ \ =
05TU - \ \ \ ** \ **
10TU - \ I -

The significance shows the difference between exposure times and start time (0 h) in each treatment.* p <0.05, ** p <0.01
and \ represents no significant differences.

Table 2. The difference of zebrafish ECG characteristics after the two-way ANOVA.

in which C is based on TU values and t presents the time with 6 min per unit (0-480) accord-
ing to our previous results [13]. E (s the environmental stress due to the effects of all other
physico-chemical factors, including water temperature, turbidity, pH, dioxide oxygen and
conductivity. As physico-chemical factors are controlled under experimental conditions as
shown in our previous research results [56], the effects of Ef are not considered (Ef =0) for
simplicity of model execution in this study. Then, if C x t =0, E =1, it means that the minimum
value of E is 1 in a pollution-free environment [57].

The correlation between ECG parameters and CdCl, stress (E) after Pearson correlation analy-
sis is shown in Table 3. The results suggest that the relationship between E and wave S, inter-
vals PR, QRS, ST and QT, showed a high correlation with absolute r > 0.5 and p < 0.05. With
the correlation coefficient » = 0.729 (the highest) and correlation significance p = 0.002 (the
smallest), the relationship between E and QRS was extremely significant, which suggested
that QRS could be significantly affected by CdCl, stress.

On the surface ECG, QRS reflects ventricular depolarization and propagation of the excit-
atory cardiac impulse throughout the ventricles [58]. Cardiac conduction system excitability
was depressed preferentially in Cd* [59]. Cd* could lead to changes in ECG, which may be
attributed to its effects on ventricular conduction. Yin et al. found that workers exposed to
Cd?* had a significantly longer QRS [60]. However, Cd* administration caused a reduction
in myocardiac contractile performance, slowing of heart rate and disturbances in metabolism

Pearson ECG parameters

correlation

analysis

P Q R S T PR QRS ST QT

E  Correlation(r) -0.094 0317 -0487 0517 -0.443 0.685 0.729 0.667 0.635

Significance (p) 0.739 0.25 0.066 0.048" 0.098 0.005" 0.002" 0.007" 0.011°
*p<0.05
*p <0.01.

Table 3. The correlation between ECG parameters and environmental stress (E) after Pearson correlation analysis.



The Monitoring and Assessment of Cd?* Stress Using Zebrafish (Danio rerio)
http://dx.doi.org/10.5772/intechopen.74454

of the heart [61], which may prolong QRS. On a cellular level, depolarizing inward current
passing through the voltage-gated cardiac sodium (Na*) channel is responsible for the rapid
upstroke of the ventricular action potential that initiates the conduction of the excitatory wave
front throughout the ventricular wall [58]. Visentin et al. investigated the dependence of Na*
current block by Cd* on external Na* concentration in ventricular myocytes. Depression of
inward Na* current by Cd* was essentially voltage independent, in agreement with it being
caused by channel block. The data show that Cd* reduces Na* current in Purkinje fibres and in
ventricular myocytes [62]. In other words, exposure to Cd*" could have an effect on Na + cur-
rent in zebrafish cardiac myocytes. Cd* could block the Na* channel and decrease inward Na*
currents, resulting in delayed ventricular conduction and prolonged QRS in the ECG.

4. Conclusions

As a by-product of industry, wastewater with Cd* should not be discharged into aquatic
environment only after basic treatment according to the Environmental Quality Standards for
Surface Water, GB3838-2002 [63], in which the limitation of Cd is 0.01 mg/L. However, some
industrial wastewater may be discharged without any treatment, in which Cd*concentration
might be higher than 26 mg/L [64] and the concentration of Cd* in some sediments could
reach 359.8 g/kg [65].

The online behaviour responses of zebrafish showed that BS has obvious dose-effect rela-
tionship with Cd*, and the online behaviour responses could illustrate the toxicity of Cd*
directly. The circadian rhythms could be observed even in higher concentrations (1.0 and 2.0
TU). Meanwhile, Cd* has an inhibitory effect on the standard metabolic rate of zebrafish, and
respiratory parameter of zebrafish with ECG can be regarded as sensitive biological monitor-
ing indexes to realize the online assessment of Cd* pollution. It is noteworthy that there is an
extreme significant correlation between QRS complex and Cd* stress with the highest r and
the smallest p among all ECG characteristics, and it may be a good way to monitor Cd* pollu-
tion in aquatic environment by observing and analysing QRS complex.

These results provide an objective ground for analysing complex stress response that could
be applied to test the changes of organisms (exposed in different treatments) quantitatively in
toxic physiology and ecology.
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Abstract

Exposure of zebrafish to the synthetic estrogen 17-a ethynylestradiol (EE2) has been shown
to cause a number of detrimental effects, including but not limited to feminization of
male fish, reduced reproductive capabilities, and impaired embryonic development. This
paper systematically reviews the effects of five environmentally relevant concentrations
of EE2 on 12 measurements that are commonly selected when studying the effects of EE2
on zebrafish. Concentrations of 0.1 ng EE2/L, 1 ng EE2/L, 3 ng EE2/L, 10 ng EE2/L, 25 ng
EE2/L, and 100 ng EE2/L were reviewed for their effects on sex ratio, vitellogenin induc-
tion, gonad morphology, spawning success, survival, bodily malformation, length/weight,
swim-up success, fecundity, fertilization success, hatching success, and the reversibility of
aforementioned effects. A greater occurrence of effects was observed as the dose of EE2 was
increased, starting at exposure levels of 1 ng EE2/L. For exposures of 3 and 10 ng EE2/L,
negative effects on sex ratio, morphology, and reproductive capabilities were reversible
after zebrafish were able to recover in clean water for a period of time. Data for zebrafish
exposed to 100 ng EE2/L was limited, as this concentration severely decreased survival.

Keywords: Danio rerio, zebrafish, 17-a ethynylestradiol, estrogen, endocrine disrupting
chemical (EDC), toxicology

1. Introduction

Endocrine disrupting compounds (EDCs) are a class of chemical that have the ability to interfere
with normal functions of the endocrine systems of living organisms. EDCs can affect organismal
systems by mimicking, counteracting, or disrupting the synthesis and metabolism of endog-
enous hormones, as well as disturbing the synthesis of specific hormone receptors [1]. Among
EDCs, estrogenic chemicals (ECs) are among the most extensively studied, primarily due to high
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levels of environmental contamination and a wide range of effects on aquatic ecosystems that
have come to light over the past several decades. ECs can be found in many common household
items, but their primary modes of entry into the environment are through wastewater effluent
from municipal treatment plants, hospital effluent, and livestock activities [2].

Among ECs, 17 a-ethynylestradiol (EE2) is of particular concern, as it has been shown to be
10-50 times more potent in fish than naturally produced estrogen, due to its longer half-life
and tendency to bio-concentrate in tissues [3]. EE2 is a derivative of the natural hormone
estradiol (E2) and is commonly used as the bioactive estrogen for human oral contraceptive
pills. In terms of frequency of use, oral contraceptives containing EE2 rank among the top
15 U.S. active pharmaceutical ingredients [4]. In addition to being utilized in human birth con-
trol, EE2 is also widely used in livestock to prevent pregnancy. Beyond contraceptive use, EE2
is utilized as a medicine for alleviating menopausal and postmenopausal syndrome symp-
toms, physiological replacement therapy for estrogen deficient states, treatment of prostatic
cancer and breast cancer, and osteoporosis [1].

Human urine is considered the main source of EE2 contamination in the environment, as
excess EE2 in the body is excreted in urine and enters aquatic systems through wastewater
effluent release. Prior to EE2’s excretion in urine, it is metabolized to become a biologically
inactive, water-soluble sulfate or glucuronide conjugate [5]. Following excretion and subse-
quent transfer to wastewater treatment plants, EE2 may be activated into its free form due
to bacterial modification. The activated EE2 remains relatively stable during the activated
sludge process in sewage treatment plants, thus avoiding breakdown and elimination [6].
Because of EE2’s highly stable molecular structure (Figure 1), it has become a widespread
problem in the environment. Given its high resistance to degradation, and its tendency to be
absorbed by organic matter, accumulate in sediment, and concentrate in biota, EE2 can cause
significant issues for aquatic organisms and populations once present in the environment [7].

With a global human population of over 7 billion, it is estimated that approximately 700 kg/
year of synthetic estrogens are released into the environment from contraceptive usage
alone [8]. Environmental EE2 concentrations in water are highly variable, ranging from non-
detectable levels to a maximum reported concentration of 830 ng/L in U.S. rivers [9]. As an
example, a study in Washington State analyzed 266 surface water samples from lakes and
streams in the Seattle area and detected EE2 in 66 samples, with a maximum concentration
measuring 4 ng/L [10]. Other studies have observed concentrations of 42 ng/L in Canadian

Figure 1. Chemical structure of 17-a ethynylestradiol (EE2).
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sewage treatment effluent [11], while studies in Europe have found concentrations gener-
ally below 5 ng/L [12]. This has raised concern, as concentrations as low as 1 ng/L have been
observed to affect offspring survival of adult male fish exposed to EE2 [13].

In some fish species, the binding affinity of EE2 to the estrogen receptor has been shown to be
up to five times higher than E2 [3]. This higher receptor affinity indicates that EE2 can be a more
potent estrogenic compound in terms of eliciting an estrogenic response, compared to naturally
produced E2 [1]. Under environmental and laboratory conditions, EE2 has been reported to
cause a wide variety of negative effects in multiple species of fish, including bias in the sex ratio
toward females, decreased fertility and fecundity, vitellogenin induction in males, reduction of
gonadal development, intersex, and impairment of reproductive behaviors [1, 7, 12-27].

Zebrafish (Danio rerio) are commonly used in laboratories to observe the effects of EE2 in
aquatic models, as they exhibit most of the measurements that have been detected in a variety
of fish species and have high gene ontology with humans [28]. Given their rapid development
from fertilization to reproductive maturity in only three to four months, both short-term early
life stage tests and chronic life-cycle tests can be conducted in a relatively short amount of
time [19]. The short life cycle is also beneficial when studying developmental and reproduc-
tive effects of endocrine disrupting compounds [20]. Their ability to breed year round makes
zebrafish ideal for studies observing fecundity and fertility. Furthermore, zebrafish produce a
large number of transparent eggs per spawn, which is preferable when collecting both quan-
titative and morphological data. Finally, zebrafish are well studied; embryogenesis in this
species has been researched in detail, and the entire zebrafish genome has been published,
allowing for in-depth genetic comparison and analysis [23].

In this paper, we focus on reviewing the impact that EE2 has on 12 measurements of fitness
that are commonly selected when studying the effects of EE2 on zebrafish. They include:
(1) skewed sex ratios from male to female; (2) the induction of vitellogenin (VTG) in male
fish (an egg yolk precursor protein normally expressed only in females); (3) gonad morphol-
ogy (undeveloped gonads, mature ova/testes or intersex - see Figure 2); (4) spawning success
(onset of spawning and number of successful spawns); (5) survival; (6) bodily malformation;
(7) length/weight; (8) swim-up success (successful inflation of the swim bladder by day 7 post
fertilization) (9) fecundity (number of eggs per spawn); (10) number of viable eggs per spawn
(fertilization success); (11) number of hatched eggs per spawn; and (12) reversibility of effects
(the ability of these 11 measurements to return to control levels after a period of depuration).
This review will help summarize the vast amount of zebrafish research that has been pub-
lished over the past two decades pertaining to EE2 exposure.

We chose five concentrations of EE2 that were most commonly used by researchers,
all of which are environmentally relevant: 0.1 ng/L, 1 ng/L, 3 ng/L, 10 ng/L, 25 ng/L, and
100 ng/L. These studies observed exposure periods of 5-180 days, followed by a depuration
period of 25-150 days in order to test for reversibility of effects (Figure 3). Studies that did
not begin exposure at day 1 (i.e. partial lifecycle exposures) were excluded from this review.
Furthermore, effects on second-generation exposure fish are not reported in this review. All
findings reported in this review were deemed statistically significant by the original authors,
as compared to control tests, unless otherwise noted.
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Figure 2. Histology image of intersex tissue from 8-week-old zebrafish larva (red circle indicating an oocyte and black
arrows indicating testicular tissue) [17].
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Figure 3. Length of EE2 exposure and depuration observed in each zebrafish study evaluated.
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2. Control experiment parameters

It is important to consider that a number of factors outside of exposure to EE2 can affect the
12 measurements reviewed in this paper. The age and size of fish, interval between success-
ful spawns, light cycle, and diet all have an effect on quality and quantity of egg production.
There is often little continuity in these environmental factors between aquatic laboratories,
which can lead to differences in control outcomes. One additional complication with cross
evaluation of studies is the variety of solvents used between different laboratories to dis-
solve EE2 for exposure trials. Acetone, methanol, and ethanol are most commonly used in
the reviewed papers we evaluated, but other solvents have been reported, which may have
differing effects on organismal physiology.

Laboratory zebrafish typically attain sexual maturity in the 3rd month of their development,
butinitial spawns can be observed in fish at ages as young as 2.5 months. Once sexual maturity
is reached, prime reproductive performance is maintained for several months, but decreases
with advancing age. Optimal zebrafish reproduction through natural mating occurs when the
fish are aged 6 months to 1 year [24].
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Figure 4. Survival from fertilization to 6 weeks of three different strains of zebrafish (AB, TU, WIK) under control
conditions (no EE2 present). Survival of two cohorts per strain (CH1 and CH2) is shown, exhibiting substantial intra-
and inter-strain variation [17].
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Finally, and perhaps most importantly, few papers specify which strain of zebrafish are used.
Zebrafish researchers typically report that “wild type” zebrafish are used, but fail to specify
which “wild type” they are referring to. Many different laboratory “wild type” strains are avail-
able, including AB, Tuebingen (TU), WIK, and Tupfel long fin (TL), among others. The specific
“wild type” strain used could have an impact on control and exposure outcome, given the exten-
sive genetic diversity between laboratory strains [25]. Among the array of laboratory strains
available, the three most common laboratory strains include AB, TU, and WIK [17]. Each of these
strains differs in their initial method of establishment, historic degree of selective breeding, and
genetic bottlenecks that likely affect physiological performance under exposure. Figure 4 repre-
sents such strain variability in survival of zebrafish, based solely on vehicle control conditions.

3. Exposure to 0.1 ng EE2/L

Overall, exposure to 0.1 ng EE2/L appears to have little or no effect on zebrafish. Two studies
evaluated concentrations of EE2 at this level with no detrimental effects observed. Zebrafish
in these studies were evaluated for a period of 90 days [18] and a period of 177 days [19].

3.1. Sex ratio

After 90 days of exposure, 40% of zebrafish were female, while 40% had undeveloped gonads
[18]. This did not significantly differ from control ratios.

3.2. VTG levels

After 90 days of exposure, VIG was not detected in male fish [18].

3.3. Bodily malformation

After 90 days of exposure, no bodily malformation was observed in zebrafish [18].

3.4. Length/weight

After 90 days of exposure, the total body length and weight of zebrafish was not significantly
different than that of the control fish [18].

3.5. Fecundity

After 177 days of exposure (at 0.05 ng/L), there was no statistically significant difference in
number of eggs produced per day between exposure and control zebrafish. Exposure fish
produced 32.6 eggs per day [19].

3.6. Viable eggs

After 177 days of exposure (at 0.05 ng/L), there was no statistically significant difference in the
number of successfully fertilized eggs between exposure and control zebrafish. Exposure fish
had a fertilization success rate of 91.6% [19].
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4. Exposure to 1 ng EE2/L

Exposure to 1 ng EE2/L impacted onset of spawning, fecundity, as well as the number of via-
ble eggs per spawn. Spawning did not occur during the exposure period for fish that were
exposed for 177 days. The percentage of eggs laid per day by exposed fish was reduced by 24%,
while the percentage of viable eggs reduced from approximately 95% in control fish to 41-51%
in exposure fish. Three papers were reviewed at this concentration of EE2, observing effects for
a period of 60 days [20], 90 [18], and 177 days [19].

4.1. Sex ratio

After 60 days of exposure, 77% of zebrafish were female, while 5% had undeveloped gonads
[20]. After 90 days of exposure, 50% of zebrafish were female, while 40% had undeveloped
gonads [18]. None of these data points were deemed statistically significant.

4.2. VTG induction

After 90 days of exposure, VTG in males was measured at approximately 150 ng/mg, which
was not deemed statistically significant compared to the control [18].

4.3. Spawning success

After 75 and 177 days of exposure, there was a delay in onset of spawning [19]. For the group
that was exposed for 177 days, spawning occurred at day 120, while control fish spawned at
day 112 [19]. These data points were not deemed statistically significant.

4.4. Survival

After 6 weeks of exposure, there was no significant difference in survival between exposure
fish and control fish. The greatest loss occurred within the first 10 days post fertilization, which
was attributed to normal larval mortality. Figure 5 shows this survival curve, with other major
losses shown at the end of the 6 weeks attributed to miscounts and/or cannibalism [17]. There
was no statistically significant difference in survival between exposure fish and control fish at
day 42 [19], day 60 (survival rate of 60% was reported) [20], or day 75 of exposure [19].

4.5. Bodily malformation
After 90 days of exposure [18] and 180 days of exposure [17], there was no bodily malformation.
4.6. Length/weight

After 60 days of exposure [20], and 90 days of exposure [18], the total body length and weight
of exposure fish was not significantly different than that of the control fish.

4.7. Swim up success

There was no statistically significant difference in swim up success between exposure and
control fish [26].
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Figure 5. Percent survival from 0 days post fertilization to 6 weeks for 1 ng EE2/L treatment groups of three zebrafish
strains: AB (green), TU (blue), and WIK (orange). Two cohorts per strain (CH1 and CH2) are shown. Results were not
statistically different from control cohorts [17].

4.8. Hatching success

There was no statistically significant difference in hatching success between exposure and
control fish [26].

4.9. Fecundity

When fish had been exposed for 75 days, fecundity was not affected [19]. After 177 days of
exposure, the number of eggs laid per day by exposure fish was reduced to 23.3 eggs per day,

as compared to 30.4 eggs per day in control fish [19]. This was deemed a statistically signifi-
cant difference.

4.10. Viable eggs

When fish had been exposed for 75 days, the percentage of viable eggs was reduced from
approximately 95% in control fish to 41% in exposed fish [19]. After 177 days of exposure, the
percentage of viable eggs was reduced from 95% in control fish to 51.8% in exposed fish [19].
These data points were deemed statistically significant.
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5. Exposure to 3 ng EE2/L

Exposure to 3 ng EE2/L significantly impacted VTG levels and spawning success in zebra-
fish. VTG levels were greater in exposed fish than in control fish after 75 days of exposure.
Spawning did not occur during the exposure period for fish that were exposed for 188 days.
One paper was reviewed at this concentration of EE2, observing effects for a period of 42 days,
75 days, and 118 days [21].

5.1. Sex ratio

After 42 days of exposure, the sex ratio of exposed fish was unaffected [21].

5.2. VTG levels

After 42 days of exposure, no difference was observed in the body homogenate VTG concen-
trations between the EE2 exposed and control fish. A range of 0.05 to 7.75 pg/ml was detected
[21]. After 75 days of exposure, mean plasma VTG concentration in exposed fish was elevated
over control values to a level that was deemed statistically significant. Inter-individual varia-
tion was high, with VTG concentration in exposed fish ranging between 14.76 and 1356.21 pg/
ml. This variation could have been caused by the selection sample, which was of unknown sex
[21], as females are known to show less increase in VTG compared to males. After 118 days of
exposure, male fish had significantly increased levels of VTG [21].

5.3. Gonad morphology

After 42 days of exposure, the histological appearance of the ovaries was not different from
the control fish. However, testes were less developed than in control fish; only two out of nine
male fish possessed mature testes, while the other seven fish had immature testes [21]. After
75 days of exposure the ovarian histology did not differ from the control group [21]. After
118 days of exposure, all 27 individuals examined possessed ovaries, and none of the fish had
gonads of testicular morphology. Both mature and immature ovaries were present: thirteen
individuals had developed ovaries, with all oocyte stages and post-ovulatory follicles, while
14 fish had immature ovaries with exclusively oogonia and primary growth stage oocytes. In
the 13 fish with mature ovaries, oocyte maturation was less progressed than in mature ovaries
of control fish [21].

5.4. Spawning success

When fish were exposed for 42 days, the initiation of spawning was not altered. The first
spawning event occurred at 83 days post fertilization (DPF), while control fish started spawn-
ing between 80 and 82 DPF [21]. However, when fish were exposed for 118 days, they did not
spawn during the exposure period [21].
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5.5. Survival

After 28 days of exposure, survival of exposed fish was 56-84%, which was not statistically
different than control fish [21].

5.6. Length/weight

After 28 days of exposure, exposed fish were longer in length compared to control fish [21].
However, after 45 days of exposure and 75 days of exposure, there was no statistically signifi-
cant difference [21].

5.7. Hatching success

The number of successfully hatched fish per spawn was not affected [21]

5.8. Fecundity

When fish were exposed for 42 days, fecundity was not statistically different compared to
control fish [21].

5.9. Viable eggs

When fish were exposed for 42 days, there was no statistically significant difference in num-
ber of viable eggs between exposed and control fish (85.3% fertilization compared to 90.1% in
the control) [21].

6. Exposure to 10 ng EE2/L

Exposure to 10 ng EE2/L significantly impacted sex ratio (up to 100% female), VTG levels
(increased), gonad morphology (no mature ovaries), spawning success (delay in onset of
spawning), length/weight of zebrafish (reduced), fecundity (reduced) and number of viable
eggs (reduced). Six papers were reviewed at this concentration of EE2, observing effects for
a period of 7 and 14 days [23], 60 days [19, 21], 90 days [18], 177 days [19], and 180 days [17].

6.1. Sex ratio

After 60 days of exposure, 18% of zebrafish were female, while 82% had undeveloped gonads,
which was found to be statistically significant as compared to control fish [20]. A different
study reported that 100% of zebrafish were female with well-defined ovaries after 60 days of
exposure (compared to the mean percentages of male and female zebrafish of 33% and 67%
in control) [22]. After 90 days of exposure, a sex ratio of 30% female and 70% undeveloped
gonads was reported [18]. After 180 days exposure, 80% of zebrafish were female, which was
statistically higher than the control ratio [17].
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6.2. VTG levels

After7 days of exposure, plasma VTG levels were measured at 760 ug/mg protein, while at day 14,
levels were measured at 1272 ug/mg protein [23]. Two other papers reported that VTG induction
was observed after 60 days of exposure [20], with levels being higher in exposure fish (4900 pg
VTG/g) compared to control (0.5 pg/g) [22]. After 90 days of exposure, one study found VTG lev-
els of approximately 575 pg/g [18]. All of these data points were deemed statistically significant.

6.3. Gonad morphology

After 60 days of exposure, 16 out of 20 zebrafish possessed undeveloped gonads, as compared to
only one fish in the control group with undeveloped gonads. In these fish, only a small mass of pri-
mordial gonadal cells were located at the genital ridge lining the edges of the liver and swim blad-
der. Thus, although gonadal tissue was present, gonads were classified as undeveloped when no
discernable cells characteristic of either sex were observed [20]. After 177 days of exposure, all indi-
viduals displayed gonads with ovarian morphology, but no mature ovaries. Three fish possessed
ovaries containing vitellogenic and mature oocytes, while the ovaries of the remaining 24 fish con-
tained immature pre-vitellogenic oocytes only, mostly at the perinucleolar stage and in a few cases
at the cortical alveolar stage. Fish with testes were not found among all 27 individuals [19].

6.4. Spawning success

When fish were exposed for 75 days, spawning was delayed [19]. When fish were exposed for
90 days, there was a reduction in the number of spawning females within 3 separate spawn-
ing periods that were observed [18]. No mating behavior or spawning occurred during a
177 day exposure [19].

6.5. Survival

After 6 weeks of exposure, there was no significant difference in survival between exposure
fish and control fish. The greatest loss occurred within the first 10 days post fertilization,
which was attributed to normal larval mortality. Figure 6 shows this survival curve, with
other major losses shown at the end of the 6 weeks attributed to miscounts and/or cannibal-
ism [17]. After 60 days of exposure, a 42% survival rate was observed, which was not statisti-
cally different than control fish [20]. After 75 days of exposure, survival of exposure fish was
slightly lower than in control fish, but not statistically significant [19].

6.6. Bodily malformation
After 90 days [18] and 180 days [17] of exposure, no bodily malformation was observed.
6.7. Length/weight

After 42 days of exposure, no difference in length/weight was observed [19]. After 60 days of
exposure, body length of females had decreased compared to control [20]. Separate papers
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Figure 6. Percent survival from 0 days post fertilization to 6 weeks for 10 ng EE2/L treatment groups of three zebrafish
strains: AB (green), TU (blue), and WIK (orange). Two cohorts per strain (CH1 and CH2) are shown. Results were not
statistically different from control cohorts [17].

observing 75 and 90 day exposure periods both found that body length of exposed fish was
reduced compared to control fish [17-18]. These data points were deemed statistically significant.

6.8. Swim-up success

No significant difference was observed [26].

6.9. Hatching success

No significant difference was observed [26].

6.10. Fecundity

After 75 days of exposure, fecundity was not affected [19]. However, after 90 days of expo-
sure, total egg production was significantly reduced, down from approximately 70 eggs per
female in the control group to approximately 45 eggs per female in the exposed group [18].

6.11. Viable eggs

After 75 days of exposure, the number of viable eggs was reduced from approximately 95% in
the control group to 41% in the exposed group [19]. This was deemed statistically significant.
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7. Exposure to 25 ng EE2/L

Exposure to 25 ng EE2/L impacted sex ratio (increase in % females) VTG levels (increased),
gonad morphology (no developed gonads), spawning success (absence of activity), and
length/weight of zebrafish (reduced). Two papers were reviewed at this concentration of EE2,
observing effects for a period of 90 days [18] and 180 days [17].

7.1. Sex ratio

After 180 days exposure, approximately 75% of zebrafish were female, which was statistically
higher than the control ratio [17].

7.2. VTG levels

After 90 days of exposure, VTG levels in males were observed at approximately 1100 ng/mg,
which was significantly higher than VTG levels in control males [18].

7.3. Gonad morphology

After 90 days of exposure, 100% of zebrafish had undeveloped gonads [18].

7.4. Spawning success

After 90 days of exposure, there was a complete absence of the spawning activity [18].

7.5. Survival

After 6 weeks of exposure, there was no significant difference in survival between exposure
fish and control fish. The greatest loss occurred within the first 10 days post fertilization,
which was attributed to normal larval mortality. Figure 7 shows this survival curve, with
other major losses shown at the end of the 6 weeks attributed to miscounts and/or cannibal-
ism [17]. Between 6 weeks and 6 months of exposure, exposed fish exhibited survival rates of
70-90% (Figure 8), which was not statistically different from control values. Phenotypically,
fish had a similar appearance to other treatment groups, despite survival patterns not dem-
onstrating a similar pattern.

7.6. Bodily malformation

After 90 days of exposure, 17% of zebrafish suffered from pericardial edema, and 51% exhib-
ited lordosis and/or scoliosis [18]. After 180 days of exposure, edema in body cavity (Figure 9)
and bulging eye was observed [18].

7.7. Length/weight

After 90 days of exposure, the total body length and weight of exposed fish was significantly
lower than that of the control fish [18].
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Figure 7. Percent survival from 0 days post fertilization to 6 weeks for 25 ng EE2/L treatment groups of three zebrafish
strains: AB (green), TU (blue), and WIK (orange). Two cohorts per strain (CH1 and CH2) are shown. Results were not
statistically different from control cohorts [17].
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Figure 8. Percent survival from 6 weeks to 6 months for 25 ng EE2/L treatment groups of three zebrafish strains: AB
(green), TU (blue), and WIK (orange). Two cohorts per strain (CH1 and CH2) are shown. Results were not statistically
different from control cohorts [17].
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Figure 9. Image via stereoscopic microscope camera of control zebrafish larva at 8 weeks (left) and 25 ng EE2/L exposed
larva exhibiting edema in body cavity (right) [17].

8. Exposure to 100 ng EE2/L

Exposure to 100 ng EE2/L impacted survival (decreased), swim-up success (decreased), and
hatching success (delayed and decreased). Three papers were reviewed at this concentration
of EE2, observing effects for a period of 120 hours [26], 14 days [22], and 60 days [20].

8.1. VTG levels

After 60 days of exposure, VTG induction in males was observed [20].

8.2. Survival

After 14 days of exposure, there was 0% survival [22]. Another paper observed that after
60 days of exposure, less than 10% of exposed fish survived [20].

8.3. Swim-up success

Swim up success was reduced to 60%, compared to 91% in control [26]. This was deemed
statistically significant.

8.4. Hatching success

Hatching success was significantly reduced to 67%, compared to 95% in control. Hatching
was also delayed compared to control (50% at 72 hours post fertilization (HPF) compared to
100% in control at 72HPF) [26].

9. Reversibility of Effects

When considering reversibility of effects, only measurements that authors had deemed signif-
icantly affected by exposure (see Table 1) are considered below. A statistically significant dif-
ference between exposed fish and control fish indicates that the aforementioned effect could
not be reversed after a period of depuration. For reversibility to successfully occur, there must
be no difference between control and exposure groups following depuration. This indicates
that the measurement has reached control levels after a period of exposure followed by depu-
ration. Results of this section are summarized in Table 2.

169



170 Recent Advances in Zebrafish Researches

0.1ng EE2/L  1ngEE2/L 3 ng EE2/L 10ng EE2/L.  25ngEE2/L 100 ng

EE2/L
Sex ratio (% female) no difference  no difference  no difference 1 1
VTG levels in males no difference  no difference 1 t t t
Abnormal gonad X X X
morphology
Spawning success ) I N\ |
Survival no difference  no difference  no difference  no difference |
Bodily malformation  no difference  no difference no difference X
Length/weight no difference  no difference  no difference | l
Swim-up success no difference no difference !
Hatching success no difference  no difference  no difference 1
Fecundity no difference | no difference |
Viable eggs no difference | no difference |

Blank spaces indicate that the measurement was not tested at a specific level. An ‘X" indicates that the measurement was
observed. A “|” indicates that there was a significant decrease, while a “1” indicates there was a significant increase in
the measurement.

Table 1. Observed effects of acute exposure to EE2 in zebrafish that were deemed statistically significant at varying

concentrations.
3 ng EE2/L 10 ng EE2/L 25 ng EE2/L
Sex ratio (% female) N/A X X
VTG levels in males X not reversible
Abnormal gonad morphology X X
Spawning success X X
Fecundity N/A X
Viable eggs not reversible not reversible

Blank spaces indicate that the factor was not tested at a specific level. An ‘N/A’ means that the factor was not significantly
affected by exposure, thus could not be measured for reversibility. An ‘X’ indicates that the measure was reversible.

Table 2. Reversibility of effects that were observed after acute exposure to EE2 in zebrafish, followed by a period of
depuration.

9.1. Sex ratio
9.1.1. 10 ng/L

After 60 days of exposure and 60 days in clean water, 25% of zebrafish were female and 75%
male [20]. After 90 days of exposure and 150 days in clean water, 65% of zebrafish were female
and 35% male [18]. This was not significantly different than control values and indicates a
reversal of effects.
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9.1.2. 25 ng/L

After 90 days of exposure and 150 days in clean water, 35% of zebrafish were female and 65%
male [18]. This was not significantly different than control values, and indicates a reversal of
effects.

9.2. VTG levels
9.2.1. 3 ng/L

After 42 days of exposure and 76 days in clean water, there was no significant difference in
VTG levels of males, which indicates a reversal of effects. After 118 days of exposure and
58 days in clean water, plasma VTG concentrations were approaching control levels in most
exposed fish, and the agreement between the gonadal sex and the VTG level of individual fish
was much higher than at 118 DPF [21].

9.2.2. 10 ng/L

After 177 days of exposure and 108 days in clean water, mean plasma vitellogenin levels were
significantly higher at 6.7 ug VTG/ml plasma in male fish, compared with plasma VTG con-
centrations on average below detection limit in control males [19].

9.3. Gonad morphology.
9.3.1. 3 ng/L

After 42 days of exposure and 76 days in clean water, 17 out of 30 zebrafish possessed ova-
ries and 13 possessed testes. The histological appearance of the ovaries showed pronounced
inter-individual variation: in 11 phenotypic females, mature ovaries were observed, whereas
in six of the 17 ovary containing individuals, immature ovaries were found, containing oogo-
nia and primary growth stage oocytes but no vitellogenic or mature oocyte. The occurrence
of two types of ovaries was visible macroscopically during dissection of the fish: while in the
case of mature ovaries numerous eggs were externally visible, immature ovaries appeared
small, with no macroscopically recognizable substructure. The differentiated, mature testes
contained numerous spermatozoa. One male had testis-ova, with a low number of primary
growth stage oocytes dispersed in differentiated testicular tissue [21]. After 42 days of expo-
sure and 134 days in clean water, 13 out of 29 fish of this treatment possessed normally
differentiated testes, with all sperm stages being present. The amount of sperm cells among
spermatocytes varied between individual males. The remaining 16 fish examined showed
gonads with ovarian morphology, whereby eight individuals had mature and the other eight
had immature ovaries [21]. After 118 days of exposure and 58 days in clean water, six out of
27 fish had fully differentiated testes, and one male displayed testis-ova. The other 20 fish
possessed ovaries, of which 19 were developed as ovaries and one ovary was immature,
containing oogonia and primary growth stage oocytes but with no further stages of oocyte
maturation present [21].
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9.3.2. 10 ng/L

After 60 days of exposure and 60 days in clean water, none of the exposed fish possessed
undeveloped gonads or ovatestes/testis-ova, as was observed at 60 days post hatch (dph) [20].
After 177 days of exposure and 108 days in clean water, 5 out of 20 fish displayed gonads with
the morphology of mature testes, and the remaining 15 fish had gonads with the morphology
of mature ovaries [19].

9.4. Spawning success

9.4.1. 3 ng/L

After 118 days of exposure, spawning resumed after 22 days in clean water. This was a sig-
nificant six week delay in the initiation of spawning compared to temporary, acute exposures
performed only during the early life history stage [21]. However, the absence of spawning
activity during exposure was successfully reversed.

9.4.2. 10 ng/L

After 177 days of exposure, spawning resumed after approximately 75 days in clean water
[19]. The absence of spawning activity during exposure was successfully reversed.

9.5. Fecundity
9.5.1. 10 ng/L

After 75 days of exposure and 25 days in clean water, female fish laid 95 eggs per day [19].
After 177 days of exposure and 108 days in clean water, female fish laid 20.7 eggs per day, as
compared to control fish that laid 30.4 eggs per day [19]. The authors did not indicate if there
was a statistically significant difference between these two values.

9.6. Viable eggs
9.6.1. 3 ng/L

After 118 days of exposure and 58 days in clean water, fertilization success was significantly
reduced from 91% in the control group to 21.7% in the exposed fish [21].

9.6.2. 10 ng/L

After 60 days of exposure and 60 days in clean water, 82% of eggs were viable, which was
significantly reduced compared to 90% for control fish [20]. After 75 days of exposure and
25 days in clean water, the success rate was significantly reduced to 41% [19]. After 177 days
of exposure and 252 days clean water, only 3% of eggs were successfully fertilized [19].
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10. Conclusion

Table 1 summarizes the effects of the 6 concentrations of EE2 on each of the 12 measurements. As
expected, we see a greater occurrence of effects as the dose of EE2 is increased, starting at exposure
levels as low as 1 ng/L EE2. Data for 100 ng EE2/L exposure is limited, as zebrafish do not often
survive at this concentration. It can be concluded that the impact of EE2 on zebrafish sexual devel-
opment and reproductive functions, as well as the reversibility of effects, varies with exposure
concentration, timing, and duration. In studies that had a short duration of EE2 exposure, nega-
tive effects persisted only if the exposure occurred during sexual differentiation and gametogen-
esis [20]. Male zebrafish pass through a stage of juvenile hermaphroditism, developing juvenile
ovaries which are then transformed into testes between 20 and 60 dph [22]. This gonad transition
stage is critical with respect to persisting effects of EE2 exposure on reproduction. Additionally,
these experiments also illustrate the plasticity of gonadal differentiation and development in
zebrafish, as a period of depuration was able to reverse many of the observed effects [20].

Though we can draw numerous conclusions from this data, a number of questions remain. First,
what could be considered the toxic lethal dose (LD50) for zebrafish? It appears that the LD50 may
be dependent on not only concentration, but length of exposure as well. Second, are there any dif-
ferences in effects between strains? Deviations observed between evaluated studies could indicate
the presence of strain specific effects. This is difficult, if not impossible, to determine since the pre-
ponderance of published papers do not identify which specific strain of zebrafish is being utilized.
Without this information, reproducibility of the experiments is difficult as different strains may
result in different outcomes. Additional factors, including zebrafish age and general husbandry
techniques may differ between experiments and also compound the inability to replicate data.

Despite these assessments of life history exposure periods, there is a significant gap in our knowl-
edge when it comes to chronic exposures longer than one life cycle. Studies on non-zebrafish spe-
cies have shown that continuous exposure over extended generations can drive fish populations
to near extinction [27]. While we have observed these long-term exposure effects, we still do not
understand the mechanisms that underlie the dramatic population crashes. This knowledge gap
could be filled using zebrafish, since they have a relatively short lifespan (less than three years) and
generation time (~3 months). These characteristics make zebrafish an ideal model to test for the
possibility of compounding effects over multiple generations. Such future studies will be particu-
larly important for understanding long-term environmental impacts that result from continuous
exposure of native populations and the mechanisms that cause such dramatic population declines.
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Abstract

During development, the role of the phosphatidylserine receptor (PSR) in the profes-
sional removal of apoptotic cells that have died is few understood. Programmed cell
death (PCD) began during the shield stage (5.4 hpf), with dead cells being engulfed by
a neighboring cell that showed a normal-looking nucleus and the nuclear condensation
multi-micronuclei of an apoptotic cell. Recently, in the zebrafish model system, PS recep-
tor played a new role on corpse cellular cleaning for further normal development during
early embryonic development, which also correlated with tissues” or organs’ complete
development and organogenesis. In the present, we summary new story that a transcrip-
tional factor, YY1a, in the upstream of PSR is how to regulate PS receptor expression that
linked to function of PSR-phagocyte mediated apoptotic cell engulfment during devel-
opment, especially the development of organs such as the brain and heart. YY1a/PSR-
mediated engulfing system may involve in diseases and therapy. This engulfing system
may provide new insight into phosphatidylserine receptor how to dynamitic interaction
with apoptotic cell during priming programmed cell death.

Keywords: programmed cell death, apoptosis, phosphatidylserine receptor,
early embryonic development, brain, in vivo rescued

1. Introduction

Apoptotic cell death occurs by a mechanism that is conserved from nematodes to humans
[1]. In vivo, the typical fate for apoptotic cells is rapid engulfment and degradation by phago-
cytes [2]. Among higher organisms, the removal of apoptotic cells by phagocytes suppresses
inflammation, modulates the macrophage-directed deletion of host cells, and critically
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regulates the immune response of an individual [3]. Cell death that is morphologically and
genetically distinct from apoptosis is strongly implicated in some human diseases [1].

For vertebrates, the phagocyte engages the dying cells through specific receptors that include
the phosphatidylserine receptor (PSR) [4-6], complement receptors 3 and 4, the ABC1 trans-
porter, and members of the scavenger-receptor family [7]. Recently, T-cell immunoglobulin
mucin protein 4 (TIM4), a phosphatidylserine (PtdSer)-binding receptor, mediates the phago-
cytosis of apoptotic cells. TIM4 engages integrins as co-receptors to evoke the signal trans-
duction needed to internalize PtdSer-bearing targets such as apoptotic cells [8]. And PSR-1
enriches and clusters around apoptotic cells during apoptosis. These results establish that
PSR-1 is a conserved, phosphatidylserine-recognizing phagocyte receptor [9].

For non-vertebrate systems such as the nematode Caenorhabditis elegans [10, 11] and Dro-
sophila melanogaster [12], it illustrates the power of using genetically tractable systems to iden-
tify necessary phagocytic genes. Major efforts to understand crucial pathways that mediate
programmed cell death (PCD) have also led to the genetic and molecular characterization of
a number of genes involved in the recognition and engulfment mechanisms of cells among
invertebrates [10, 13-15]. For Caenorhabditis elegans, it is important to recognize that phagocy-
tosis is performed by cells that are non-specific phagocytes rather than by specialized phago-
cytes such as macrophages, as tends to be the case in Drosophila melanogaster [3].

For lower vertebrate systems such as the zebrafish, the cell corpses generated developmen-
tally are quickly removed, although which specific type(s) of engulfment genes are involved
still remain largely unknown. Little is known regarding the molecular mechanisms by which
the resulting (cell) corpses are eliminated and the clearance of defective events for zebrafish.
The zebrafish PSR-engulfing receptor was cloned (zfpsr) by Hong et al. [16], and its nucle-
otide sequence, was compared with corresponding sequences in Drosophila melanogaster
(76% comprising identity), human (74%), mouse (72%), and Caenorhabditis elegans (60%). The
PSR receptor contained a JmjC domain (residues 143-206), and localization was labeled in
chromosome 3 (GCF-000002035.6; accession number: NC-007114.7). Very recently, the PSR
gene was regulated by YY1la transfection factor [17].

2. What is programmed cell death?

The concept of natural cell death can go back to 1842 [18]. Karl Vogt found that mid-wife
toad eliminates notochord and forms vertebrae during metamorphosis. The death of this
cell depends on the regulation of endogenous genes and hence giving rise to the term pro-
grammed cell death (PCD). Now the PCD has generated a new concept and new clarification.

2.1. Type I cell death: apoptosis

Apoptosis, a type of programmed cell death, is a mechanism in developing embryos that
removes damaged cells without impairing the overall development of normal tissues [19].
Controlling factors of apoptosis include the B-cell lymphoma 2 (Bcl-2) protein family that
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inhibits apoptosis, the Bcl-2-associated X protein (Bax) protein that promotes apoptosis, and
the aspartate specific cysteine protease (Caspase) family of proteins [20, 21]. Regulation of
apoptosis includes regulation both inside and outside. Among them, the activation of the
external is mainly when the death ligand on the cell membrane binds with the death receptor,
and the apoptosis pathway is activated, which in turn activates the downstream Caspase-8
and the downstream Caspase-3 to promote apoptosis. Internal activation is mediated mainly
by endogenous stimuli such as DNA damage, Bax, and Bcl-2 homologous antagonist killer
protein (Bak) that cause the activation of pro-apoptotic Bcl-2 family in the mitochondrial outer
membrane, resulting in grain line and then release of cytochrome C to combine with apop-
totic protease activating factor 1 (Apaf-1) to form apoptotic body (apoptosome), which in turn
activates downstream Caspase-9 and downstream Caspase-3 to promote cell apoptosis [21].

2.2. Type II cell death: autophagy

Autophagy is a catabolic process that involves the degradation of cytoplasmic components, pro-
tein aggregates, and organelles through the formation of autophagosomes, which are degraded
by fusion with lysosomes. The autophagy process has been extensively well studied in the
response to starvation of Saccharomyces cerevisiae, in which it protects cells from death by recy-
cling cell contents. Autophagy depends on a large group of evolutionarily conserved autophagy-
related genes (ATG) [22]. On the other hand, the protective, pro-survival function of autophagy,
silencing, and deletion of ATG genes that resulted in accelerated cell death [23, 24] was pro-
posed. However, in certain scenarios, it has been suggested that severely triggered autophagy
process can lead to or contribute to cell death.

2.3. Type III cell death: regulated necrosis

In the early stage, necrosis was regarded as an unregulated mode of cell death that was
caused by overwhelming trauma. However, many recent studies indicate the existence of
several modes of regulated necrosis [25]. Necrosis is characterized by swelling of organelles
and cells, rupture of the plasma membrane, and release of the intracellular contents. Different
modes of regulated necrosis share common morphological features. Then, the best well-
studied form of regulated necrosis, also called necroptosis, is a type of necrotic cell death
that depends on receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and/or RIPK3
[25-27]. Additional necrosis is induced by different stimuli, but it remains to be shown that
these actually involve different mechanisms for programmed necrosis [25].

3. The zebrafish development in the early stage

Zebrafish embryos develop from the one-cell stage after fertilization. The cells are then split
in multiples to blastocysts’ stage (see Figure 1); then enters the gastrula stage. During this
period, embryonic cells begin to differentiate into three germ layers via apoptosis. Each
germ layer will differentiate into specific organs such as endoderm cells that differentiate
into respiratory and gastrointestinal epithelial linings and include glandular cells such as
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Figure 1. A scheme of zebrafish embryonic development stages was shown. After fertilization, one-cell formation in
animal pole is for about 30 min and then begins dividing into two cells (0.5-1.0 hpf) and entering into blastula stage
(2.25-5.25 hpf), gastrula stage (5.25-10 hpf), and segmentation stage (10-24 hpf) that finally can hatch out between
48 and 72 hpf. In the right time in the gastrula stage at 5.4-6.0 hpf, the programmed cell death is turned on and the
professional engulfing corpses system by PSR works for smoothing embryonic development.

the liver and pancreas of the relevant organs. The mesoderm will differentiate into smooth
muscle layers, smooth muscle coats, connective tissues, and blood vessels that supply these
organs. It is also a source of blood cells, bone marrow, bone, striated muscles, reproductive,
and excretory organs. This period of cell differentiation behavior and follow-up organ devel-
opment are closely related. Then enter the segmentation, pharynx, and incubation periods
(Figure 1) [16].

4. The role of apoptosis in early developmental stage in zebrafish

In the zebrafish system, apoptosis is regulated by Noxa, which is a novel regulator of
early mitosis before the 75% epiboly stage when it translates into a key mediator of apop-
tosis in subsequent embryogenesis [28]. PCD turned on was observed by electron micros-
copy and the earliest onset of programmed cell death in zebrafish embryos was about
6 h after fertilization, and typical apoptosis was observed in zebrafish embryos in the
gastrulation stage [16]. In addition, 12-96 h after fertilization, signals of apoptotic cells
can be detected in the nervous system and sensory organs such as the retina, ear, and
olfactory organs [16].
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5. After PCD starting: engulfing of copses death cell by professional
system, PSR and others

The Caenorhabditis elegans system is known to have a nonspecific phagocytic system that
regulates cell death through the use of cell death abnormality protein 1 (CED-1) to identify
cellular debris and transmit related messages and another group of cell death. The system
of abnormality protein 2 (CED-2) affects the cytoskeleton, causing the cell membrane to
collapse, while activating the relevant GTP synthetase to generate sufficient energy to
provide cellular pattern changes. By this system, Wang et al. confirmed that PSR-1 of the
nematode activates CED-2, further enabling phagocytes to recognize apoptotic bodies
and using enzyme immunoassay to prove that PSR-1 itself can interact with phosphati-
dylserine [11].

Proliferation of programmed cell death (PCD) is caused by the condensation of chromatin
DNA, which leads to the cleavage of DNA in the cell and the cleavage of the membrane
by the nuclear pore to form nuclear fragments. In the process of programmed death, dehy-
dration will continue, the cytoplasm is concentrated, resulting in vesicle-like cell membrane,
and cell size decreases. Apoptotic cells produce nuclear fragmentation and form chromatin
masses (nuclear fragments), resulting in sprouting of cells, the formation of a spherical bulge,
and other means of cell protrusions, eventually resulting in a range of sizes, including the
cytoplasm, organelles and nuclear debris, and other small bodies, which can be called apop-
totic bodies [29]. In general, there are three main components of the phospholipids in the cell
membrane, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phos-
phatidylserine (PS) located on the inner side of the cell membrane [30]. When cells undergo
apoptosis, the phospholipid structure inside the cell membrane moves to the outside of the
cell membrane, at which time the PS located on the surface of the cell membrane becomes an
important marker of the phagocytic apoptotic bodies [31, 32]. Scientists with competing PS
analogs competed for the ability to inhibit PS clearance of apoptotic cells, but failed to do so
for other phospholipids, such as PC, confirming that phospholipid serine (PS) can be specifi-
cally affected by identification [32]. Fadok et al. further induced macrophages to produce PSR
antibody mAb 217 with transforming growth factor beta (TGF-beta) and beta-glucan [4]. mAb
217 can be used to calibrate phagocytes with the ability to recognize, and vice versa phago-
cytes without identifying apoptotic bodies, so that the monoclonal antibody can identify pos-
sible target proteins and purify the deglycosylation to obtain the target protein of 48 kDa, PSR
[4]. However, previous studies on phospholipid serine receptors (PSRs) have shown a nuclear
localization of phospholipid serine receptors mainly in vertebrate cell lines and invertebrates
[33]. Then, by comparing the results of amino acid sequence-predicting phospholipids, ser-
ine receptors may have DNA binding structures and Jumonji C domain (JmjC domain); the
results of this comparison in different species, including from hydra to humans, all have a
certain conservative [33, 34]. In addition, nematodes [4, 11], fruit flies [4], zebrafish [16], and
mouse [6] also exist in the PS receptor.
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6. The role of zebrafish PSR in early embryonic development

In the zebrafish system, Hong et al. [16] compared the PSR genes of different species in the
cDNA library to further identify the zfpsr homology gene of PSR in zebrafish. After the
zebrafish embryos were fertilized, by in situ hybridization, to observe the zfpsr development
in whole embryos, zfpsr mRNA was found in one-cell embryo and then displayed in different
tissues and organs as time progressed [16]. At 24 h (see Figure 2) after fertilization, the head,
eyes, body axis, and chordal can be observed in the performance of the gene. After 3 days of
fertilization, zfpsr mRNA can be observed in specific organs such as the heart, trunk, kidney,
and other organs in the development of the gastrointestinal tract and is the predominant
organ of zfpsr. Then, the zfpsr gene is silenced (loss of function by a morpholino), resulting in
the accumulation of apoptotic cells in zebrafish development, further resulting in embryonic
brain, heart, chordate, somite dysplasia. In severely deficient embryos, the brain is impaired,
there incomplete development of the posterior nodules, and an inability to hatch. Slightly
deficient embryos developed in the heart and in the absence of the apical development,
including the heart chambers and the aorta. Large veins underwent incomplete develop-
ment. The severely affected embryos accumulated large amounts of cellular debris 12 h after
fertilization and died 3 days after fertilization.

A = psk || B PSR
12 hpf —||24h 100

Figure 2. Identification of PSR expression pattern during early zebrafish embryonic development. (A) PSRs are expressed
in the whole embryo including the ectoderm, mesoderm, and endoderm, especially with the major location for PSR
being within the brain region and the posterior of the embryo (indicated by arrows) at 12 hpf and (B) at 24 hpf, PSR is
expressed in the whole notochord and distributed in the trunk, brain, and the eyes. Scale bar = 100 pm.

7. Why PSR is important in zebrafish?

Previous studies indicated that the environmental stress in zebrafish embryos may be related
to the regulation of mitogen-activated protein kinase. And mitogen-activated protein kinases
have been shown to regulate cellular migration in previous studies [35, 36], suggesting that
adversity within the embryo may affect cell migration. In our laboratory, it was observed
that the zebrafish embryos after PSR knockout were observed in the early stage of embryonic
development of the intestine, and the laryngeal phenomenon of outsourcing was observed
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Figure 3. A summary of the zebrafish PSR story during the entire development. The role of PSR function, especially in
the gastrula stage of zebrafish embryo, is very important to the event of epiboly. The programmed cell death star via
apoptosis may be at 75% epiboly stage as compared to PSR knockdown control. During this stage, the cell death should
be cleared out by the engulfing system that may be working through the PSR engulfing system. If not, dead cells will
accumulate and cause normal cell migration. At the same time, the accumulated corpus cell can enhance environmental
stress via reactive oxygen species (ROS) production in the whole embryo. Finally, these reasons may cause the phenotype
of cell fate disruption within three germ layers and continue till late development stage.

(see Figure 3), and the differentiation of the three germ layers was not clear. Previous studies
have also confirmed that the PSR gene may be involved in the clearance of dead cells [16].
Our study delayed the migration of PSR cells after they were deactivated, which might be due
to the unclear death cells, which blocked the movement of the whole cell layer and delayed
the development of zebrafish embryos in the primitive intestine. However, the mechanism is
still not clear. By virtue of the early embryonic development of endoderm-labeled embryonic
forerunner cells, progenitor cells are severely damaged after PSR loss of function and lead to
disruption of the differentiation of the cell cycle to cell migration. It is concluded that the PSR
gene affects the migration and differentiation of cells in the embryonic development of the
intestine, leading to the inability of cells to determine the fate of the cells in the early develop-
ment of the embryo and disrupting the distribution of the germinal layers. For new supporting
case, such as skeletal muscle arises from the fusion of precursor myoblasts into multinucleated
myofibers. A new report by Hochreiter-Hufford et al. [37] identifies apoptotic cells as a new
type of cue that induces signaling via the phosphatidylserine receptor BAI1 to promote fusion
of healthy myoblasts, with important implications for muscle development and repair.

8. Conclusion and perspectives

In gastrula stages of zebrafish early embryo development, germ layer differentiation is quite
important. This chapter is about the formation of follow-up organs. Differentiation of the
germ layer requires apoptosis to assist in participation. According to the results of our labo-
ratory research, the loss of function of the PSR gene by knockout approach can result in the
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failure of early gastrula-stage germ layer differentiation, which in turn led to the increase of
oxidative stress in zebrafish embryos, triggering severe apoptosis (unpublished data). Then,
PSR knockout induced some damaged organs and tissues which was observed at 72 hpf
that was also linked to cardiovascular dysplasia and swimming behavior. A summary of the
abovementioned suggests that PSR gene on embryonic development and organ development

has a certain impact, which is strongly associated with cardiovascular dysplasia and brain
development even on congenital diseases.

Author details

Wan-Lun Taung'? Jen-Leih Wu?® and Jiann-Ruey Hong'**

*Address all correspondence to: jrhong@mail.ncku.edu.tw

1 Laboratory of Molecular Virology and Biotechnology, Institute of Biotechnology,
National Cheng Kung University, Tainan City, Taiwan (R.O.C)

2 Department of Biotechnology and Bioindustry, National Cheng Kung University,
Tainan City, Taiwan (R.O.C)

3 Laboratory of Marine Molecular Biology and Biotechnology, Institute of Cellular and
Organismic Biology, Taipei, Taiwan (R.O.C)

References

(1]
(2]
(3]

(4]

[5]

6]

Meier P, Finch A, Evan G. Apoptosis in development. Nature. 2000;407:796-801
Savill ]. Apoptosis: Phagocytic docking without shocking. Nature. 1998;392:442-443

Savill J, Fadok V. Corpse clearance of defines the meaning of cell death. Nature. 2000;
407:784-788

Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, Henson PM. A receptor for
phosphatidylserine-specific clearance of apoptotic cells. Nature. 2000;405:85-90

Hong JR, Lin TL, Hsu YL, Wu JL. Apoptosis procedes necrosis of fish cell line by infec-
tious pancreatic necrosis virus. Virology. 1998;250:76-84

Li MO, Sarkisian MR, Mehal WZ, Rakic P, Flavell RA. Phosphatidylserine receptor is
required for clearance of apoptotic cells. Science. 2003;302:1560-1563

Platt N, da Silva RP, Gordon S. Recognizing death: The phagocytosis of apoptotic cells.
Trends in Cell Biology. 1998;8:365-372

Flannagan RS, Canton ], Furuya W, Glogauer M, Grinstein S. The hosphatidylserine
receptor TIM4 utilizes integrins as coreceptors to effect phagocytosis. Molecular Biology
of the Cell. 2014;25(9):1511-1522



(%]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

The Role of PSR in Zebrafish (Danio rerio) at Early Embryonic Development
http://dx.doi.org/10.5772/intechopen.74622

Yang H, Chen YZ, Zhang Y, Wang X, Zhao X, et al. A lysine-rich motif in the phospha-
tidylserine receptor PSR-1 mediates recognition and removal of apoptotic cells. Nature
Communications. 2015;7(6):5717

Chung S, Gumienny TL, Haengartner MO, Driscoll M. A common set of engulfment
genes medistes removal of both apoptotic and necrotic cell corpses in C. elegans. Nature
Cell Biology. 2000;2:931-937

Wang X, Wu YC, Fadok VA, Lee MC, Keiko GA, Cheng LC, Ledwich D, Hsu PK, Chen
JY, Chou BK, et al. Cell corpse engulfment mediated by C. elegans phosphatidylserine
receptor through CED-5 and CED-12. Science. 2003;302:1563-1566

Franc NC, Heitzler P, Ezekowitz AB, White K. Requirement for croquemort in phagocy-
tosis of apoptotic cells in drosophila. Science. 1999a;284:1991-1994

Lauber K, Bohn E, Krober SM, Xiao Y], Blumenthal SG, Lindemann RK, Marini P,
Wiedig C, Zobywalski A, Baksh S, et al. Apoptotic cells induce migration of phagocytes
via caspase-3-mediated release of a lipid attraction signal. Cell. 2003;113:717-730

Arur S, Uche UE, Rezaui MF, Scranton V, Cowan AE, Mohler W, Han DK. Annexin I
is an endogenous ligand that mediates apoptotic cell engulfment. Developmental Cell.
2003;4:587-598

Ravichandra KS. Recruitment signals from apoptotic cells: Invitation to a quiet meal.
Cell. 2003;113:817-820

Hong JR, Lin GH, Lin CJ, Wang WP, Lee CC, Lin TL, Wu JL. Phosphatidylserine receptor
is required for the engulfment of dead apoptotic cells and for normal embryonic devel-
opment in zebrafish. Development. 2004;131:5417-5427

Shiu WL, Huang KR, Hung JC, Wu JL, Hong JR. Knockdown of zebrafish YYla can
downregulate the phosphatidylserine (PS) receptor expression, leading to induce the
abnormal brain and heart development. Journal of Biomedical Science. 2016,23:31

Vogt CI. Untersuchungen iiber die Entwicklungsgeschichte der Geburtshelferkréte
(Alytes obstetricans) (in German) (Jent, 1842)

Jacobson MD, Weil M, Raff MC. Programmed cell death in animal development. Cell.
1997,88:347-354

Youle RJ, Strasser A. The BCL-2 protein family: Opposing activities that mediate cell
death. Nature Reviews. Molecular Cell Biology. 2008;9:47-59

Fuchs Y, Steller H. Live to die another way: Modes of programmed cell death and the
signals emanating from dying cells. Nature Reviews. Molecular Cell Biology. 2015;
16:329-244

Mizushima N, Komatsu M. Autophagy: Renovation of cells and tissues. Cell. 2011;
147:728-741

Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing: Crosstalk between
autophagy and apoptosis. Nature Reviews. Molecular Cell Biology. 2007;8:741-752

187



188 Recent Advances in Zebrafish Researches

[24]

[25]

[26]

[27]

(28]

[29]
(30]

[31]

[32]

[33]

[34]

[35]

[37]

Levine B, Yuan J. Autophagy in cell death: An innocent convict? The Journal of Clinical
Investigation. 2005;115:2679-2688

Van den Berghe T, Linkermann A, Jouan- Lanhouet S, Walczak H, Vandenabeele P.
Regulated necrosis: The expanding network of non-apoptotic cell death pathways.
Nature Reviews. Molecular Cell Biology. 2014;15:135-147

Galluzzi L, Kroemer G. Necroptosis: A specialized pathway of programmed necrosis.
Cell. 2008;135:1161-1163

Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. Molecular mechanisms of
necroptosis: An ordered cellular explosion. Nature Reviews. Molecular Cell Biology.
2010,11:700-714

Zhong JX, Zhou L, Li Z, Wang Y, Gui JF. Zebrafish Noxa promotes mitosis in early
embryonic development and regulates apoptosis in subsequent embryogenesis. Cell
Death and Differentiation. 2014;21(6):1013-1024

Lawen A. Apoptosis-an introduction. BioEssays. 2003;25:888-896

Bretscher MS. Asymmetrical lipid bilayer structure for biological membranes. Nature:
New Biology. 1972;236:11-12

Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I. Immunosuppressive
effects of apoptotic cells. Nature. 1997;390:350-351

Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM. Macrophages
that have ingested apoptotic cells in vitro inhibit proinflammatory cytokine production
through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. Journal
of Clinical Investigation. 1998;101:890-898

Cikala M, Alexandrova O, David CN, Proschel M, Stiening B, Cramer P, Bottger A. The
phosphatidylserine receptor from hydra is a nuclear protein with potential Fe (II) depen-
dent oxygenase activity. Biomed central genomics cell. Biology. 2004;5:26

Clissold PM, Ponting CP. JmjC: Cupin metalloenzyme-like domains in jumonyji, hairless
and phospholipase a 2 3. Trends in Biochemical Sciences. 2001;26(1):7-9

Shi X, Zhou B. The role of Nrf2 and MAPK pathways in PFOS-induced oxidative stress
in zebrafish embryos. Toxicological Sciences. 2010;115(2):391-400

Tseng HL, Li CJ, Huang LH, Chen CY, Tsai CH, Lin CN, Hsu HY. Quercetin 3-O-methyl
ether protects FL83B cells from copper induce oxidative stress through the PI3K/Akt and
MAPK/Erk pathway. Toxicology and Applied Pharmacology. 2012;264(1):104-113

Hochreiter-Hufford AE, Lee CS, Kinchen JM, Sokolowski JD, Arandjelovic S, Call JA,
Klibanov AL, Yan Z, Mandell JW, Ravichandran KS. Phosphatidylserine receptor BAI1
and apoptotic cells as new promoters of myoblast fusion. Nature. 2013;497(7448):263-267



Chapter 11

Control of Programmed Cell Death During Zebrafish
Embryonic Development

Nikolay Popgeorgiev, Benjamin Bonneau,
Julien Prudent and Germain Gillet

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74494

Abstract

Programmed cell death (PCD) is a conserved cellular process, which is essential dur-
ing embryonic development, morphogenesis and tissue homeostasis. PCD participates
in the elimination of unwanted or potentially harmful cells, and contributes in this way
to the precise shaping of the developing embryo. In this review, the current knowledge
related to the role of PCD during zebrafish development is described and an overview is
provided about the main actors that induce, control and execute the apoptotic pathways
during zebrafish development. Finally, we point out some important issues regarding the
regulation of apoptosis during the early stages of zebrafish development.

Keywords: Bcl-2 family, apoptosis, cell death, embryonic development, mitochondria

1. Introduction

What would today be called genuine apoptotic cells were first observed by German scien-
tist Carl Vogt in 1842. He was studying the morphogenesis of the tadpole notochord of the
midwife toad Alytes obstetricans when he observed the formation and subsequent disappear-
ance of vesicular nuclei of the embryonic notochord cells. The idea that cell death could be a
fundamental inherited process was first proposed more than century later by Lockshin and
Williams. They proposed that rather than a sporadic event, cell death appears in defined spa-
tiotemporal windows during development [1]. In 1972, Kerr et al. used the term “apoptosis”
meaning “to fall away from” (apo = from, ptosis = a fall), previously used to describe the
falling of leaves in autumn to describe a relatively conserved set of morphological features

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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observed in a wide variety of cell types during physiological episodes of cell death [2]. About
12 different types of programmed cell death (PCD) have been described to date, depend-
ing on the morphological features and the molecular pathways that lead to the execution of
the PCD. Apoptosis, also called programmed cell death type I, is an inherited metabolically
active process during which the cell dies without induction of inflammatory response. Cells
undergoing apoptosis exhibit typical morphological features. Apoptotic cells appear to be
shrunken and rounded shaped, without any more pseudopodia like cytoplasmic extensions.
At the cytoplasmic level, mitochondria undergo fragmentation with a concomitant loss of
their transmembrane potential (AWm) [3, 4]. At the nuclear level, apoptosis is characterized
by typical chromatin condensation and fragmentation giving rise to pyknotic nuclei, which
can be easily observed using specific dyes such as DAPI or Hoescht. Chromatin fragmentation
appears to be induced by intracellular endonucleases such as caspase-activated deoxyribo-
nuclease (CAD) and Endonuclease G (EndoG) which preferentially cut DNA strands between
nucleosomes resulting in the typical “ladder pattern” observed by electrophoresis [5].

An important feature of apoptosis is the absence of inflammatory response. Indeed, the apop-
totic cell maintains its plasma membrane integrity during the whole cell death process, thus
preventing the intracellular proteins to interact with surrounding cells. However, phosphatidyl-
serine (PS), an anionic phospholipid usually found at the inner leaflet of the bilayer, is exposed
outwardly in apoptotic cells [6]. This morphological feature allows macrophages to detect these
cells via specific PS receptors, which is then followed by rapid internalization and phagocytosis.

In vertebrates, there are two main molecular cascades for apoptosis induction [7]. The first
one, called the extrinsic pathway, activates cell death by the transduction of external death sig-
nals through plasma membrane death receptors. The second one is called the intrinsic (mito-
chondrial) apoptosis pathway, which essentially leads to the mitochondrial outer membrane
permeabilization (MOMP) and the release of apoptotic agents. Although presented at first as
individual pathways, these cascades are actually interconnected. Here, we will describe the
current knowledge related to the role of the apoptosis during zebrafish development.

2. The apoptotic machinery of the zebrafish embryo

2.1. Caspases

Caspases (for Cysteine ASPartate proteASE) are intracellular cysteine proteases belonging to the
family of the interleukine-1p converting enzymes (ICE) family of proteases [8]. Members of the
caspase family, share similar 3D conformation and are synthesized as inactive precursors called
zymogens (Or pro-caspases) containing a prodomain, composed of a p20 large subunit and a
p10 small subunit. Caspase activation is achieved by proteolytic cleavage between the large and
small subunits and removal of the N-terminus prodomain. This post-translational modifica-
tion leads to a new conformational state in which caspase homodimers are fully active. The p20
subunit contains the active site of the enzyme harboring a ‘QACXG’ pentapeptide motif [9].
Although caspases are primarily cytosolic, they can also be found at mitochondrial and endo-
plasmic reticulum (ER) membranes. Caspases have been divided into three groups: interleukin
activating caspases and two additional subgroups participating in the initiation and the execu-
tion of the apoptosis, respectively.
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To date, 17 caspases family members have been identified in zebrafish, including initiator
and effector caspases (Table 1). Initiator Caspases (2, 8, 9 and 10) are characterized by the
presence of a long N-terminal prodomain. Zebrafish genome contains one ortholog for each
of the three Caspases 2, 9 and 10, genes with conserved synteny with the human genome
[10]. It also encodes for three Caspase 8 homologous genes. Caspases 8 and 10 possess two
death effector domain (DED) domains in the N-terminus whereas Caspases 2 and 9 contain
one caspase recruitment domain (CARD). These domains interact with adaptor proteins and
are crucial for caspase activation. Importantly, Caspase 8 was identified as an actor of the
death receptor pathway (cf. Section 2.3) whereas Caspase 9 belongs to the mitochondrial
apoptosis pathway. In zebrafish, Caspases 2 and 8 have been identified as important regula-
tors of vascular development. Indeed, silencing of tumor necrosis factor receptor superfam-
ily member 1A (TNFRSF1A) expression using morpholinos led to the aberrant activation
of Caspases 2 and 8 (but not of Caspase 3), resulting in apoptosis of endothelial cells [11].
Furthermore, Caspase 8 was found to be a downstream effector of the Yaf2 apoptosis regula-
tor, a zinc finger-containing protein shown to interact with the DED domain of Caspase 8
and to inhibit apoptosis. Injection of zebrafish embryos with yaf2 targeting morpholino did
not affect gastrulation but compromised somitogenesis, which could be rescued by inhibit-
ing Caspase 8 [12].

Effector caspases are characterized by a short N-terminus end devoid of a recruitment domain.
They are activated via proteolytic cleavage by initiator caspases. Among effector caspases,
Caspase 3 is critical for the execution of apoptosis, being activated by both, Caspases 8 and
9. In addition, Caspase 3 is capable of feed-back self-activation, thus accelerating apoptosis.
Caspase 3, by targeting a wide range of vital cellular components, behaves actually as a gen-
uine apoptosis executor. Activation of Caspase 3 is often considered as a no-return point of
apoptosis. Among the substrates cleaved by Caspase 3, are found cytoskeleton proteins, anti-
apoptotic factors, metabolic enzymes and several nucleases. For example, proteolytic cleavage
of the inhibitory domain of CAD endonuclease (ICAD) leads to CAD activation and subsequent
DNA fragmentation, a typical feature of the apoptotic process. The zebrafish genome encodes
two Caspase 3 homologs, namely Caspases 3a and 3b [13, 14]. In fact, Caspase 3 activity has
been first assessed in stressful conditions following cycloheximide or staurosporine treatments
at mid-gastrula stage. In these conditions embryonic development is rapidly blocked, with
Caspase 3 being activated within 8 h [15]. Furthermore, Yamashita and colleagues generated a
transgenic zebrafish strain expressing full length pro-Caspase 3 to study the role of Caspase 3 in
embryonic development. Indeed, these transgenics exhibited a marked increase in the number
of apoptotic cells specifically in the retina, the notochord, the heart and the yolk sac, suggesting
an essential role of Caspase 3 in numerous morphogenetic processes. Interestingly, silencing of
caspase 3 using specific morpholinos did not lead to any significant developmental defects, sug-
gesting some redundancy with other effector caspases, such as Caspases 6 and 7 [16].

In addition, the zebrafish genome encodes for two caspases belonging to the interleukin acti-
vating caspases. These caspases known as Caspy (Caspy and Caspy2) contain N-terminal
pyrin domains [17]. In the case of Caspy, the pyrin domain was found to be essential for its
interaction with the apoptosis-associated speck-like protein containing a CARD (zAsc). In
effect, zAsc binding to Caspy led to its activation and apoptosis execution in cellulo. In zebraf-
ish, both genes are specifically expressed in the pharyngeal arches, caspy silencing resulting in
developmental defects in this particular region.
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Type

Mammalian protein Zebrafish homologs Accession number

Death receptor
ligands

Death receptor

Adaptor protein

Initiator caspases

Effector caspases

Inhibitor of caspases

Tnfb (Tnf2) NM_00102444

Apo2L/TRAIL (TNFSF10) Tnfsf10 (Tnfsf1012) NM_001002593

Tnfsf1013 (DL1b) NM_001042713

>
=
o~

Appa NM_131564

TNFR1 (TNFRSF1A) Tnfrsfla NM_213190

TNFRSF10A and B (DR4 and Hdr (ZH-DR) NM._194391
DR5)

TNFRSF21 (DR6) Tnfrsf21 (DR6) NM_001042688

Caspase 2 NM_001042695

Caspy 2 NM_152884

zgc:171731 NM_001109712

Caspase 811 NM_001098619

Caspase 3 Caspase 3a NM_131877

Caspase 6 Caspase 6a NM_001020497

Caspase 6¢ NM_001039980

c-FLIP (c-FLAR) Cflara (Cflar) NM_001313772

Birc 4 Birc 4, XIAP NM_194396
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Type

Mammalian protein Zebrafish homologs Accession number

BCL-2 family
(BCL-2 like)

(BAX-like)

(BH3-only)

Birc 5b, Survivin 2 NM_145195

Birc7 Birc7 NM_001098768

Bel-xL zBlpl NM_131807

Mcl-1 Mcl-1a NM_131599

Nrh, Bcl-2 110 Nrz NM_194398

joe}

ok Boka NM_001003612

Bcl-wav, Bcl-2 116 NM_001172402

o}

ad Bada XM_005161364

Bbc3, Puma zPuma, Bbc3 NM_001045472

o]

im zBim, Bcl2-111 NM_001135791

o]

ik zBik NM_001045038

zBmf2 NM_001045473

Bniplb XM_001333689

Bnip3l Bnip3la, Nix NM_001012242

Bnip4l Bnip4l, Nip3b NM_212693
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Type Mammalian protein Zebrafish homologs Accession number

MIRAF Cytochrome C Cytochorome C, Cycsb NM_001002068
EndoG EndoG NM_001024214.1
AIF AIF, Aifm1 NM_200102.2
Smac/Diablo Diabloa NM_200346

Diablob NM_001243034

HtrA2/Omi LOC110437853 XM_021472675.1

Others Apaf-1 Apaf-1 NM_001045243
P53 p53, TP53 NM_131327

Accession numbers from NCBI database were presented on the left.

"MIRAF, mitochondria released apoptotic factors.

Table 1. Summary table of apoptosis-associated genes found in the zebrafish genome.

2.2. Caspase inhibitors

Since the discovery of viral caspase inhibitors, it became clear that multicellular organisms were
also able to make their own caspase inhibitors. These proteins called inhibitors of apoptosis
proteins (IAPs) are characterized by one or more baculoviral IAP repeats (BIR), allowing them
to prevent caspase activation and apoptosis. The IAPs can also possess a RING domain with an
ubiquitin-ligase activity at their C-terminus end. This feature allows the IAPs not only to block
caspase activity but also to promote their degradation by the proteasome [18]. It should be noted
that six IAP proteins are found in zebrafish [19]. Zebrafish IAPs including survivins (BIRC5a
and BIRC5b) appear to play a role in embryonic development. Indeed, the knockdown of birc5a
leads to multiple defects including in the nervous system, the cardiovascular system and the
hematopoietic system. Interestingly, this phenotype was rescued by ectopic expression of both
bircb paralogs, suggesting the existence of functional redundancy during embryogenesis [20, 21].

Another well characterized caspase inhibitor is the Hsp70 chaperone. Actually, under stress-
ful conditions, the cell can protect itself from the uncontrolled activation of the apoptosis by
increasing Hsp70 levels. This protein can bind to and block the recruitment of initiator Caspase
9 into the apoptosome complex [22]. In zebrafish, injection of hsp70 targeting morpholinos
resulted in “small eye” phenotype. Close analysis of this phenotype identified a significant
increase in apoptotic cells specifically in the developing lens of the zebrafish embryo [23, 24].

Cellular FLICE-like inhibitory protein (c-FLIP) is another example of a cellular caspase inhibi-
tor. This structural analog of Caspase 8 is devoided of proteolytic activity and, is able to bind
to DD and prevents the activation of Caspase 8 downstream of the death receptors pathway
[25]. c-FLIP is specific to the vertebrate lineage. The knockdown of c-flip in zebrafish results
in important cardiovascular abnormalities, including cardiac edema and irregular blood flow
consecutive to the formation of blood clots in the vessels [26].

2.3. Molecular actors linked to the death receptor pathway

The cell-extrinsic (or death receptor) pathway of apoptosis is activated by the binding of
extracellular ligand proteins belonging to the tumor necrosis factor (TNF) superfamily to
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specialized receptors, the death receptors called TNF receptors [27]. In mammals, six death
receptors have been characterized together with five “death-inducing” ligands. The death
receptors are characterized by at least one extracellular cystein-rich domain (CRD) allowing
the recognition between the ligand and the receptor and by an intracellular conserved domain
called the death domain (DD). Activation of death receptor pathway induces clustering of the
receptors through their pre ligand-binding assembly domain (PLAD) [28]. This clustering
triggers the recruitment of adaptor proteins such as Fas-associated protein with death domain
(FADD) which interact with the DD of the receptor but also with initiator caspases (Caspases
8 and 10) thus forming the death-inducing signaling complex (DISC) [29]. DISC formation
then induces activation of initiator caspases leading to the activation of effector caspases and
apoptosis execution [30]. DISC-dependent caspases activation can be inhibited by c-FLIP [25].

In zebrafish, on the basis of phylogenetic analysis, orthologs of the five death receptors ligands
have been identified (Table 1). CD95/FasL, APP and TL1A each possess one zebrafish ortholog
(faslg, appa and 1584244, respectively) while TNF possesses two orthologs (TNFa and TNFb)
and Apo2L/TRAIL five of them (TNFSF10L, TNFSF10L2, TNFSF10L3 and TNFSF10L4) [31, 32].

The genes encoding death receptors have also been identified in zebrafish. Based on the pres-
ence and organization of their CRD and DD, clear orthologs of TNFR1 (TNFRSF1A), CD95/
Fas (Fas) and DR6 (TNFRSF21) were characterized. Notably, a selective interaction between
TNFa and TNFRSF1 were confirmed by immunoprecipitations [31]. Two other DD-containing
receptors, HDR and TNFRSFA, have been described in zebrafish [33, 34]. Extracellular
domains of these receptors are close to the one of CD95/Fas but their DD are more similar to
DR4 and DR5 DD. However, the observation that HDR and TNFRSFA both bind three ortho-
logs of Apo2L/TRAIL (TNFSF10L, TTNFSF10L2 and TTNFSF10L3) and that they are required
for apoptosis induced by these ligands in zebrafish embryos strongly suggests that HDR and
TNFRSFA are in fact orthologs of DR4 and DR5 [31]. Finally, so far, no zebrafish ortholog of
DR3 have been characterized but the existence of an ortholog of TL1A suggests that a zebraf-
ish DR3 will be identified shortly.

In addition to death receptors and their ligands, the components of DISC are also conserved
in zebrafish. A clear ortholog of FADD, containing a DD and a death effector domain (DED),
has been identified as well as an ortholog of Caspase 8, casp8a [31, 35]. The latter possesses an
N-terminal DED which allow association with FADD and a QACQG active-site motif that is
characteristic of Caspases 8 and 10 in mammals. Caspase 8a and FADD are both required for
apoptosis induced by Apo2L/TRAIL orthologs in zebrafish embryos. Moreover, Caspase 8a is
functionally conserved as it restores death receptor-induced apoptosis in mouse cells lacking
endogenous Caspase 8 [35]. Two other genes related to casp8a exist (casp8i1 and casp8I2) but
their possible involvement in the cell-extrinsic pathway is unclear. Indeed, Caspase 811 has a
QACQG active-site motif but no DED whereas Caspase 812 possesses an N-terminal DED but
its active site is similar to the one of Caspase 2. Finally, a zebrafish ortholog of c-FLIP, referred to
as Cflar, able to inhibit apoptosis induced by Apo2L/TRAIL orthologs have also been described
[31].

In mammals, the cell-extrinsic apoptosis pathway is essential for the functioning of the
immune system. However, this has not been clearly established in zebrafish as yet. One study
revealed that apoptosis is important for T and B cells homeostasis as overexpression of Bcl-2 in
these cells increased their number, but this work did not show a role for the extrinsic pathway
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in lymphocyte homeostasis [36]. In contrast, the death receptor HDR appears to be involved
in red blood cells homeostasis. Indeed, HDR is specifically expressed in hematopoietic lineage
and its inhibition, using either a dominant negative mutant or antisense morpholinos, leads to
abnormal accumulation of erythroid cells [34, 37].

During early development, hdr, tnfrsfa and fadd are expressed in the notochord suggesting
that they might play a role in this structure [31]. Fas and FasLg are also present in developing
notochord and their knockdown via morpholinos leads to prolonged expression of notochord
specific genes and to an abnormally enlarged notochord at 4 days post-fertilization (dpf). As
apoptosis plays a role in notochord regression, this suggests that extrinsic pathway may be
involved in this process [38].

During development, TNFRSFA and its ligands TNFSF10L2 and TNFSF10L3 are expressed in
particular in neuromasts that contain hair cells which turnover is regulated by apoptosis [31, 39].
Finally, the death receptor pathway seems to be involved in zebrafish eye development as FADD
is required for slowing cell growth during this process [40].

2.4. Molecular actors linked to the intrinsic pathway

The intrinsic pathway of apoptosis also called the mitochondrial pathway can be induced
by various signals including DNA damage, chemotherapy, viral infection or growth factors
deprivation. The mitochondrial pathway of apoptosis is mainly controlled by the Bcl-2 fam-
ily of proteins, which is described in more detail in the next chapter. The mitochondrion is
a membrane-enclosed organelle found in most eukaryotic cells [41]. The diameter of these
organelles falls under the 0.5-10 pm range. Mitochondria are often referred as the “power-
house” of the cell because they generate most of the cell’s supply of adenosine triphosphate
(ATP). In addition to their bioenergetic function, mitochondria are involved in a number of
other processes, such as signal transduction, cell differentiation, cell cycle and cell growth
[42]. Mitochondria are also major “decision centers” for the execution or prevention of apop-
tosis. Indeed, a number of pro-apoptotic molecules appear to be stored in the existing space
between the inner mitochondrial membrane (IMM) and the OMM. At the mitochondrial level,
the induction of apoptosis leads to the OMM permeabilization, which leads to the irrevers-
ible release into the cytosol of pro-apoptotic factors that promote caspase activation, DNA
fragmentation and ultimately the death of the cell. Belong to this toxic molecular “cocktail”
among others: Cytochrome C, AIF, EndoG, Smac/Diablo and HtrA2/Omi.

2.4.1. Mitochondria released apoptotic factors

Cytochrome C is a small heme protein (approximately 12 kDa), exhibiting a positive net
charge, located in the intermembrane space (IMS) where it can be loosely attached to the
IMM. Cytochrome C is synthesized inside the cytosol, and subsequently transported into the
IMS. Bioenergetically, Cytochrome C is a component of the mitochondrial electron transport
chain. The heme molecule of cytochrome C accepts electrons originating from complex III
and transfers them to the cytochrome oxydase complex, thus cytochrome C is indispensable
for the oxidative phosphorylation and the maintenance of cellular energy fluxes. Cytochrome
C plays an additional role in the context of apoptosis, as it is now well established by a large
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number of in vitro and in vivo studies [43-46]. The release of Cytochrome C is a rapid and
complete process, irrespective of the intensity of the death-inducing signal or the tempera-
ture, indicating that this is a non-enzymatic phenomenon obeying an “all or nothing” law.
When released in the cytosol, Cytochrome C interacts with the adaptor protein apoptosis
protease activating factor (Apaf-1) in presence of ATP. Apaf-1 was first characterized by Wang
and collaborators [47]. It is a 130 kDa multidomain protein, containing a CARD domain at its
N-terminus end, sharing homology with the CARD domain of Caspase 9, an ATPase domain
as well as two WD-40 repeats at the C-terminus end. The Wang laboratory discovered the exis-
tence of a multiprotein complex called the apoptosome, comprising Cytochrome C, Apaf-1
and Caspase 9, which was found to be able to activate Caspase 3 [48]. The apoptosome was
crystallized by Acehan and collaborators in 2002 [49]. Although the existence of the zebrafish
apoptosome has not been directly demonstrated, its genome encodes for all functional com-
ponents of this complex. Furthermore, treatment with drugs converging toward the intrinsic
pathway was found to lead to Caspase 3 activation [50, 51].

Apoptosis-inducing factor (AIF) is a 57 kDa flavoprotein with NADH oxidase activity which is
located in the mitochondrial IMS [52, 53]. As Cytochrome C, AIF is encoded by a nuclear gene,
which is imported into the mitochondria after being synthesized in the cytosol. In response to
diverse death stimuli, AIF is released into the cytosol and transferred to the nucleus where it
binds to chromatin [54]. The binding of AIF to DNA induces chromatin peripheral condensa-
tion and subsequent fragmentation. Wang and colleagues showed that this process is due to
AlF-dependent activation of endogenous nucleases such as endonuclease G and CAD. AIF is
unable to induce the fragmentation of the DNA on its own. To this end, AIF needs the help of
endonuclease G. EndoG is a mitochondrial nuclease of 30 kDa which is required for the repli-
cation of the mitochondrial chromosome. During apoptosis, EndoG is released from the mito-
chondria into the cytosol and subsequently enters into the nucleus. In this compartment, EndoG
cleaves the DNA into nucleosomal fragments [55]. AIF and EndoG orthologs are both expressed
during zebrafish embryonic development but their functional implications remain to be ana-
lyzed. Second mitochondria-derived activator of caspase/direct IAP-binding protein with low
pl (Smac/Diablo) is a mitochondrial protein, which resides in the intermembrane space [56,
57]. The human gene is called smac whereas the mouse ortholog is called diablo. Smac/Diablo
is synthesized as a precursor protein containing a 55 residue N-terminal mitochondrial target-
ting sequence. During the translocation of Smac/Diablo to the mitochondria, this sequence is
cleaved which uncovers an IAP-binding motif (IBM) required for apoptotic activity. Indeed, in
the presence of an apoptotic stress, the mitochondria release Smac/Diablo in the cytosol where
it participates indirectly in the activation of caspases by binding IAP proteins. The binding of
Smac/Diablo to IAP disrupts IAP-Caspase interactions. Thus, released caspases can then be acti-
vated and execute the cell death program. The Smac/Diablo-IAP complex formation appears
to be a regulated process since IAP can ubiquitinate Smac/Diablo and drive it for proteasomal
degradation [18]. In zebrafish, Smac/Diablo gene is mainly expressed in the late developmental
stages with the most prominent expression in the heart, the lens and the liver. However, the
possible implication of this IMS factor in the morphogenesis of these organs remains unknown.

High temperature requirement A2 (HtrA2/Omi) is a heat shock protein first identified in
Escherichia coli [58]. Its ortholog in mammals, called Omi was initially described as an ER protein
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[59, 60]. However, it seems that this protein is mainly mitochondrial in non-apoptotic cells [61].
When the OMM is permeabilized, Omi is released into the cytosol where it binds to IAP and irre-
versibly inhibits its activity by proteolytic cleavage [57]. Thus, it seems that Omi is a more potent
inhibitor of IAP than Smac/Diablo which blocks IAP reversibly. Currently, there is no data about
the possible implication of HtrA2/Omi functional implication in zebrafish have not been assessed.

2.4.2. Bcl-2 family of proteins

The Bcl-2 family of proteins is a group of intracellular eukaryotic proteins best known for their
implication in MOMP. The founding member of this family, the bcl2 (B-cell lymphoma/leuke-
mia 2) gene was discovered in a study on a chromosome translocation frequently observed in
human B-cell follicular lymphomas. Tsujimoto and colleagues showed that the translocation
between chromosome 18 (q21) chromosome 14 (q32), t (14;18), results in the relocation of the
bcl2 ORF downstream of the enhancer promoter region of the igh heavy chain immunoglobulin
gene [62-64]. This translocation results in transcriptional upregulation of bcl2 gene expression
[65]. The Bcl-2 family comprises proteins with antagonistic functions with respect to apoptosis
regulation. Structurally, all Bcl-2 proteins contain in their primary structure one or more con-
served Bcl-2 homology (BH) domains. Based on this criterion, three subgroups have been iden-
tified: (1) the anti-apoptotic multidomain members containing all four BH domains (BH1-4);
(2) the pro-apoptotic members containing three BH domain (lacking BH4) and (3) the pro-
apoptotic BH3-only members containing only the sole BH3 domain. In addition, Bcl-2 proteins
may contain a transmembrane anchoring domain (TM domain) at the C-terminus end. Bcl-2
multidomain pro-apoptotic members (Bax and Bak) are the effectors for MOMP. Through their
oligomerization, they form pores at the MOM and promote the release of apoptotic factors
including Cytochome C, AIF and EndoG [66]. Anti-apoptotic Bcl-2 members block their activ-
ity and promote cell survival, whereas BH3-only proteins play the role as intracellular judges
as they can inhibit anti-apoptotic members and/or promote Bax/Bak oligomerization.

Bcl-2 homologs of all three subgroup of Bcl-2 family have been identified and molecularly
characterized in zebrafish [67-69]. Due to genomic duplication, the zebrafish genome pos-
sesses several Bcl-2-related paralogs including Mcl-1a, Mcl-1b, Bax1, Bax2, Boka, Bokb and
Bmfl and Bmf2. Interestingly, the ortholog of the bak gene has been lost in the teleost lineage.
Instead the zebrafish genome harbors bcl-wav (an acronym for Bcl-2 homolog found in water
living anamniotes), a bcl-2 homolog only found in fishes and anurans [70]. With the exception
of the BH3-only protein Bik, all Bcl-2 related genes in zebrafish are maternally inherited since
their corresponding mRNAs were detected before the mid-blastula transition [67].

Of note during zebrafish early development physiological apoptosis is not observed suggest-
ing that at least some of the Bcl-2 family members may have additional non-apoptotic roles
during early embryogenesis. In this respect, Zhong and colleagues recently demonstrated
that the zebrafish ortholog of the BH3-only protein Noxa (zNoxa) not only controls apoptosis
during late stages of gastrulation but also plays role in cell cycle in the developing blastula
[71]. Indeed znoxa knockdown led to a significant decrease in the number of mitotic cells. This
phenotype seems to be dependent on the Wnt signaling pathway since znoxa knockdown led
to increase of zwnt4b expression. In addition silencing of zwnt4b rescued zNoxa phenotype
and restored a WT count of cells in G2/M phase.
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Using the zebrafish model, we demonstrated that a Bcl-2 homolog, referred to as Nrz (Nr-13
ortholog in zebrafish), is critical during the early stages of zebrafish development [72]. In
zebrafish, Nrz protein possesses a dual subcellular localization at the ER and the mitochondria
[73]. Its functional invalidation causes embryo development arrest followed by detachment
of the entire blastomeres from the yolk sac. By performing a series of time-lapse and confocal
microscopy experiments, we demonstrated that this phenotype is due to the premature for-
mation of the actin-myosin contractile ring, a supramolecular structure, which squeezes and
halves the embryo at the level of the margin. Furthermore, by using single subcellular localiza-
tion (SSL) Nrz mutants, we showed that the ER-resident Nrz but not mitochondrial-resident
Nrz was critical for its physiological function. Indeed, at the ER membrane, Nrz interacts with
the Ca* channel inositol trisphosphate receptor type 1 (IP,R1) via its BH4 domain [73, 74]. In
this way, Nrz slows down the release of Ca? into the yolk sac, which consecutively allows
controlling the formation of the contractile actin-myosin ring via the Calmodulin-MLCK path-
way. Overall, our results highlighted for the first time that a Bcl-2 family member is able to
orchestrate cellular migration events by controlling intracellular Ca* fluxes.

In addition, we identified the new Bcl-2 family member Bcl-wav [75]. The bclwav gene is expressed
throughout zebrafish early development; it encodes a pro-apoptotic Bcl-2 family member with
strict mitochondrial localization. However, bclwav silencing in zebrafish causes a specific apop-
tosis independent phenotype at 24 hpf. Macroscopically, this phenotype is characterized by an
embryo anterioposterior axis reduction as well as notochord deviation. Using time-lapse micros-
copy, we demonstrated that this phenotype affects the convergence and extension movements
which underlie the establishment of the embryonic axes. Indeed, in bclwav-silenced embryos,
mesodermal cells migrated erratically compared to cells from control embryos, which moved
in a coordinated fashion. In vivo analysis of the actin cytoskeleton revealed that these migration
defaults correlated with randomization of F-actin protrusion dynamics. Interestingly, bclwav
silencing was correlated with a decrease of mitochondrial Ca* levels and concomitant increase
of cytosolic Ca*. Together these results indicated that Bcl-wav controls the dynamics of the actin
cytoskeleton by regulating intracellular Ca** homeostasis at the mitochondrial level. Indeed, at
the mitochondria, Bcl-wav interacts with the voltage-dependent anion channel (VDAC) channel
and enhances mitochondrial Ca*" uptake, which in turn controls actin polymerization and cell
migration. It is important to note that, mitochondrial calcium uniporter (mcu) knockdown pheno-
copies bclwav-silenced embryos. Indeed, MCU downregulation leads to decreased mitochon-
drial calcium uptake and impaired actin dynamics giving the first insights into the critical role
of the mitochondrial Ca* oscillations in the vertebrate development [70].

Put into a broader context, the results demonstrate that members of the Bcl-2 family are able
to control cell migration in a calcium-dependent manner via their direct interaction with intra-
cellular Ca* channels independently of their involvement in the regulation of cell death [76].

2.4.3. P53

P53 is a transcription factor considered as the main tumor suppressor regulating cell fate deci-
sions. Indeed, p53 is the most frequently mutated and/or inactivated gene in human cancer
modulating cell responses to DNA damage, oncogenic signaling and hypoxia in order to pre-
serve genome integrity. The zebrafish p53 ortholog is highly conserved with 48% of sequence
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identity compared to the human sequence [77]. P53 is highly and ubiquitously expressed
during early zebrafish embryo development, then predominantly expressed in the brain dur-
ing the pharyngula stage before to decrease in expression after 48 hpf [77-79]. P53 tumor
suppressor activity has been confirmed in the zebrafish model by the characterization of a
p53 mutant harboring a missense mutation in the DNA-binding domain, M214K, leading
to the development of multiple organ tumors at around 8.5 months [80]. The mechanism of
action of p53 has been widely studied in mammals and similar results have been obtained in
the zebrafish model [81]. During different cell stresses, p53 expression is stabilized leading to
its activation and accumulation in the nucleus, and subsequently to cell cycle arrest and the
intrinsic pathway of apoptosis [82].

Its role in DNA damage and apoptosis has been well studied in the zebrafish model [82]. It
has been shown that increased DNA damage leads to the stimulation of p53 transcription
and an increase of p53 protein level [79]. In addition, knockdown of p53 decreases apoptosis
induced by different stimuli including gamma and UV irradiation, camptothecin treatment or
altered DNA replication [83-85].

Finally, an undesirable effect of p53 activation-induced cell death has been characterized and
associated with off-target effects triggered by morpholino antisense oligonucleotides technolo-
gies. These off-target effects have been assimilated to p53 signaling pathway-dependent apop-
tosis [86, 87]. Indeed, the most commonly off-target reported phenotype is characterized by
an increase of neural cell death at 22 hpf [86]. Even if the precise molecular mechanism is still
unclear, it has been attributed to the activation of p53 leading to the apoptotic cell death. Indeed,
the role of p53 in this phenotype has been shown by the characterization of smo and wnt5 mor-
phant embryos, where simultaneous knockdown of p53 in these embryos rescued neuronal
apoptosis [87]. These results highlight the extremely cautious, which has to be employed when
potential actors of the apoptotic program are studied by the morpholino strategy. In addi-
tion to the use of different morpholino sequences targeted, the same gene and crucial rescue
experiments, co-expression of p53 morpholino is now commonly used to discern between gene-
specific and off-target effects [19]. Indeed, p53 is not required for proper early embryos devel-
opment and p53 morpholino does not interfere with other gene-specific phenotypes [87, 88].

3. Developmental control of apoptosis in the early zebrafish embryo

Following fertilization and during early stages of embryonic development, embryo relies
entirely on the maternal inherited mRNAs and proteins which were accumulated during
oogenesis. After several synchronous divisions, which lack G1 and G2 phases, the cell cycle
slows down and divisions become asynchronous. This step, referred to as the mid-blastula
transition (MBT), corresponds to the beginning of the expression of zygotic genes. Ikegami
and colleagues first noticed that zebrafish embryos treated before the MBT with microtu-
bule destabilizing agent nocodazole or DNA-damaging molecules such as camptothecine,
hydroxyurea or aphidicoline did not result in direct apoptosis activation. Instead, the cell
cycle was arrested with the apoptotic program being executed several hours later, during
the mid-gastrula stage [50, 51]. This phenomenon is not restricted to zebrafish as a similar



Control of Programmed Cell Death During Zebrafish Embryonic Development
http://dx.doi.org/10.5772/intechopen.74494

apoptotic control also operates in the Xenopus embryo [89]. These observations suggested
that key molecular components of the apoptotic program were either missing or inactivated
during early development. In this respect, one report using a proteomics approach identified
that Apaf-1 was missing before the MBT suggesting that a functional apoptosome may be set
up after the MBT transition [90]. However, these later data do not explain why inhibition of
protein synthesis using cycloheximide is not able to slow the apoptotic program in the zebraf-
ish gastrula [15]. Furthermore, our laboratory demonstrated that ectopic expression of zBax
through recombinant mRNA injection in one cell stage embryos actually led to A¥Ym loss and
Caspase 3 activation as early as the blastula stage [91]. Importantly, this apoptotic phenom-
enon specifically occurs in an extraembryonic structure referred to as the yolk syncytial layer
(YSL). The YSL results from the fusion of blastomeres physically connected with the yolk cell
by cytoplasmic bridges [92]. Fusion of margin blastomeres with the yolk leads to the release
of cell nuclei and other cellular components including a dense network of active mitochondria
interconnected with ER membranes. Purified YSL mitochondria can undergo MOMP and
Cytochrome C release. This was demonstrated by performing in vitro Cytochrome C release
assay using recombinant human truncated Bid protein. Indeed, Bid is a BH3-only protein
which once cleaved by Caspase 8 translocates to the MOM and activates Bax oligomerization.
Thus it is tempting to speculate that at least at the level of the YSL mitochondria harbor suf-
ficient amount of Bax in order to initiate MOMP following BH3-only stimulus.

Altogether these results showed that zebrafish early embryo possesses a functional apoptotic
machinery. Thus the tight apoptotic control observed by Ikegami et al. may be exerted at
the post-translational level through protein-protein interactions. In this respect, Kratz and
colleagues demonstrated that manipulation of the ratio between pro- or anti-apoptotic Bcl-2
proteins determines the capacity of early zebrafish embryo to undergo apoptosis. Notably,
overexpression of BH3-only or zBax paralogs induced rapid Caspase 3-dependent cell death
whereas co-expression of Bcl-2-related anti-apoptotic members effectively counteracted early
embryo mortality [67].

4. Conclusion

Apoptosis represents a key cellular process that maintains tissue homeostasis and shapes the
embryo. Impairment or a contrario overactivation of cell death often leads to severe devel-
opmental abnormalities and lethal phenotypes. Thus, the tight spatiotemporal control over
apoptosis induction is critical for orchestrating embryonic development. The fact that zebraf-
ish genome encodes for the majority of apoptosis actors found in the human genome makes
zebrafish a valuable model for understanding the contribution of apoptosis regulators during
embryonic development in vertebrates. The use of antisense chemically modified nucleotides,
most notably morpholinos, allowed to assess the implication of many apoptosis regulators
in the developmental process. However, the possible off targeting and unspecific activation
of the p53 pathway can be a drawback in some instances. In this respect, the development of
new genome editing approaches such as CRISPR/Cas9 will allow in the near future to assess
the precise role of each and every member of the cell death machinery during embryogenesis.
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