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The early life period represents a window of increased vulnerability to stress, during
which exposure can lead to long-lasting effects on brain structure and function. This
stress-induced developmental programming may contribute to the behavioural changes
observed in mental illness. In recent decades, rodent studies have significantly advanced
our understanding of how early life stress (ELS) affects brain development and behaviour.
These studies reveal that ELS has long-term consequences on the brain such as
impairment of adult hippocampal neurogenesis, altering learning and memory. Despite
such advances, several key questions remain inadequately answered, including a
comprehensive overview of brain regions and molecular pathways that are altered by
ELS and how ELS-induced molecular changes ultimately lead to behavioural changes in
adulthood. The zebrafish represents a novel ELS model, with the potential to contribute
to answering some of these questions. The zebrafish offers some important advantages
such as the ability to non-invasively modulate stress hormone levels in a whole animal
and to visualise whole brain activity in freely behaving animals. This review discusses the
current status of the zebrafish ELS field and its potential as a new ELS model.
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INTRODUCTION

Stress disrupts homeostasis and drives an adaptive response, which protects an organism from
damage (Chrousos, 2009). However, excess stress or stress during a vulnerable period can impose
high allostatic load, which ultimately drives or accelerates maladaptive processes (De Kloet et al.,
2005; Danese and McEwen, 2012; Chen and Baram, 2016). In humans, experience of early life stress
in the form of childhood abuse or neglect (collectively called adverse childhood experiences or
ACE) is associated with the development of behavioural abnormalities and psychiatric disorders
in adulthood (Heim and Nemeroff, 2001; Bale et al., 2010; Kessler et al., 2010; Nemeroff, 2016).
Further, for mood and anxiety disorders such as depression there is evidence that the course
of illness is more severe in patients who experienced ELS, and that these patients are also less
responsive to treatment (Nanni et al., 2012).

Whilst the effects of stress in adulthood can be transient and reversible, stress during early life
is associated with an alteration of the developmental trajectory of the brain, which can lead to
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long lasting behavioural alterations (Danese and McEwen, 2012;
Bick and Nelson, 2016; Teicher et al., 2016; Agorastos et al., 2019).
Behavioural symptoms resulting from ELS exposure may develop
during childhood or adolescence or they can be adult-onset.
The latter might occur when stress modifies the developmental
trajectory of the brain leading to an ‘incubation period, such that
the effects may not be apparent acutely but may only emerge later
once development is complete (Lupien et al., 2009). In support
of this, the average time from abuse onset to development of
depression in humans is more than 10 years, with symptoms
often emerging during adolescence (Spatz Widom et al., 2007).

This remarkable plasticity of the developing brain also
means that early intervention has huge potential to prevent
the development of adverse phenotypes caused by ELS
(Veenstra-VanderWeele and Warren, 2015; Bick and Nelson,
2016). However, we currently lack a thorough mechanistic
understanding of how molecular consequences of ELS translate
into adverse phenotypes in adulthood. In order to investigate
the underlying mechanisms of ELS, various rodent models have
been used widely in the past decades. This vast literature has
addressed the neuroendocrine and immunological consequences
of ELS (Agorastos et al., 2019); structural and functional
changes to the brain (Fumagalli et al., 2007; McEwen et al,
2016); the role of gene-environment interactions in modulating
disease vulnerability (Klengel and Binder, 2015); and the role
of epigenetic mechanisms in mediating the effects of ELS
on disease risk (Maccari et al,, 2014), including their role in
transgenerational stress inheritance (Bale, 2015), amongst
others. Yet some questions have been difficult to address in
rodent models such as whole brain anatomical and functional
alterations induced by ELS. In recent years, a non-mammalian
vertebrate model system, zebrafish, was introduced as a new
model for ELS studies.

Zebrafish were first used as a vertebrate developmental model
for studying gene functions and have been very successful in
advancing these fields (Grunwald and Eisen, 2002; Holtzman
et al., 2016). The attributes of the zebrafish that lend themselves
well to developmental studies, such as the transparent larva,
external and rapid development of the embryo, significant
homology with other vertebrates, and genetic tractability, also
make zebrafish well suited as an ELS model. On top of this,
zebrafish offer some practical advantages over mammalian
models, such as their small size, ease of breeding in large numbers
and lower maintenance cost. In more recent years, advancements
such as the ease of genetic manipulation via CRISPR (Li et al,,
2016; Albadri et al., 2017), optogenetics (Arrenberg and Driever,
2013) and live whole-brain imaging in freely behaving animals
(Portugues et al., 2014; Orger and De Polavieja, 2017) make
the zebrafish a particularly attractive model with which to
study molecular mediators of behaviour. Lastly, as a vertebrate,
zebrafish possess a stress response system with high degree of
conservation to the mammalian system. In particular, zebrafish
possess the Hypothalamo-Pituitary-Interrenal (HPI) axis, which
is the homologue of the Hypothalamo-Pituitary-Adrenal (HPA)
axis of the mammalian system. Together, these features make
zebrafish highly suitable as an ELS model, and in particular
offer potential for detailed analysis of the underlying molecular

mechanisms by which ELS affects the brain and behaviour and
for drug discovery.

The zebrafish also exhibits some important differences with
mammals, which should be carefully considered when selecting
an animal model for ELS studies. The zebrafish embryo develops
externally, and receives no significant parental care. As such,
the effects of prenatal stress during gestation cannot be studied,
and the maternal influence to the offspring is limited. However,
the accessibility of the early embryo makes the zebrafish a
suitable choice for early developmental studies and exposure
to chemical compounds during early life can be achieved in a
controlled and convenient manner. Unlike in rodents, naturally
occurring variation in maternal care cannot confound the early
life experience of zebrafish larvae, allowing for a more uniform
rearing environment among individuals. Another consideration
is that teleost fish have undergone a genome duplication event,
and as such zebrafish possess two copies of some genes that
are present in only a single copy in mammals (Howe et al,
2013). In some cases this could make it more difficult to
understand a genes function in zebrafish. However, in some
cases, such as for the genes coding for the HPA axis components
corticotrophin-releasing hormone (Crh), adrenocorticotropic
hormone (ACTH), and glucocorticoid receptor (GR), only a
single functional gene exists in zebrafish (Alsop and Vijayan M.,
2009). Meanwhile in other cases, two copies of a gene may be
advantageous to study the function of a gene for which a null
mutation in mouse is lethal.

The aim of this review is to discuss the current status
of the zebrafish ELS field and its potential as a novel ELS
model. Here, we discuss the recent results obtained from various
zebrafish ELS models including prenatal and maternal stress
models, models of foetal alcohol syndrome, and effects of
early life stressor exposure. We discuss at length the lessons
gained from HPI axis manipulation using genetic, optogenetic
or pharmacological manipulation in zebrafish. We begin each
subsection of this review with a discussion of lessons learned
from rodent models, in terms of what is known about the
effects of ELS on the brain and behaviour and the molecular
players that are implicated and then discuss findings from the
zebrafish work. The goal is to provide relevant rodent studies
as a background for zebrafish studies rather than providing an
exhaustive review of rodent ELS studies, which is outside the
scope of this work. For this the readers are referred to several
excellent recent reviews on this topic (Maccari et al., 2014; Bale,
2015; Suri and Vaidya, 2015; Di Segni et al., 2018). This review
attempts to summarise and provide a contextual framework
for the contributions made by the zebrafish work so far and
highlights major issues for future work in this exciting and
burgeoning field.

THE STRESS RESPONSE IN ZEBRAFISH

The zebrafish is known to respond to a variety of stressors such
as chemical (Egan et al., 2009) and physical cues, manipulations
of the rearing/housing environment. Measuring the endocrine
response to stress in terms of cortisol level is possible in both
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adult and larval zebrafish (Cachat et al., 2010; Yeh et al., 2013) and
larval zebrafish can respond to an acute stressor via an elevation
of cortisol level as early as 3-4 days post fertilisation (dpf) (Alsop
and Vijayan, 2008; Alderman and Bernier, 2009). Other tools that
can be used as stress sensors are also available in fish, such as
transgenic lines that can detect stressors that alter motor function
(Shahid et al, 2016) or alter glucocorticoid (GC) signalling
(Weger et al,, 2013; Krug et al., 2014), and behavioural assays
to identify HPI axis modifiers in the rapid time domain (Lee
etal., 2019). Larval zebrafish are known to alter their behaviour in
response to an acute stressor (De Marco et al., 2013, 2016; Lopez-
Luna et al,, 2017; Lee et al,, 2019) and following exposure to a
physical stimulus (Castillo-Ramirez et al., 2019). Zebrafish larvae
display a variety of behaviours that can be quantified (Kalueft
et al., 2013; De Marco et al., 2014, 2016; Groneberg et al., 2015;
Karpenko et al., 2020) and exhibit social behaviour (Engeszer
et al., 2007; Dreosti et al., 2015; Groneberg et al., 2020), some
of which can be modulated by stressor exposure (Eachus et al.,
2017; Shen et al., 2020). In the adult zebrafish, a wide variety of
behavioural paradigms have been established including tests for
anxiety (Egan et al., 2009; Maximino et al., 2010; Stewart et al,,
2012), social behaviour (Green et al., 2012; Carreno Gutiérrez
et al,, 2019), fear (Faustino et al., 2017), and aggression (Oliveira
et al., 2011; Carrefio Gutiérrez et al., 2018). Adult zebrafish also
modulate their behaviour in response to stress, and a variety of
stress-sensitive behavioural assays are established (Egan et al.,
2009; Clark et al., 2011; Kalueff et al., 2013).

In addition to the genome and brain patterning, zebrafish
share extensive homologies with humans in terms of the stress
regulation system (Alsop and Vijayan M., 2009). The anatomical
centres and molecular components that make up the fish HPI
axis are highly conserved among vertebrates, with the interrenal
gland representing the fish counterpart of the mammalian
adrenal gland (Alsop and Vijayan M.M, 2009). In fish, stress
signals are processed in the nucleus preopticus (NPO), the
analogue of the mammalian paraventricular nucleus (PVN),
of the hypothalamus, which exhibits a remarkable similarity
in general anatomy and organisation with other vertebrates
(Herget et al., 2014; Nagpal et al., 2019). Parvocellular neurons
of the NPO directly innervate the rostral pars distalis of the
pituitary gland (Nagpal et al., 2019), where, upon stress exposure,
the neurohormone Crh is released. Crh binds its receptor in
corticotroph cells of the anterior pituitary, which results in
the production and secretion of ACTH (adrenocorticotropic
hormone), which reaches the interrenal gland via the circulatory
system (Alderman and Bernier, 2009). Here ACTH binds its
receptor, melanocortin 2 receptor (MC2R). As in humans,
steroidogenic cells of the interrenal gland then synthesise and
secrete the main stress hormone cortisol. Cortisol acts via the
mineralocorticoid receptor (MR) and glucocorticoid receptor
(GR), where ligand binding alters transcription of target genes
and exerts negative feedback to the HPA axis at the level of
the hypothalamus and pituitary (Charmandari et al., 2004). An
important feature of the stress response system in mammals is
the existence of a Stress Hyporesponsive Period (SHRP) during
early life, when the HPA axis can only be activated by a life-
threatening stimulus. This is thought to function to protect

the body’s systems, particularly the developing brain, from the
deleterious effects of cortisol. It has been suggested that the
first 3-4 days of embryogenesis in zebrafish may represent the
SHRP (Steenbergen et al., 2011), yet it remains to be determined
whether this represents a true SHRP, as the larval HPI axis is still
developing at that stage.

PRENATAL STRESS

Prenatal Stress Models in Rodents

During the earliest stages of development when the mammalian
embryo or foetus develops in utero, the foetus can be indirectly
subjected to changes in the external and internal environment
of the mother via the placental blood supply. Stressor exposure
during pregnancy therefore has the potential to be transmitted to
the developing offspring, particularly via maternal-foetal cortisol
transfer. It is suggested that the prenatal period may be the
most stress-sensitive developmental period, since during this
time the foetus is undergoing rapid development. Studies in
humans suggest that stress exposure during different gestational
time points is associated with alterations in the specific structures
or systems that are developing during that period (Lupien et al.,
2009; Heim and Binder, 2012; Bick and Nelson, 2016; Teicher
et al., 2016). In humans, stress during pregnancy is associated
with increased risk of neurodevelopmental disorders and mental
health problems in the offspring (Beydoun and Saftlas, 2008;
Cottrell and Seckl, 2009; Babenko et al., 2015). Animal models
suggest that the HPA axis plays a prominent role in mediating
such effects and maternal-foetal cortisol levels are known to show
a high degree of correlation (De Kloet et al., 2005; Fumagalli et al.,
2007; Cottrell and Seckl, 2009; Nesan and Vijayan, 2013).

One of the most commonly used prenatal ELS paradigms in
rodents is prenatal restraint stress (PRS), where the pregnant
female is repeatedly restrained during the final week of gestation.
This paradigm is known to have long-lasting effects on the
brain and behaviour of offspring of PRS dams when tested
during adulthood (Maccari et al., 2003, 2014). As adults, offspring
of PRS mice have been shown to exhibit hyperactivity, as
well as defects in social behaviour, pre-pulse inhibition and
fear conditioning (Matrisciano et al., 2013). These behavioural
abnormalities could be normalised via administration of valproic
acid or clozapine. The offspring of PRS rats have also been
shown to exhibit deficits in hippocampus—dependent learning,
such as an increased latency to find the platform in a water maze
navigation task (Lemaire et al., 2000).

Prenatal restraint stress is known to reduce proliferation of
cells in the hippocampus of adult offspring (Lemaire et al.,
2006; Belnoue et al., 2013), whilst the effects on neuronal and
glial differentiation or neuronal survival are less clear. This
effect seems to be region-specific: whilst proliferation is reduced
in the dentate gyrus (DG), the olfactory bulb is unaffected
(Belnoue et al.,, 2013). Other studies have suggested that the
brains of PRS mice may display epigenetic characteristics similar
to those observed in psychiatric patients, such as overexpression
of DNA methyltransferase (DNMT) in GABAergic neurons and
an increase in 5-methylcytosine and 5-hydroxymethylcytosine in
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certain CpG-rich regions of the reelin and GAD67 promotors,
whose expression was downregulated (Matrisciano et al., 2013).

Prenatal Stress in Zebrafish

Given the external development of the zebrafish embryo, this
animal model offers some unique advantages to study the effects
of maternal stress on embryo development and function in later
life. Like in mammals, zebrafish females transmit cortisol to the
developing embryo, and this is the sole source of cortisol for
embryos, until endogenous biosynthesis begins upon hatching
(Alsop and Vijayan, 2008). Thus, stressed females may transfer
excess cortisol to the developing embryo, which is predicted to
affect development. Whilst the study of the effects of maternal
stress on offspring in zebrafish is only in its infancy, the results
available so far suggest it is a promising model with which to
study the mechanisms underlying so-called ‘foetal programming.’

Maternal and Paternal Stress

Among the first observations in humans were that prenatal
famine exposure and lower birth weight are both associated
with cardiovascular and metabolic diseases, as well as cognitive
alterations and mental health disorders (Talge et al., 2007; Van
den Bergh et al, 2017). This phenomenon can be modelled
in zebrafish by exposing adult females to a starvation stress
prior to breeding. A relatively short duration of starvation may
not affect body size or gross morphology, but can nonetheless
have profound effects on the developing brain and behaviour,
including hypoactivity (Fan et al, 2019), and suppressed cell
proliferation in the forebrain of the early larva (Higuchi,
2020). The mechanisms via which maternal starvation influences
offspring development and function are unclear, but given that
maternal cortisol levels are increased in zebrafish embryos from
starved mothers (Higuchi, 2020) and that cortisol exposure can
alter early forebrain neurogenesis in zebrafish larvae (Best et al.,
2017) in a similar manner to that seen in the early offspring of
starved females, it seems likely that cortisol is a mediator.

Behavioural studies following maternal cortisol exposure
in zebrafish have reported a variety of phenotypes including
increased boldness (Best et al., 2017) and altered anxiety-like
behaviour (Van Den Bos et al.,, 2019) of offspring. The study by
Best et al. (2017) shows that zebrafish larvae exposed to increased
maternal cortisol display hyperactivity during the light period
of a light-dark assay, and reduced thigmotaxis, or wall-hugging
behaviour, in an open field assay. These behaviours, suggestive of
increased exploration and reduced anxiety respectively, together
indicate a tendency towards increased boldness. Further work has
suggested that strain can influence the effects of maternal stress
on behaviour in the offspring (Van Den Bos et al., 2019).

The mechanisms underlying behavioural alterations in
zebrafish larvae following exposure to increased maternal cortisol
are only beginning to be investigated. Initial studies have
uncovered alterations in the developing brain, which correlate
with the behavioural abnormalities. Best et al. (2017) detected
an increase in primary neurogenesis in the preoptic region
and pallium, as well as increased brain expression of proneural
gene neurod4 in zebrafish embryos following exposure to
maternal cortisol, suggesting that maternal cortisol may alter

brain development in a region-specific manner. Additionally,
D’Agostino et al. (2019) reported increased basal expression of
cfos in prenatally stressed zebrafish larvae, as well as altered
reactivity of cfos expression level to an acute stressor. The cfos
gene is often used as a marker of neuronal activity, and as such,
these data suggest that prenatal exposure to cortisol might affect
neuronal function in the basal state, as well as during stimulus
processing. Similarly in humans, the offspring of mothers who
experienced high levels of anxiety during pregnancy exhibited
altered patterns of brain activation during cognitive control tasks
(Mennes et al., 2019).

The zebrafish studies described here suggest that the zebrafish
system can be used to model the effects of maternal stress and that
many of the effects of maternal stress in humans and other animal
models can be recapitulated in zebrafish. The zebrafish system
offers some advantages over other animal models, including the
ability to mimic increased deposition of maternal cortisol under
highly controlled conditions, as well as ease of studying the
concurrent effects of stress on the developing brain and behaviour
in a high-throughput manner. In addition to maternal stress,
studies in rodents have demonstrated that paternal stress can also
influence behaviour and physiology in the offspring (Yeshurun
and Hannan, 2019). This sperm-driven inheritance is thought
to be mediated at least in part, by non-coding RNAs (Rodgers
et al., 2015). Whilst this area has not yet been well studied in
zebrafish, a recent study demonstrated that male zebrafish that
were exposed to stress during adulthood had altered levels of
several small non-coding RNAs in the spermatozoa, and that
their offspring subsequently displayed weakened endocrine and
behavioural responses to acute stress (Ord et al., 2020).

Models of Foetal Alcohol Syndrome

In addition to transmitting excess cortisol to the developing
foetus, human mothers can also expose the foetus to alcohol
via the placental blood supply. Animal models, more recently
including zebrafish, have been used to model Foetal Alcohol
Spectrum Disorder (FASD). FASD is caused by prenatal alcohol
consumption, which affects the developing foetus, and has a
prevalence of 2-5% in the human population (May et al,
2009). In humans, severe exposure is often associated with
gross skeletal and craniofacial abnormalities, and severe central
nervous system (CNS) dysfunction, whilst moderate exposure is
associated with more subtle cognitive and behavioural defects
including depression, vulnerability to stress, impulsivity and
inattention and antisocial behaviour. These more moderate cases
of FASD are estimated to make up 98% of all cases, and are often
left undiagnosed or misdiagnosed (Clarren et al., 2015).

Given the utility of the zebrafish as a shoaling animal, attention
has focused on the effects of lower doses of ethanol given during
early life on social behaviour. Despite variation in exposure level,
developmental timing of exposure, timing and experimental set-
up of behavioural assays, several zebrafish studies have reported
that ethanol exposure during early development results in
impaired social behaviour in adulthood (Fernandes and Gerlai,
2009; Buske and Gerlai, 2011; Parker et al., 2014; Fernandes
et al.,, 2015, 2019a,b). The observed defects in social behaviour
were apparent in various contexts, including when an individual
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fish was presented with the visual cue of a live shoal (Parker
et al., 2014), or a computer image (Fernandes et al., 2015), and
when fish were observed in a group of conspecifics (Parker
et al., 2014). The impairments in social behaviour in zebrafish
models of FASD fit well with the reduction of social skills seen in
children with FASD (Stevens et al., 2015) and social impairments
in mammalian models (Varlinskaya and Mooney, 2014). This
suggests that zebrafish models of FASD may be able to provide
crucial mechanistic insights into the aetiology of abnormal social
behaviour resulting from developmental ethanol exposure.

Although studies have only just begun to investigate the
mechanisms underlying impaired social behaviour resulting
from developmental ethanol exposure in zebrafish, the results
suggest that the dopaminergic neurotransmitter system plays
a role. A number of studies have detected a reduction in
levels of dopamine and its metabolite, 3,4-Dihydroxyphenylacetic
acid (DOPAC), in the brains of adult fish exposed to ethanol
during early development, compared with controls (Buske and
Gerlai, 2011; Mahabir et al, 2014; Fernandes et al., 2015).
Data from Fernandes et al. (2015) suggests that this represents
not a reduction in baseline levels, but rather a reduction in
the dopaminergic response to a stimulus. If specific to the
shoaling stimulus, this could suggest that ethanol-exposed fish
find the conspecific cue less rewarding, perhaps due to impaired
dopaminergic signalling, leaving exposed fish with a reduced
motivation to socialise.

In addition to the defects in neurotransmitter systems
following developmental exposure to ethanol, further alterations
in brain development exist. These include altered morphology of
the midbrain-hindbrain boundary (MHB), reduced expression of
pax6a in the eye (Zhang et al., 2017), forebrain, and hindbrain,
as well as reduced expression of epha4a in rhombomere
1 of the hindbrain, which point towards altered brain
development, including cerebellar development resulting from
ethanol exposure. Further, early ethanol exposure has been
shown to contribute to altered neurogenesis during early
zebrafish development. Specifically, exposure corresponded with
a clear reduction in differentiated neurons in the hindbrain
and spinal cord (Joya et al, 2014). The defect was found to
relate to populations of sensory neurons, where decreased cell
proliferation and increased apoptosis was observed. Whilst these
observations are interesting, it is not clear to what extent such
alterations might contribute towards behavioural phenotypes and
further investigation of the effects of developmental ethanol
exposure on brain development are warranted.

POSTNATAL STRESS

Postnatal Stress and Its Effects on Brain

and Behaviour in Rodents

Within the rodent ELS field, the most widely used paradigms
involve manipulation of the interactions of a female and her
offspring during their early development. During early postnatal
life, offspring homeostasis is dependent on care from the
dam (Pryce et al,, 2005). In infancy, postnatal days 3-14 are
characterised as the SHRP in rodents. Isolation of the offspring

from the dam for a sufficient period during this time is capable of
stimulating the HPA axis in offspring, forcing a departure from
the stress hyporesponsive state (Pryce et al., 2005). The most
common rodent ELS protocols, known as maternal separation
(MS) and maternal deprivation (MD), involve separating the
pups from the dam one or more times during the SHRP (Sanchez
etal., 2001). Rodent mothers exhibit naturally occurring variation
in the quality of maternal care given to their pups in terms of
licking/grooming and arched back nursing (LG-ABN) (Francis
et al,, 1999). As such, another ELS paradigm involves exposing
the pups to either high or low quality maternal care via rearing
with so-called high LG-ABN or low LG-ABN females. A different
paradigm, the limited bedding/nesting (LBN) paradigm leaves
dams with improper access to materials to build a satisfactory
nest, which leads to maternal stress (Rice et al., 2008; Molet et al.,
2014). As such the pups receive fragmented and erratic maternal
care from the dam.

Many studies have demonstrated that impaired maternal care,
in the form of MS, MD, LBN or low LG-ABN is associated
with depressive-like symptoms in offspring such as increased
immobility in the forced swim test (Pryce et al., 2005; Weaver
et al,, 2005; Franklin et al, 2010; Lajud et al., 2012; Amini-
Khoei et al.,, 2017) and a reduced sucrose preference, indicative
of anhedonia (Franklin et al.,, 2010; Bai et al.,, 2012; Gracia-
Rubio et al., 2016; Amini-Khoei et al., 2017). Whilst some studies
failed to demonstrate robust effects of ELS on behaviour in
these paradigms (Pryce et al., 2005; Uchida et al., 2010), meta-
analysis has suggested that MS is generally linked with increased
depressive-like behaviours in rodents (Tractenberg et al., 2016).
Rodent studies have also associated MS with increased anxiety-
like behaviours in adult offspring (Pryce et al., 2005), and this
has been supported with a meta-analysis (Tractenberg et al.,
2016). However, the reported effects of ELS on anxiety-like
behaviours are not entirely consistent, since a number of studies
have reported no effects of ELS on anxiety-like behaviour (Lajud
etal.,2012; Loietal., 2014). In comparison with other behavioural
endpoints, social behaviours have been much less well studied
in rodents following ELS exposure. Some studies have suggested
that prenatal, postnatal and juvenile stress are associated with
disrupted social motivation in rodents (Pryce et al., 2005;
Sandi and Haller, 2015) and unpredictable MS combined with
unpredictable maternal stress (MSUS) has been shown to lead to
impaired social memory, as measured by length of investigation
of a familiar conspecific in male mice (Franklin et al., 2011). On
the other hand, in rats, MS has been shown to have no effect
on social recognition in a social recognition test (Hulshof et al.,
2011). Meta-analysis also suggests MS in rodents is associated
with memory performance impairments (Tractenberg et al,
2016). ELS in rodents has also been widely associated with
impairment in cognitive functions such as learning and memory
(Brunson et al., 2005; Hulshof et al., 2011; Suri et al., 2013).

In human studies, ELS and psychopathology have been
associated with volumetric changes in specific regions of the adult
brain associated with the stress response and cognitive function
(Carballedo et al., 2012; Opel et al., 2014; Pechtel et al., 2014).
However, similar structural changes in the hippocampus (Molet
et al., 2016; Loi et al., 2017) and amygdala (Salm et al., 2004;
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Castillo-Gémez et al.,, 2017; Sarabdjitsingh et al., 2017) are less
evident in rodent ELS models. ELS has also been associated
with alterations in white matter structure in animal models
(Sarabdjitsingh et al., 2017) and humans (McCarthy-Jones et al.,
2018). In addition to these gross morphological changes, ELS
is also associated with altered dendritic branching and spine
density (Brunson et al., 2005; Koe et al., 2016), as well as reduced
number of excitatory synapses (Wang et al., 2011), and alterations
to hippocampal mossy fibers (Huot et al., 2002; Brunson et al.,
2005) in rodent models. ELS can also lead to long-lasting changes
in brain function (Sandi and Haller, 2015; Bick and Nelson,
2016; Teicher et al, 2016; Di Segni et al., 2018). One of the
most widely studied effects of ELS on brain function is that of
synaptic plasticity. In rodent models, ELS does not generally
effect basal transmission, but alters long term potentiation in the
hippocampus, in a manner that is region- and paradigm-specific
(Derks et al., 2017). However, in male rats, ELS lead to amygdala
hyperactivity in basal conditions and after a resident-intruder test
in adulthood (Marquez et al., 2013).

In adulthood, the ELS-induced structural and functional
changes in the brain are accompanied by molecular alterations,
which may aid the maintenance of these changes. The most
widely studied molecules that are implicated in the ELS-
induced changes are cortisol, neurotrophins, neurotransmitters,
neuropeptides and cytokines. Cortisol has been widely implicated
as a mediator of the effects of ELS on adult neurogenesis, but its
exact role is unclear (Kino, 2015; Lucassen et al., 2015; Odaka
et al,, 2017). Whilst ELS might transiently increase circulating
glucocorticoid levels, and frequently lead to long-term alteration
of basal or stress-induced HPA axis activity, the exact role of
cortisol in mediating the effects of ELS on the brain requires
further investigation. Indeed both increased and reduced cortisol
levels have been associated with altered social behaviour in
rodents (Sandi and Haller, 2015).

Further, the neurotrophic factor Brain Derived Neurotrophic
Factor (BDNF) is implicated in mood and anxiety disorders
and is upregulated by antidepressants (Fumagalli et al., 2007).
ELS or acute adult stress have typically been associated with
decreased expression of BDNF in the adult hippocampus
(Nair et al., 2007; Suri et al, 2013), which often coincides
with reduced neurogenesis. Indeed one of the clearest
mechanisms by which ELS alters brain development is
via altered neurogenesis, particularly in the hippocampus.
Evidence suggests that various aspects of neurogenesis,
neuronal development and brain patterning may be altered
by ELS, including progenitor cell proliferation, neuronal
differentiation and cell fate specification, cell survival, cell
death (Korosi et al, 2012; Lajud and Torner, 2015; Bick
and Nelson, 2016). These alterations may also contribute to
changes in brain morphology, such as reduced hippocampal
volume, as is sometimes observed in ELS-exposed individuals
(Carballedo et al., 2012; Opel et al, 2014). ELS-induced
changes to brain structure are also frequently accompanied
by changes in brain function, such as to synaptic plasticity
and neurotransmission (Bick and Nelson, 2016; Teicher et al.,
2016; Derks et al, 2017). Neurotransmitter systems play
a critical role in neurodevelopmental processes, neuronal

plasticity and cognitive function. Indeed, the glutamatergic
(Cameron etal., 1997),  GABAergic  (Earnheart et al., 2007;
Martisova et al., 2012), dopaminergic (Flagstad et al., 2004), and
serotonergic (Di Segni et al., 2018) systems are implicated
in glucocorticoid- and stress-mediated effects on the
brain and behaviour.

Diverse biological alterations following ELS are frequently
connected to epigenetic changes that can regulate the expression
of genes related to the HPA-axis, neuropeptides, synaptic
plasticity and hormonal activity via the modification of DNA
methylation, histone modification, and alteration in non-coding
RNAs (McGowan et al.,, 2009; Roth et al.,, 2009; Bai et al.,
2012; Kang et al., 2013; Ouellet-Morin et al., 2013; Zhang et al,,
2015; Bahi, 2016; Bustamante et al., 2016; Tyrka et al., 2016;
Williams et al., 2016; Wang et al., 2017). Accumulating evidence
supports that GC signalling can induce a number of epigenetic
modifications as well as regulating gene transcription (Zannas
and Chrousos, 2017; Eachus and Cunliffe, 2018; Krontira et al.,
2020). Early life exposure to cortisol can lead to a global decrease
in methylation of DNA in some cases or local demethylation
of cytosine-guanine dinucleotides (CpGs) in proximity to
glucocorticoid response elements (GREs) in GC responsive genes
(Bose et al., 2010; Wiench et al., 2011; Klengel et al., 2013; Resmini
et al, 2016). The mechanisms underlying these alterations
are not entirely clear. Some studies report that GC exposure
promotes active- demethylation of CpGs and represses the
maintenance/de novo creation of DNA methylation in a tissue-
specific manner in a specific neural or developmental context,
by regulating associated genes including Tet Methylcytosine
Dioxygenases (TETs) and DNA methyltransferases (DNMT1I,
DNMT3a) (Benoit et al., 2015; Bose et al., 2015; Dong et al., 2015;
Gassen et al., 2015; Sawamura et al., 2016). Histone modification
patterns at GR binding sites can be modified via direct or indirect
recruitment of histone modifiers such as acetyltransferase or
deacetylase by GR (Di Stefano et al., 2015; Zannas and Chrousos,
2015; Vockley et al.,, 2016). Ultimately, those biological and
epigenetic changes may contribute to an accumulation of risk for
stress-related diseases over the lifetime via mechanisms affecting
brain development and neural network formation during the
early life stage (Zannas and Chrousos, 2017).

Recently, in a human hippocampal progenitor cell line,
Provengcal et al. (2020) identified substantial changes in long-
lasting differentially methylated CpG sites (DMSs) following
glucocorticoid exposure during neurogenesis. Interestingly, only
a small number of lasting DMSs correlated with lasting changes
in gene expression. However, 18.2% of transcripts that were
mapped to long-lasting DMSs showed significant changes in gene
expression after the additional acute challenge of dexamethasone
treatment. These results indicate that a subset of the long-lasting
DMSs may alter certain gene expression patterns throughout
a lifetime by priming the GR response of neighbouring loci,
rendering them more responsive to subsequent glucocorticoid
exposure. Moreover, the researchers performed an enrichment
analysis that detected a significant group of long-lasting DMSs
that were conserved in peripheral tissues and could be used
as a biomarker to predict maternal anxiety and depression in
newborn cord blood samples.
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Despite the significant connection between ELS and epigenetic
modifications, it remains challenging to establish causal links
between specific epigenetic modifications and biological
alterations. Epigenetic modifications following ELS are varied
depending on species, tissue or cell-type, type/intensity of
stressor, exposure time-point, and duration of stress (Heim
and Binder, 2012; Bock et al., 2015; Chattarji et al., 2015;
Palma-Gudiel et al., 2015). Therefore, the broad impact of ELS
on epigenetic mechanisms, diversity of developmental outcomes,
and the heterogeneity of findings must be considered to
establish definite epigenetic pathways following ELS. In addition,
considerations such as cell-type specificity, individual variation,
reverse causality or weak statistical power can make it difficult
to draw significant conclusions regarding the role of epigenetic
mechanisms in specific biological functions (Zilberman et al.,
2007; Gertz et al., 2011; Lappalainen and Greally, 2017; Marzi
et al, 2018) and findings are sometimes misinterpreted or
over-generalised (Deichmann, 2020).

Effects of Early Life Stress Exposure in
Zebrafish

Early life stress may result from change in environmental
conditions experienced by the animal in early life. Various stress
protocols have been used in larval zebrafish, including changes
in temperature, PH, water flow, restraint, netting, crowding,
isolation, and predator exposure.

Water Movement

One seemingly important factor in modulating brain
development and behaviour in zebrafish is movement during
early life. During early development, restraint stress is associated
with reduced progenitor cell proliferation in the zebrafish
forebrain (Hall and Tropepe, 2018). In restrained animals,
neuronal differentiation is increased at the expense of self-
renewal, thereby depleting the progenitor pool. This, and to a
lesser extent increased apoptosis, lead to smaller forebrain size
in exposed larvae. In contrast, forced swimming during early life
is associated with increased progenitor cell proliferation in the
larval zebrafish pallium, and reduced neuronal differentiation
(Hall and Tropepe, 2018). This finding suggests the opposite
observation to that of restrained larvae: maintenance of
an expanded progenitor pool at the expense of neuronal
differentiation. In another study, an involuntary swim paradigm
resulted in dysregulation of the HPA axis (Castillo-Ramirez
et al., 2019). Here, in a later larval stage, animals that had
experienced involuntary swimming during early development
reconfigure their cortisol response to homotypic and heterotypic
stressors. These results show how early life stress exposure
can be linked to altered glucocorticoid function later in
life in zebrafish.

Hall and Tropepe (2018) determined that it is physical cues
associated with movement in early life that alter neurogenesis in
the forebrain and these cues are conveyed by dorsal root ganglia.
The mechanism by which movement affects neurogenesis in
the zebrafish forebrain is not clear, although changes in cell
cycling, cell fate and apoptosis may all play a part. Although
glucocorticoids are known to modulate neurogenesis, it is

not clear whether cortisol plays a direct role in movement-
mediated alteration of forebrain neurogenesis or behaviour.
As both restraint and forced swimming are expected to
increase cortisol level, their differing effects on neurogenesis
do not support a direct cortisol effect on neurogenesis in
these paradigms. In another study, cortisol administration has
been associated with increased progenitor cell proliferation in
the early zebrafish forebrain and with behavioural alterations
(Best et al, 2017). Increased forebrain proliferation is also
observed after forced swimming (Hall and Tropepe, 2018),
suggesting a potential role for cortisol in mediating movement-
mediated alteration of forebrain neurogenesis. The difference in
neurogenesis phenotypes following early life restraint or forced
swim could reflect the different ways in which these paradigms
modulate the HPA axis.

Social Isolation

The effects of social isolation during development on the brain
and behaviour can be readily studied in zebrafish, since the lack of
maternal care means that, unlike in mammals, the effects of social
deprivation can be separated from other variables connected
with maternal care, such as nutrition. The locomotor startle
response is influenced by rearing environment in zebrafish: larvae
raised in isolation exhibit a blunted startle response to a dark
pulse in comparison to group-reared larvae, and this is thought
to be attributable to a lack of tactile stimulation (Steenbergen
et al,, 2011). It has also been observed that socially isolated
larvae exhibit enhanced social avoidance of conspecifics during
social interactions, an effect mediated by lateral line inputs
(Groneberg et al., 2020). Similarly, another study found that
developmental isolation reduced social preference in juvenile
fish and these fish were more anxious (Tunbak et al., 2020).
In this study, isolation also lead to increased visual sensitivity
and increased activity in the posterior tuberal nucleus of the
brain, a region associated with the stress response, suggesting
that in isolated fish heightened visual sensitivity leads to
increased stress during social viewing, which may lead to the
observed social aversion. On the other hand, another study found
that unlike fish that were chronically isolated, developmentally
isolated fish did not exhibit any changes in anxiety or social
behaviours in adulthood (Shams et al., 2018). These data
suggest that timing and duration of isolation may affect the
behavioural outcomes.

A separate study also suggested that long-term isolation
may affect the stress response, since isolation-reared zebrafish
were found to have lower levels of dopamine and serotonin’s
metabolite, 5-Hydroxyindoleacetic acid (5-HIAA), following
exposure to an unpredictable chronic mild stress, when
compared to group-reared fish (Fulcher et al., 2017), however,
it was also observed that developmental isolation had no
significant effects on baseline or stress-induced cortisol
levels (Shams et al., 2020). Interestingly, in another study,
developmentally isolated fish (isolated 0-7 dpf) were observed
to have significantly reduced levels of DOPAC, but not
dopamine, serotonin or 5-HIAA, when compared with social-
reared fish in adulthood (Shams et al., 2018). Further, Varga
et al. (2020) observed that social isolation of fish during a
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critical period of behavioural metamorphosis that occurs in
the juvenile stage affects later behavioural responsiveness
and serotonergic signalling in the dorsal pallium. Blockade
of 5-hydroxytryptamine (5-HT) signalling was sufficient to
prevent the serotonin-associated brain changes and behavioural
deficits, suggesting that a serotonergic mechanism, sensitive to
environmental manipulation during a specific time window,
modulates context-dependent behaviours in later life.

Long-term isolation of zebrafish, such as from 6 dpf until
6 months, can have profound effects on brain development in
a region-specific manner. Lindsey and Tropepe (2014) showed
that isolated fish exhibited a significant reduction in proliferation
in sensory niches of the brain, but not in the telencephalon
and that these changes could not be consistently rescued by
exposure to social novelty. An interesting recent study shows that
social isolation reduces the expression of neuropeptide pth2, and
remarkably a brief exposure of isolated fish to a social group can
rescue this (Anneser et al., 2020).

Chemical Exposure

One route by which activation of the HPA axis may occur
is by exposure to chemicals. A large number of studies have
tested the effects of exposure to chemical substances in early
development on the brain and behaviour in zebrafish. These
toxicological studies have relevance both as models of the adverse
effects of chemical exposure in humans and as studies of the
effects of such chemicals on fish, since human actions can cause
certain chemicals to contaminate aquatic environments. This vast
amount of literature is outside of the scope of this review and the
readers are referred elsewhere (Hill et al., 2005; Dai et al., 2014;
Lee et al,, 2015). Instead, here we will mention two exemplary
studies testing the effects of chemicals that alter the HPT axis.

Bisphenol A (BPA) is commonly used in the production of
plastics and other consumer products and in rodent models
prenatal exposure to BPA is associated with the development
of behavioural challenges in later life (Kinch et al, 2015).
Treatment of embryonic zebrafish with BPA results in precocious
neurogenesis in the developing hypothalamus, as well as
hyperactivity during the larval stage (Kinch et al., 2015). This
work identified an unexplored pathway through which BPA
exerts its effects on neurogenesis and behaviour: via androgen-
receptor mediated up-regulation of aromatase (Kinch et al,
2015). It is not clear, however, how altered aromatase activity
might affect neurogenesis and behaviour. In other animals, BPA
exposure is known to cause dysregulation of the HPA axis
(Panagiotidou et al., 2014). Given that cortisol is known to affect
neurogenesis and behaviour in the larval zebrafish (Best et al.,
2017), and that cortisol is known to interact with sex steroids, this
may represent a downstream effect of BPA exposure.

Another example that has been studied in zebrafish is exposure
to fluoxetine, a selective serotonin reuptake inhibitor (SSRI),
which is widely prescribed to treat depression in humans.
Fluoxetine alleviates symptoms of depression by inhibiting 5-HT
reuptake transporters on presynaptic neurons, thereby enhancing
serotonergic neurotransmission (Stahl, 1998). However, concerns
have been raised regarding the effects of exposure to fluoxetine
during developmentally sensitive periods (Suri et al., 2015), such

as exposure to the foetus when taken by pregnant women,
and exposure to children and adolescents, to whom fluoxetine
may also be prescribed (Jane Garland et al., 2016). Fluoxetine
is widely prescribed globally and following excretion can enter
aquatic environments where variable concentrations have been
quantified in different water bodies (Parolini et al., 2019).

Exposure to fluoxetine during early life in zebrafish is
associated with modulation of stress-associated genes and key
neurotransmitter transporters in larvae (Parolini et al.,, 2019).
These changes correlate with a reduced locomotor response to a
touch stimulus. Early life exposure to fluoxetine also has long-
term effects on the HPA axis and behaviour in zebrafish and
these effects depend on the dose and timing of exposure, and
are also sex-specific. Exposure during embryonic - early larval,
larval, or juvenile stages lead to a blunted stress response in
adult males. Additionally, the reduced cortisol levels resulted
in reduced locomotion and exploratory behaviour following
embryonic-early larval stage and larval fluoxetine exposures,
but not following juvenile exposure (Vera-Chang et al., 2018).
Meanwhile fluoxetine exposure during juvenile stages lead to
reduced basal cortisol in females but not males (Vera-Chang
et al., 2019). Further, in adult females, exposure during the
juvenile, but not larval stage resulted in increased locomotion and
exploratory behaviour.

The observed hyporeactivity of the stress response following
early life fluoxetine exposure in zebrafish is consistent with
observations in children prenatally exposed to SSRIs (Oberlander
et al., 2008) and chronic blunting of basal cortisol levels has
been linked with a number of psychological disorders in humans
(Wichmann et al., 2017). One of the most intriguing findings
from the studies of fluoxetine exposure, is that the suppression
of cortisol levels and altered behaviour persists for multiple
generations in unexposed fish (Vera-Chang et al., 2018). The
HPA axis and behavioural defects may well be mediated by
epigenetic alterations that in some cases are stably transmitted
across generations, as has been previously observed following
stress (Babenko et al., 2015). Indeed, 5-HT is known to alter
GR expression via epigenetic modifications. The zebrafish data
suggests that cortisol level maybe responsible for the observed
behavioural alterations (Vera-Chang et al., 2018). Whether
fluoxetine exposure alters behaviour in zebrafish via epigenetic
modification of GR remains unknown. The analyses of the
effects of fluoxetine exposure on the HPA axis and behaviour
in zebrafish seem to be consistent with findings in rodent and
human studies. Given the rapid external development of the
early zebrafish and lack of maternal care, it is an advantageous
system with which to model the effects of prenatal fluoxetine
exposure in humans.

Other Stressors

Brief exposure to anoxia during embryogenesis has also been
shown to have profound and long-term effects on zebrafish
behaviour. Anoxia-exposed zebrafish develop to become more
dominant, exhibit more aggressive behaviours and have increased
testosterone levels (Ivy et al., 2017). Interestingly, exposure to
mild stress during early life may confer seemingly advantageous
behavioural changes. In one study, zebrafish that were exposed
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to a combination of environmental enrichment and daily net
chasing exhibited enhanced learning and reduced anxiety when
tested as juveniles, and the reduction in anxiety behaviour was
apparent even when fish were tested in adulthood after returning
to standard housing for several months (De Pasquale et al., 2016).

Combined Stressor Exposure

In addition to acute and chronic exposures to individual stressors,
paradigms are also established that use exposure to a combination
of different stressful stimuli to induce ELS, such as chronic
unpredictable early life stress (CUELS) (Fontana et al., 2020).
Larvae exposed to a 7 day CUELS protocol were observed
to have reduced anxiety levels as adult fish, meanwhile a 14-
day exposure had the opposite effect (Fontana et al, 2021).
The CUELS paradigm did not affect memory and cognition
or social behaviour. On the other hand, exposure of juvenile
fish to combined stress for 3 days had a positive effect on
working memory in adulthood, while having no effect on shoal
cohesion or anxiety behaviour. Interestingly, zebrafish exposed to
a chronic unpredictable stress paradigm during the larval stage
exhibited anxiety-like behaviours in the days following stressor
exposure, but these effects were transient (Golla et al., 2020).
These studies indicate that the timing and duration of exposure,
as well as timing of sampling will influence the effects of ELS on
behavioural outcomes.

Effects of HPA Axis Manipulation

Whilst environmental manipulations have been used to study the
effects of ELS on the brain and behaviour, it is hard to identify
the precise contributions of individual HPA axis components to
the phenotypic outcomes in these studies. This question can be
addressed by manipulation of the individual molecular players
via genetic, optogenetic or pharmacological manipulation. Most
studies have focused on uncovering the effects of increased
level of glucocorticoid, since cortisol can be readily quantified
in the zebrafish.

Genetic Manipulations

The genetic tractability of the zebrafish has made it an attractive
model organism for some time and the availability of CRISPR-
Cas9 technology in recent years has extended this further
(Albadri et al., 2017). Zebrafish lines with stable mutations that
disrupt individual components of the HPA axis have been created
and have begun to shed light on the development of the HPA
axis and its role in brain development and behaviour, across
the life-course.

One of the most widely studied HPA axis molecules is the GR,
one of two receptors via which cortisol exerts its actions including
the negative feedback on the HPA axis. A number of different
mutants for nr3cl, the gene encoding the GR, have been created,
and used to study a variety of processes, including development
of the HPA axis and behaviour. Loss of GR function means that
negative feedback to the HPA axis is compromised and thus leads
to high basal cortisol levels in both larvae (Griffiths et al., 2012;
Facchinello et al., 2017; Faught and Vijayan, 2018) and adult fish
(Ziv et al., 2013) and the HPA axis is not responsive to an acute

stressor (Ziv et al., 2013; Facchinello et al., 2017; Faught and
Vijayan, 2018).

A number of studies have investigated the role of nr3cI in
behaviour, using various assays and the results of the different
studies have sometimes conflicted. Reduced general locomotion
has been widely reported in both larvae (Griffiths et al., 2012;
Sireeni et al., 2020) and adult (Ziv et al., 2013; Sireeni et al.,
2020) GR mutant fish in some studies, but not all (Faught and
Vijayan, 2018). The first reports on a GR mutant showed that
in larval stages mutants displayed a heightened startle response,
in that they would not habituate to repeated stimulus exposure
(Griffiths et al., 2012), and that as adults, they displayed freezing
behaviour and an avoidance of the walls of a novel environment
(Ziv et al., 2013), which the authors likened to depressive-
like behaviour.

However, subsequent analysis of the same mutant revealed
that mutant larvae exhibited a similar avoidance of the walls
and confirmed the freezing behaviour in adulthood, however, this
was accompanied by increased thigmotaxis in adulthood (Sireeni
et al., 2020), the opposite effect to that observed previously. In
contrast to the study of Ziv et al. (2013), the authors suggested
that these behaviours were indicative of increased anxiety in
fish lacking GR activity. An analysis of anxiety-like behaviour in
larvae, however, revealed no significant effects, suggesting that
in GR mutants, anxiety behaviour may only become apparent
in adulthood. Further to the effects of loss of GR function on
general locomotion and anxiety-like behaviour, a lack of feeding
entrainment has also been reported in juvenile and adult GR
knockout zebrafish (Morbiato et al., 2019). Whilst the authors
focused on the requirement for GR in circadian rhythm, they
concluded that clock gene expression was not responsible for
the altered behaviour. This leaves the interesting possibility that
other alterations in brain development or function such as
alterations of the motivation system might be responsible for this
behavioural change.

These studies of loss of GR function have highlighted the
role of GR in anxiety- and depressive-like behaviours across
the life course. In some cases, the research has also shown
that the increased cortisol level resulting from loss of GR
function is not directly responsible for the observed behavioural
abnormalities: while behavioural defects can be normalised via
treatment with fluoxetine, this is not accompanied by a reduction
in cortisol level (Griffiths et al., 2012; Ziv et al., 2013). This
suggests that a defect in serotonergic function in the brain of
GR mutants, perhaps downstream of cortisol, is responsible
for the observed behavioural defects. Indeed, glucocorticoids
are known to influence the serotonergic system and both are
implicated in the aetiology of affective disorders (Lanfumey et al.,
2008). Despite this initial insight into the mechanism underlying
behavioural defects in the GR mutant zebrafish, a comprehensive
analysis into the effect of loss of GR function on the brain,
including the serotonergic system, is lacking.

In contrast to GR, much less is known about the effect
of MR manipulation in zebrafish. However, a recent analysis
of MR™/~ in zebrafish reveals that MR is involved in
stress-related behaviour, as knockout animals fail to exhibit
glucocorticoid-mediated larval hyperactivity to a light stimulus
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(Faught and Vijayan, 2018). Meanwhile in another study, MR/~
larvae exhibited no difference in their rapid locomotor response
to an acute stressor, although the authors questioned whether
they had achieved a complete loss-of-function in their MR
knockout line (Leeetal,2019). Further work is needed to
establish whether MR plays a role in modulation of additional
behaviours in zebrafish, such as anxiety-like behaviour, as is the
case in mice (Rozeboom et al., 2007).

Pharmacology

The HPA axis can also be manipulated via direct targeting of
pharmacological agents. The most commonly used are synthetic
cortisol and dexamethasone, both agonists of the GR. Stimulation
of GR in early life initiates negative feedback to the HPA axis,
leading to a reduction in basal cortisol levels (Wilson et al., 2013,
2016). In contrast, fish that were exposed to GR agonists in
early life that were subsequently raised under normal conditions,
exhibit normal basal cortisol levels but show a heightened HPI
axis response to an acute stressor (Wilson et al., 2016).

Dysregulation of the HPI axis using GR agonist treatment in
early life is also associated with behaviour changes in zebrafish.
Whilst dexamethasone exposure in early life has not been
associated with any effects on basal locomotion in zebrafish
larvae (Steenbergen et al., 2011; Wilson et al, 2013, 2016),
cortisol treatment has often been shown to cause hyperactivity
(Best and Vijayan, 2017; Faught and Vijayan, 2018). Additional
behavioural phenotypes in larvae include altered thigmotaxis
in an open field test (Wilson et al., 2013; Faught and Vijayan,
2018), and a reduced locomotor response to an acute stressor
(Steenbergen et al., 2011). Whilst few studies have investigated
the long-term consequences of early life exposure to GR agonists
such as dexamethasone in zebrafish, the results of initial studies
are confusing. Whilst some reported increased anxiety-like
behaviour, as measured in the novel tank diving test (Khor
et al., 2013; Kumari et al., 2019), others, using the same assay,
reported the opposite (Wilson et al., 2016). This conflict may
be caused by the different dosing regime, which would suggest
that varying the timing and duration of exposure could have
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profoundly different effects on behaviour. However, this notion
requires further testing.

These studies highlight the utility of the zebrafish to
uncover behavioural alterations following dysregulation of the
HPI axis in early life. Initial studies suggest that cortisol
signalling via MR, rather than GR plays an important role
in regulating cortisol-induced hyperactivity following early life
exposure (Best and Vijayan, 2017; Faught and Vijayan, 2018).
Beyond this, the mechanisms underlying behavioural alterations
following HPA axis dysregulation in early life remain elusive
and the effects of such treatments on the brain have not yet
been investigated.

Several studies also examined the effect of GR antagonist,
mifepristone treatment in zebrafish. Early life exposure
to mifepristone was observed to reduce basal locomotor
activity in exposed larvae (Wilson et al., 2013). An additional
study observed that, as in an nr3cI mutant, mifepristone
significantly decreased the locomotor response to an abrupt
challenge in larvae (Lee et al, 2019). Further studies
are required to establish whether early life mifepristone
treatment has long-term effects on the brain and behaviour
in zebrafish.

Optogenetics

Optogenetics has great potential within the zebrafish field,
due to the transparent nature of the larval body, rendering
its tissues accessible to light. Tissues that are too small to
be amenable to surgical manipulation can be non-invasively
manipulated using cell type specific promoters, and this
manipulation is aided by the genetic tractability of the
zebrafish. Using optogenetic techniques to selectively modify
the level of individual HPI axis components with a high
degree of temporal precision has recently been demonstrated
using the zebrafish larva (De Marco et al, 2016, 2013;
Gutierrez-Triana et al., 2015).

De Marco et al. (2013) first demonstrated the technique in
zebrafish by manipulating pituitary signalling. Using a cell-type
specific promotor, beggiatoa photo-activated adenylate cyclase
(bPAC) was targeted to corticotroph cells of the anterior pituitary
that produce ACTH (Figure 1A; De Marco et al., 2013). Exposure
of these transgenic larvae to blue light, or white light with
a blue component, leads to increased cAMP levels specifically
within bPAC-positive pituitary corticotroph cells. In pituitary
corticotroph cells, CAMP increase causes release of ACTH, and
thus in bPAC-positive larvae light exposure leads to ACTH-
induced secretion of cortisol (Figure 1C). Using a similar
technique, transgenic zebrafish lines have also been created in
which bPAC is targeted to Steroidogenic acute regulatory protein
(StAR)-expressing interrenal cells (Gutierrez-Triana et al., 2015;
Figure 1B). In these larvae, blue light causes an increase in
cAMP in steroidogenic interrenal cells, which stimulates cortisol
synthesis (Figure 1C).

These studies demonstrated that such transgenic zebrafish
lines can be used to study rapid non-genomic effects of hormone
signalling on behaviour in free-swimming larvae (De Marco
et al., 2016). Additionally, these transgenic lines can be used
to study the delayed and long-term effects of early life stress,

since exposure to blue light could induce hypercortisolaemia
in transgenic larvae. The ability to specifically and precisely
manipulate the level, duration and timing of HPA axis activation
will allow critical questions in the ELS field to be addressed, such
as how the exact GC level, exposure duration and developmental
timing of exposure affects the brain and behaviour. This
technique could also be combined with imaging and with high-
throughput behaviour assays in zebrafish larvae to identify the
effects of ELS on brain structure and function. However, it should
be noted that the use of these cell-type specific promotors does
not necessarily mean specific manipulation of individual HPA
axis hormones. Indeed other molecules that co-localise to the
same cell types manipulated in these studies may also be altered
via light exposure and contribute to the phenotypic outcome.

OUTLOOK AND CONCLUDING
REMARKS

Significant progress has been made in recent decades in our
understanding of how ELS affects brain development and
behaviour largely thanks to rodent models. Yet establishing
robust mechanistic links between early life stress exposure and
resultant phenotypes has been a challenging task. For example, in
prenatal stress paradigms, it is difficult to assess the level of direct
stress exposure experienced by foetus when mother is stressed. In
postnatal ELS paradigms such as the MS protocol, inconsistent
effects are often observed due to various factors including strain
differences in maternal care, inter- and intra-litter variations in
maternal care, and the multifaceted nature of the MS treatment,
etc. (Pryce et al., 2005).

As an ELS model, the zebrafish has begun to gain traction
over the past decade. As a model for studying human disease, the
zebrafish represents a good balance between relative simplicity
and homology with humans. Whilst the status of the current
zebrafish ELS field is characterised by breadth rather than depth,
the zebrafish model has the potential to complement and extend
mammalian studies, to tackle some of the long standing open
questions in the ELS field including:

Comprehensive Brain-Wide Mapping of ELS-Induced
Molecular and Functional Alterations

The effects of ELS on brain development using rodent models
have largely been studied in the context of altered neurogenesis
in the hippocampus. ELS-induced behavioural alterations include
cognitive and affective domains, and it is likely that ELS leads
to brain-wide alterations in many stress-sensitive regions. The
small-sized and transparent zebrafish brain combined with a
battery of imaging and genetic tools ideally suit such network-
level analysis.

Comprehensive Mapping of the Developmental
Trajectory of ELS-Induced Changes Into Adulthood
External fertilisation and rapid early development allow mapping
of the relationship between stimulus exposure and resultant
changes throughout development. Larvae can be raised in
a tightly controlled environment where the consequence of
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alteration of a given variable could be tracked through multiple
stages in development.

Linking Gene Functions and Behaviour

External development with ease of genetic access means zebrafish
can be used to easily study gene-environment (GxE) interactions,
which is a key feature underlying many psychiatric diseases
(Kendler and Eaves, 1986; Cadoret et al., 1995; Heim and Binder,
2012). ELS-linked psychiatric diseases such as depression are
typically polygenic in nature and studying the loss-of-function
phenotypes of many genes together or in parallel is much cheaper
and easier in zebrafish than in a mammalian system. Indeed, a
recent study characterising 132 human schizophrenia-associated
genes exemplify a large scale genotype-phenotype study possible
in zebrafish (Thyme et al., 2019).

Drug-Discovery
The small size of the zebrafish larva makes it an ideal organism
to use in high throughput drug screening using an intact
animal (Wiley et al., 2017). A common feature of ELS-induced
psychiatric disorders and preclinical ELS models is long-term
alteration of the stress regulating system (Chrousos, 2009; Danese
and McEwen, 2012; Heim and Binder, 2012; Doom and Gunnar,
2015). Despite this, no current treatment for psychiatric disorders
specifically targets the HPA axis. Here, the zebrafish system
has the potential to contribute due to its utility as a powerful
high-throughput drug-screening tool.

Cellular and molecular mechanisms induced by ELS
that alter brain development and drive the structural and

REFERENCES

Agorastos, A., Pervanidou, P., Chrousos, G. P., and Baker, D. G. (2019).
Developmental trajectories of early life stress and trauma: a narrative review on
neurobiological aspects beyond stress system dysregulation. Front. Psychiatry
10:118. doi: 10.3389/fpsyt.2019.00118

Albadri, S., Del Bene, F., and Revenu, C. (2017). Genome editing using
CRISPR/Cas9-based knock-in approaches in zebrafish. Methods 121-122, 77-
85. doi: 10.1016/j.ymeth.2017.03.005

Alderman, S. L., and Bernier, N. J. (2009). Ontogeny of the corticotropin-releasing
factor system in zebrafish. Gen. Comp. Endocrinol. 164, 61-69. doi: 10.1016/j.
ygcen.2009.04.007

Alsop, D., and Vijayan, M (2009). The zebrafish stress axis: molecular fallout from
the teleost-specific genome duplication event. Gen. Comp. Endocrinol. 161,
62-66. doi: 10.1016/j.ygcen.2008.09.011

Alsop, D., and Vijayan, M. M. (2008). Development of the corticosteroid
stress axis and receptor expression in zebrafish. Am. J. Physiol.
Regul.  Integr. Comp. Physiol. 294, 711-719. doi: 10.1152/ajpregu.006
71.2007

Alsop, D., and Vijayan, M. M. (2009). Molecular programming of the corticosteroid
stress axis during zebrafish development. Comp. Biochem. Physiol. Mol. Integr.
Physiol. 153, 49-54. doi: 10.1016/j.cbpa.2008.12.008

Amini-Khoei, H., Mohammadi-Asl, A., Amiri, S., Hosseini, M. J., Momeny, M.,
Hassanipour, M., et al. (2017). Oxytocin mitigated the depressive-like behaviors
of maternal separation stress through modulating mitochondrial function and
neuroinflammation. Prog. Neuro Psychopharmacol. Biol. Psychiatry 76,169-178.
doi: 10.1016/j.pnpbp.2017.02.022

Anneser, L., Alcantara, I. C., Gemmer, A., Mirkes, K., Ryu, S., and Schuman,
E. M. (2020). The neuropeptide Pth2 dynamically senses others via
mechanosensation. Nature 588, 653—-657. doi: 10.1038/s41586-020-2988-z

functional changes in the adult ELS-exposed brain remain
poorly understood. One of the ultimate questions in behavioural
neuroscience is how molecular changes facilitate behavioural
alterations. In the ELS field, few studies have achieved such a
feat so far, ie., linking early life molecular mechanisms with
altered behaviour in adulthood. Making convincing connections
between the two is not at all trivial, yet the zebrafish model offers
many important advantages to tackling this important challenge.

AUTHOR CONTRIBUTIONS

HE: writing of the original draft. M-KC, HE, and SR: writing,
review, and editing. SR: funding. All authors contributed to the
article and approved the submitted version.

FUNDING

The writing of this manuscript was funded by the Gillings Family
Foundation, the University Medical Center of the Johannes
Gutenberg University Mainz, and the German Federal Office for
Education and Research (Bundesministerium fiir Bildung und
Forschung) grant number 01GQ1404 to SR.

ACKNOWLEDGMENTS

The authors thank Jatin Nagpal for the figure illustration.

Arrenberg, A. B, and Driever, W. (2013). Integrating anatomy and function for
zebrafish circuit analysis. Front. Neural Circuits 7:74. doi: 10.3389/fncir.2013.
00074

Babenko, O., Kovalchuk, I, and Metz, G. A. S. (2015). Stress-induced perinatal and
transgenerational epigenetic programming of brain development and mental
health. Neurosci. Biobehav. Rev. 48, 70-91. doi: 10.1016/j.neubiorev.2014.
11.013

Bahi, A. (2016). Sustained lentiviral-mediated overexpression of microRNA124a
in the dentate gyrus exacerbates anxiety- and autism-like behaviors associated
with neonatal isolation in rats. Behav. Brain Res. 311, 298-308. doi: 10.1016/j.
bbr.2016.05.033

Bai, M., Zhu, X., Zhang, Y., Zhang, S., Zhang, L., Xue, L., et al. (2012). Abnormal
hippocampal BDNF and miR-16 expression is associated with depression-like
behaviors induced by stress during early life. PLoS One 7:e46921. doi: 10.1371/
journal.pone.0046921

Bale, T. L. (2015). Epigenetic and transgenerational reprogramming of brain
development. Nat. Rev. Neurosci. 16, 332-344. doi: 10.1038/nrn3818

Bale, T. L., Baram, T. Z., Brown, A. S., Goldstein, J. M., Insel, T. R., McCarthy,
M. M, etal. (2010). Early life programming and neurodevelopmental disorders.
Biol. Psychiatry 68, 314-319. doi: 10.1016/j.biopsych.2010.05.028

Belnoue, L., Grosjean, N., Ladevéze, E., Abrous, D. N., and Koehl, M. (2013).
Prenatal stress inhibits hippocampal neurogenesis but spares olfactory bulb
neurogenesis. PLoS One 8:€72972. doi: 10.1371/journal.pone.0072972

Benoit, J. D., Rakic, P., and Frick, K. M. (2015). Prenatal stress induces spatial
memory deficits and epigenetic changes in the hippocampus indicative of
heterochromatin formation and reduced gene expression. Behav. Brain Res. 281,
1-8. doi: 10.1016/j.bbr.2014.12.001

Best, C., and Vijayan, M. M. (2017). Cortisol elevation post-hatch affects
behavioural performance in zebrafish larvae. Gen. Comp. Endocrinol. 257,
220-226. doi: 10.1016/j.ygcen.2017.07.009

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 657591


https://doi.org/10.3389/fpsyt.2019.00118
https://doi.org/10.1016/j.ymeth.2017.03.005
https://doi.org/10.1016/j.ygcen.2009.04.007
https://doi.org/10.1016/j.ygcen.2009.04.007
https://doi.org/10.1016/j.ygcen.2008.09.011
https://doi.org/10.1152/ajpregu.00671.2007
https://doi.org/10.1152/ajpregu.00671.2007
https://doi.org/10.1016/j.cbpa.2008.12.008
https://doi.org/10.1016/j.pnpbp.2017.02.022
https://doi.org/10.1038/s41586-020-2988-z
https://doi.org/10.3389/fncir.2013.00074
https://doi.org/10.3389/fncir.2013.00074
https://doi.org/10.1016/j.neubiorev.2014.11.013
https://doi.org/10.1016/j.neubiorev.2014.11.013
https://doi.org/10.1016/j.bbr.2016.05.033
https://doi.org/10.1016/j.bbr.2016.05.033
https://doi.org/10.1371/journal.pone.0046921
https://doi.org/10.1371/journal.pone.0046921
https://doi.org/10.1038/nrn3818
https://doi.org/10.1016/j.biopsych.2010.05.028
https://doi.org/10.1371/journal.pone.0072972
https://doi.org/10.1016/j.bbr.2014.12.001
https://doi.org/10.1016/j.ygcen.2017.07.009
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Eachus et al.

Zebrafish Early Life Stress Model

Best, C., Kurrasch, D. M., and Vijayan, M. M. (2017). Maternal cortisol stimulates
neurogenesis and affects larval behaviour in zebrafish. Sci. Rep. 7, 1-10. doi:
10.1038/srep40905

Beydoun, H., and Saftlas, A. F. (2008). Physical and mental health outcomes
of prenatal maternal stress in human and animal studies: a review of recent
evidence. Paediatr. Perinat. Epidemiol. 22, 438-466. doi: 10.1111/j.1365-3016.
2008.00951.x

Bick, J., and Nelson, C. A. (2016). Early adverse experiences and the developing
brain. Neuropsychopharmacology 41, 177-196. doi: 10.1038/npp.2015.252

Bock, J., Wainstock, T., Braun, K., and Segal, M. (2015). Stress in Utero: prenatal
programming of brain plasticity and cognition. Biol. Psychiatry 78, 315-326.
doi: 10.1016/j.biopsych.2015.02.036

Bose, R., Moors, M., Tofighi, R., Cascante, A., Hermanson, O., and Ceccatelli, S.
(2010). Glucocorticoids induce long-lasting effects in neural stem cells resulting
in senescence-related alterations. Cell Death Dis. 1, €92-€99. doi: 10.1038/cddjis.
2010.60

Bose, R., Spulber, S., Kilian, P., Heldring, N., Lonnerberg, P., Johnsson, A.,
et al. (2015). Tet3 mediates stable glucocorticoid-induced alterations in DNA
methylation and Dnmt3a/DKkkl expression in neural progenitors. Cell Death
Dis. 6, 1-8. doi: 10.1038/cddis.2015.159

Brunson, K. L., Kramér, E., Lin, B., Chen, Y., Colgin, L. L., Yanagihara, T. K.,
et al. (2005). Mechanisms of late-onset cognitive decline after early-life stress.
J. Neurosci. 25, 9328-9338. doi: 10.1523/JNEUROSCI.2281-05.2005

Buske, C., and Gerlai, R. (2011). Early embryonic ethanol exposure impairs
shoaling and the dopaminergic and serotoninergic systems in adult zebrafish.
Neurotoxicol. Teratol. 33, 698-707. doi: 10.1016/j.ntt.2011.05.009

Bustamante, A. C., Aiello, A. E., Galea, S., Ratanatharathorn, A., Noronha, C.,
Wildman, D. E., et al. (2016). Glucocorticoid receptor DNA methylation,
childhood maltreatment and major depression. J. Affect. Disord. 206, 181-188.
doi: 10.1016/j.jad.2016.07.038

Cachat, J., Stewart, A., Grossman, L., Gaikwad, S., Kadri, F., Chung, K. M., et al.
(2010). Measuring behavioral and endocrine responses to novelty stress in adult
zebrafish. Nat. Protoc. 5, 1786-1799. doi: 10.1038/nprot.2010.140

Cadoret, R., Yates, W. R, Troughton, E., Woodworth, G., and Stewart, M. A.
(1995). Adoption study demonstrating two genetic pathways to drug abuse.
Arch. Gen. Psychiatry 52, 42-52. doi: 10.1001/archpsyc.1995.03950130042005

Cameron, H. A, Tanapat, P., and Gould, E. (1997). Adrenal steroids and N-methyl-
D-aspartate receptor activation regulate neurogenesis in the dentate gyrus of
adult rats through a common pathway. Neuroscience 82, 349-354. doi: 10.1016/
S0306-4522(97)00303-5

Carballedo, A., Lisiecka, D., Fagan, A., Saleh, K., Ferguson, Y., Connolly, G.,
et al. (2012). Early life adversity is associated with brain changes in subjects at
family risk for depression. World J. Biol. Psychiatry 13, 569-578. doi: 10.3109/
15622975.2012.661079

Carrefio Gutiérrez, H., Colanesi, S., Cooper, B., Reichmann, F., Young, A. M. ],
Kelsh, R. N, et al. (2019). Endothelin neurotransmitter signalling controls
zebrafish social behaviour. Sci. Rep. 9, 1-17. doi: 10.1038/541598-019-39907-7

Carrefio Gutiérrez, H., Vacca, I, Pons, A. I, and Norton, W. H. J. (2018).
Automatic quantification of juvenile zebrafish aggression. J. Neurosci. Methods
296, 23-31. doi: 10.1016/j.jneumeth.2017.12.012

Castillo-Gémez, E., Pérez-Rando, M., Bellés, M., Gilabert-Juan, J., Llorens,
J. V., Carceller, H., et al. (2017). Early social isolation stress and perinatal
nmda receptor antagonist treatment induce changes in the structure and
neurochemistry of inhibitory neurons of the adult amygdala and prefrontal
cortex. eNeuro 4$ENEURO.34-ENEURO.17. doi: 10.1523/ENEURO.0034-17.
2017

Castillo-Ramirez, L. A., Ryu, S., and De Marco, R. J. (2019). Active behaviour
during early development shapes glucocorticoid reactivity. Sci. Rep. 9, 1-9.
doi: 10.1038/541598-019-49388-3

Charmandari, E., Tsigos, C., and Chrousos, G. (2004). Endocrinology of the stress
response. Annu. Rev. Physiol. 67, 259-284. doi: 10.1146/annurev.physiol.67.
040403.120816

Chattarji, S., Tomar, A., Suvrathan, A., Ghosh, S., and Rahman, M. M. (2015).
Neighborhood matters: divergent patterns of stress-induced plasticity across the
brain. Nat. Neurosci. 18, 1364-1375. doi: 10.1038/nn.4115

Chen, Y., and Baram, T. Z. (2016). Toward understanding how early-
life stress reprograms cognitive and emotional brain networks.
Neuropsychopharmacology 41, 197-206. doi: 10.1038/npp.2015.181

Chrousos, G. P. (2009). Stress and disorders of the stress system. Nat. Rev.
Endocrinol. 5, 374-381. doi: 10.1038/nrendo.2009.106

Clark, K. J., Boczek, N. J., and Ekker, S. C. (2011). Stressing zebrafish for behavioral
genetics. Rev. Neurosci. 22, 49-62. doi: 10.1038/jid.2014.371

Clarren, S., Halliwell, C., Werk, C., Sebaldt, R., Petrie, A., Lilley, C., et al. (2015).
Using a common form for consistent collection and reporting of FASD data
from across canada: a feasibility study. J Popul. Ther. Clin. Pharmacol. 22,
211-228.

Cottrell, E. C,, and Seckl, J. R. (2009). Prenatal stress, glucocorticoids and the
programming of adult disease. Front. Behav. Neurosci. 3:19. doi: 10.3389/neuro.
08.019.2009

D’Agostino, S., Testa, M., Aliperti, V., Venditti, M., Minucci, S., Aniello, F., et al.
(2019). Expression pattern dysregulation of stress- and neuronal activity-related
genes in response to prenatal stress paradigm in zebrafish larvae. Cell Stress
Chaperones 24, 1005-1012. doi: 10.1007/s12192-019-01017-8

Dai, Y. J, Jia, Y. F.,, Chen, N,, Bian, W. P, Li, Q. K., Ma, Y. B,, et al. (2014).
Zebrafish as a model system to study toxicology. Environ. Toxicol. Chem. 33,
11-17. doi: 10.1002/etc.2406

Danese, A., and McEwen, B. S. (2012). Adverse childhood experiences, allostasis,
allostatic load, and age-related disease. Physiol. Behav. 106, 29-39. doi: 10.1016/
j.physbeh.2011.08.019

De Kloet, E. R., Joéls, M., and Holsboer, F. (2005). Stress and the brain: from
adaptation to disease. Nat. Rev. Neurosci. 6, 463-475. doi: 10.1038/nrn1683

De Marco, R. J., Groneberg, A. H., Yeh, C. M., Castillo Ramirez, L. A., and Ryu,
S. (2013). Optogenetic elevation of endogenous glucocorticoid level in larval
zebrafish. Front. Neural Circuits 7:82. doi: 10.3389/fncir.2013.00082

De Marco, R. J., Groneberg, A. H., Yeh, C. M., Trevino, M., and Ryu, S. (2014).
The behavior of larval zebrafish reveals stressor-mediated anorexia during early
vertebrate development. Front. Behav. Neurosci. 8:367. doi: 10.3389/fnbeh.2014.
00367

De Marco, R. J., Thiemann, T., Groneberg, A. H., Herget, U., and Ryu, S. (2016).
Optogenetically enhanced pituitary corticotroph cell activity post-stress onset
causes rapid organizing effects on behaviour. Nat. Commun. 7:12620. doi: 10.
1038/ncomms12620

De Pasquale, C., Neuberger, T., Hirrlinger, A. M., and Braithwaite, V. A. (2016).
The influence of complex and threatening environments in early life on brain
size and behaviour. Proc. R. Soc. B Biol. Sci. 283:20152564. doi: 10.1098/rspb.
2015.2564

Deichmann, U. (2020). The social construction of the social epigenome and the
larger biological context. Epigenet. Chromatin 13, 1-14. doi: 10.1186/s13072-
020-00360-w

Derks, N. A., Krugers, H. J., Hoogenraad, C. C., Joéls, M., and Sarabdjitsingh, R. A.
(2017). Effects of early life stress on rodent hippocampal synaptic plasticity: a
systematic review. Curr. Opin. Behav. Sci. 14, 155-166. doi: 10.1016/j.cobeha.
2017.03.005

Di Segni, M., Andolina, D., and Ventura, R. (2018). Long-term effects of early
environment on the brain: lesson from rodent models. Semin. Cell Dev. Biol.
77, 81-92. doi: 10.1016/j.semcdb.2017.09.039

Di Stefano, V., Wang, B., Parobchak, N., Roche, N., and Rosen, T. (2015). RelB/p52-
mediated NF-kB signaling alters histone acetylation to increase the abundance
of corticotropin-releasing hormone in human placenta. Sci. Signal. 8:ra85. doi:
10.1126/scisignal.aaa9806

Dong, E., Dzitoyeva, S. G., Matrisciano, F., Tueting, P., Grayson, D. R, and
Guidotti, A. (2015). Brain-derived neurotrophic factor epigenetic modifications
associated with schizophrenia-like phenotype induced by prenatal stress
in mice. Biol. Psychiatry 77, 589-596. doi: 10.1016/j.biopsych.2014.
08.012

Doom, J. R., and Gunnar, M. R. (2015). “ Stress in infancy and early childhood:
effects on development,” in International Encyclopedia of the Social & Behavioral
Sciences, 2nd Edn, ed. J. Wright (Amsterdam: Elsevier Inc), 577-582. doi: 10.
1016/B978-0-08-097086-8.23012-2

Dreosti, E., Lopes, G., Kampff, A. R., and Wilson, S. W. (2015). Development of
social behavior in young zebrafish. Front. Neural Circuits 9:39. doi: 10.3389/
fncir.2015.00039

Eachus, H., and Cunliffe, V. T. (2018). “Biological embedding of psychosocial stress
over the life course,” in Epigenetics of Aging and Longevity, eds A. M. Vaiserman
and A. Moskalev (Amsterdam: Elsevier Science), 251-270. doi: 10.1016/b978-
0-12-811060-7.00012-7

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 657591


https://doi.org/10.1038/srep40905
https://doi.org/10.1038/srep40905
https://doi.org/10.1111/j.1365-3016.2008.00951.x
https://doi.org/10.1111/j.1365-3016.2008.00951.x
https://doi.org/10.1038/npp.2015.252
https://doi.org/10.1016/j.biopsych.2015.02.036
https://doi.org/10.1038/cddis.2010.60
https://doi.org/10.1038/cddis.2010.60
https://doi.org/10.1038/cddis.2015.159
https://doi.org/10.1523/JNEUROSCI.2281-05.2005
https://doi.org/10.1016/j.ntt.2011.05.009
https://doi.org/10.1016/j.jad.2016.07.038
https://doi.org/10.1038/nprot.2010.140
https://doi.org/10.1001/archpsyc.1995.03950130042005
https://doi.org/10.1016/S0306-4522(97)00303-5
https://doi.org/10.1016/S0306-4522(97)00303-5
https://doi.org/10.3109/15622975.2012.661079
https://doi.org/10.3109/15622975.2012.661079
https://doi.org/10.1038/s41598-019-39907-7
https://doi.org/10.1016/j.jneumeth.2017.12.012
https://doi.org/10.1523/ENEURO.0034-17.2017
https://doi.org/10.1523/ENEURO.0034-17.2017
https://doi.org/10.1038/s41598-019-49388-3
https://doi.org/10.1146/annurev.physiol.67.040403.120816
https://doi.org/10.1146/annurev.physiol.67.040403.120816
https://doi.org/10.1038/nn.4115
https://doi.org/10.1038/npp.2015.181
https://doi.org/10.1038/nrendo.2009.106
https://doi.org/10.1038/jid.2014.371
https://doi.org/10.3389/neuro.08.019.2009
https://doi.org/10.3389/neuro.08.019.2009
https://doi.org/10.1007/s12192-019-01017-8
https://doi.org/10.1002/etc.2406
https://doi.org/10.1016/j.physbeh.2011.08.019
https://doi.org/10.1016/j.physbeh.2011.08.019
https://doi.org/10.1038/nrn1683
https://doi.org/10.3389/fncir.2013.00082
https://doi.org/10.3389/fnbeh.2014.00367
https://doi.org/10.3389/fnbeh.2014.00367
https://doi.org/10.1038/ncomms12620
https://doi.org/10.1038/ncomms12620
https://doi.org/10.1098/rspb.2015.2564
https://doi.org/10.1098/rspb.2015.2564
https://doi.org/10.1186/s13072-020-00360-w
https://doi.org/10.1186/s13072-020-00360-w
https://doi.org/10.1016/j.cobeha.2017.03.005
https://doi.org/10.1016/j.cobeha.2017.03.005
https://doi.org/10.1016/j.semcdb.2017.09.039
https://doi.org/10.1126/scisignal.aaa9806
https://doi.org/10.1126/scisignal.aaa9806
https://doi.org/10.1016/j.biopsych.2014.08.012
https://doi.org/10.1016/j.biopsych.2014.08.012
https://doi.org/10.1016/B978-0-08-097086-8.23012-2
https://doi.org/10.1016/B978-0-08-097086-8.23012-2
https://doi.org/10.3389/fncir.2015.00039
https://doi.org/10.3389/fncir.2015.00039
https://doi.org/10.1016/b978-0-12-811060-7.00012-7
https://doi.org/10.1016/b978-0-12-811060-7.00012-7
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Eachus et al.

Zebrafish Early Life Stress Model

Eachus, H., Bright, C., Cunliffe, V. T, Placzek, M., Wood, J. D., and Watt, P. J.
(2017). Disrupted-in-Schizophrenia-1 is essential for normal hypothalamic-
pituitary-interrenal (HPI) axis function. Hum. Mol. Genet. 26, 1992-2005. doi:
10.1093/hmg/ddx076

Earnheart, J. C., Schweizer, C., Crestani, F., Iwasato, T., Itohara, S., Mohler, H.,
et al. (2007). GABAergic control of adult hippocampal neurogenesis in relation
to behavior indicative of trait anxiety and depression states. J. Neurosci. 27,
3845-3854. doi: 10.1523/J]NEUROSCI.3609-06.2007

Egan, R. ], Bergner, C. L., Hart, P. C., Cachat, J. M., Canavello, P. R,, Elegante,
M. F,, et al. (2009). Understanding behavioral and physiological phenotypes of
stress and anxiety in zebrafish. Behav. Brain Res. 205, 38-44. doi: 10.1016/j.bbr.
2009.06.022

Engeszer, R. E., Barbiano, L., Ryan, M. J., and Parichy, D. M. (2007). Timing and
plasticity of shoaling behaviour in the zebrafish, Danio rerio. Anim. Behav. 74,
1269-1275.

Facchinello, N., Skobo, T., Meneghetti, G., Colletti, E., Dinarello, A., Tiso, N.,
et al. (2017). Nr3cl null mutant zebrafish are viable and reveal DNA-binding-
independent activities of the glucocorticoid receptor. Sci. Rep. 7, 1-13. doi:
10.1038/s41598-017-04535-6

Fan, X., Hou, T., Sun, T., Zhu, L., Zhang, S., Tang, K., et al. (2019). Starvation stress
affects the maternal development and larval fitness in zebrafish (Danio rerio).
Sci. Total Environ. 695:133897. doi: 10.1016/j.scitotenv.2019.133897

Faught, E., and Vijayan, M. M. (2018). The mineralocorticoid receptor is essential
for stress axis regulation in zebrafish larvae. Sci. Rep. 8:18081.

Faustino, A. 1., Tacio-Monteiro, A., and Oliveira, R. F. (2017). Mechanisms of
social buffering of fear in zebrafish. Sci. Rep. 7, 1-10. doi: 10.1038/srep44329
Fernandes, Y., and Gerlai, R. (2009). Long-term behavioral changes in response to
early developmental exposure to ethanol in Zebrafish. Alcohol. Clin. Exp. Res.

33, 601-609. doi: 10.1111/§.1530-0277.2008.00874.x

Fernandes, Y., Rampersad, M., and Eberhart, J. K. (2019a). Social behavioral
phenotyping of the zebrafish casper mutant following embryonic alcohol
exposure. Behav. Brain Res. 356, 46-50. doi: 10.1016/j.bbr.2018.08.004

Fernandes, Y., Rampersad, M., and Gerlai, R. (2015). Embryonic alcohol exposure
impairs the dopaminergic system and social behavioral responses in adult
Zebrafish. Int. J. Neuropsychopharmacol. 18, 1-8. doi: 10.1093/ijnp/pyu089

Fernandes, Y., Rampersad, M., Jones, E. M., and Eberhart, J. K. (2019b). Social
deficits following embryonic ethanol exposure arise in post-larval zebrafish.
Addict. Biol. 24, 898-907. doi: 10.1111/adb.12649

Flagstad, P., Mork, A., Glenthej, B. Y., Van Beek, J., Michael-Titus, A. T,
and Didriksen, M. (2004). Disruption of neurogenesis on gestational day
17 in the rat causes behavioral changes relevant to positive and negative
schizophrenia symptoms and alters amphetamine-induced dopamine release in
nucleus accumbens. Neuropsychopharmacology 29, 2052-2064. doi: 10.1038/s;j.
npp.1300516

Fontana, B. D., Gibbon, A. J., Cleal, M., Norton, W. H. J., and Parker, M. O.
(2020). Chronic unpredictable early-life stress (CUELS) protocol: early-life
stress changes anxiety levels of adult zebrafish. Prog. Neuro Psychopharmacol.
Biol. Psychiatry 108:110087. doi: 10.1016/j.pnpbp.2020.110087

Fontana, B. D., Gibbon, A. J., Cleal, M., Sudwarts, A., Pritchett, D., Miletto
Petrazzini, M. E., et al. (2021). Moderate early life stress improves adult
zebrafish (Danio rerio) working memory but does not affect social and anxiety-
like responses. Dev. Psychobiol. 63, 54-64. doi: 10.1002/dev.21986

Francis, D., Diorio, ., Liu, D., and Meaney, M. (1999). Nongenomic transmission
across generations of maternal behavior and stress responses in the rat. Science
286, 1155-1158. doi: 10.1126/science.286.5442.1155

Franklin, T. B., Linder, N., Russig, H., Thony, B., and Mansuy, I. M. (2011).
Influence of early stress on social abilities and serotonergic functions across
generations in mice. PLoS One 6:€21842. doi: 10.1371/journal.pone.0021842

Franklin, T. B., Russig, H., Weiss, I. C., Grff, J., Linder, N., Michalon, A, et al.
(2010). Epigenetic transmission of the impact of early stress across generations.
Biol. Psychiatry 68, 408-415. doi: 10.1016/j.biopsych.2010.05.036

Fulcher, N., Tran, S., Shams, S., Chatterjee, D., and Gerlai, R. (2017).
Neurochemical and behavioral responses to unpredictable chronic mild
stress following developmental isolation: the zebrafish as a model for major
depression. Zebrafish 14, 23-34. doi: 10.1089/zeb.2016.1295

Fumagalli, F., Molteni, R., Racagni, G., and Riva, M. A. (2007). Stress during
development: impact on neuroplasticity and relevance to psychopathology.
Prog. Neurobiol. 81, 197-217. doi: 10.1016/j.pneurobio.2007.01.002

Gassen, N. C,, Fries, G. R, Zannas, A. S., Hartmann, J., Zschocke, J., Hafner,
K., et al. (2015). Chaperoning epigenetics: FKBP51 decreases the activity of
DNMT1 and mediates epigenetic effects of the antidepressant paroxetine. Sci.
Signal 8:ral19. doi: 10.1126/scisignal.aac7695

Gertz, J., Varley, K. E., Reddy, T. E., Bowling, K. M., Pauli, F., Parker, S. L.,
etal. (2011). Analysis of DNA methylation in a three-generation family reveals
widespread genetic influence on epigenetic regulation. PLoS Genet. 7:¢1002228.
doi: 10.1371/journal.pgen.1002228

Golla, A., @stby, H., and Kermen, F. (2020). Chronic unpredictable stress induces
anxiety-like behaviors in young zebrafish. Sci. Rep. 10, 1-10. doi: 10.1038/
541598-020-67182-4

Gracia-Rubio, 1., Moscoso-Castro, M., Pozo, O. J., Marcos, J., Nadal, R., and
Valverde, O. (2016). Maternal separation induces neuroinflammation and long-
lasting emotional alterations in mice. Prog. Neuro Psychopharmacol. Biol.
Psychiatry 65, 104-117. doi: 10.1016/j.pnpbp.2015.09.003

Green, J., Collins, C., Kyzar, E. J., Pham, M., Roth, A., Gaikwad, S., et al.
(2012). Automated high-throughput neurophenotyping of zebrafish social
behavior. J. Neurosci. Methods 210, 266-271. doi: 10.1016/j.jneumeth.201
2.07.017

Griffiths, B., Schoonheim, P. J., Ziv, L., Voelker, L., Baier, H., and Gahtan, E. (2012).
A zebrafish model of glucocorticoid resistance shows serotonergic modulation
of the stress response. Front. Behav. Neurosci. 6:68. doi: 10.3389/fnbeh.2012.
00068

Groneberg, A. H., Herget, U, Ryu, S., and De Marco, R. J. (2015). Positive taxis
and sustained responsiveness to water motions in larval zebrafish. Front. Neural
Circuits 9:9. doi: 10.3389/fncir.2015.00009

Groneberg, A. H., Marques, J. C., Martins, A. L., Diez, del Corral, R., de Polavieja,
G. G, et al. (2020). Early-Life Social Experience Shapes Social Avoidance
Reactions in Larval Zebrafish. Curr. Biol 30, 4009-4021.e4.

Grunwald, D. J., and Eisen, J. S. (2002). Headwaters of the zebrafish — emergence
of a new model vertebrate. Nat. Rev. Genet. 3, 717-724. doi: 10.1038/nrg891
Gutierrez-Triana, J. A., Herget, U., Castillo-Ramirez, L. A., Lutz, M., Yeh, C. M.,
De Marco, R. J., et al. (2015). Manipulation of interrenal cell function in
developing zebrafish using genetically targeted ablation and an optogenetic tool.

Endocrinology 156, 3394-3401. doi: 10.1210/EN.2015-1021

Hall, Z. J., and Tropepe, V. (2018). Movement maintains forebrain neurogenesis
via peripheral neural feedback in larval zebrafish. Elife 7, 1-23. doi: 10.7554/
eLife.31045

Heim, C., and Binder, E. B. (2012). Current research trends in early life
stress and depression: Review of human studies on sensitive periods, gene-
environment interactions, and epigenetics. Exp. Neurol. 233, 102-111. doi:
10.1016/j.expneurol.2011.10.032

Heim, C., and Nemeroff, C. B. (2001). The role of childhood trauma in the
neurobiology of mood and anxiety disorders: preclinical and clinical studies.
Biol. Psychiatry 49, 1023-1039. doi: 10.1016/S0006-3223(01)01157-X

Herget, U, Wolf, A, Wullimann, M. F,, and Ryu, S. (2014). Molecular
neuroanatomy and chemoarchitecture of the neurosecretory preoptic-
hypothalamic area in zebrafish larvae. J. Comp. Neurol. 522, 1542-1564. doi:
10.1002/cne.23480

Higuchi, M. (2020). Maternal stress suppresses cell proliferation in the forebrain of
zebrafish larvae. Genes Cells 25, 350-357. doi: 10.1111/gtc.12761

Hill, A. J., Teraoka, H., Heideman, W., and Peterson, R. E. (2005). Zebrafish as
a model vertebrate for investigating chemical toxicity. Toxicol. Sci. 86, 6-19.
doi: 10.1093/toxsci/kfil110

Holtzman, N. G., Kathryn Iovine, M., Liang, J. O., and Morris, J. (2016). Learning
to fish with genetics: a primer on the vertebrate model Danio rerio. Genetics 203,
1069-1089. doi: 10.1534/genetics.116.190843

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M.,
et al. (2013). The zebrafish reference genome sequence and its relationship to
the human genome. Nature 496, 498-503. doi: 10.1038/nature12111

Hulshof, H. J., Novati, A., Sgoifo, A., Luiten, P. G. M., Den Boer, J. A., and Meerlo,
P. (2011). Maternal separation decreases adult hippocampal cell proliferation
and impairs cognitive performance but has little effect on stress sensitivity and
anxiety in adult Wistar rats. Behav. Brain Res. 216, 552-560. doi: 10.1016/j.bbr.
2010.08.038

Huot, R. L., Plotsky, P. M., Lenox, R. H., and McNamara, R. K. (2002). Neonatal
maternal separation reduces hippocampal mossy fiber density in adult Long
Evans rats. Brain Res. 950, 52-63. doi: 10.1016/S0006-8993(02)02985-2

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 657591


https://doi.org/10.1093/hmg/ddx076
https://doi.org/10.1093/hmg/ddx076
https://doi.org/10.1523/JNEUROSCI.3609-06.2007
https://doi.org/10.1016/j.bbr.2009.06.022
https://doi.org/10.1016/j.bbr.2009.06.022
https://doi.org/10.1038/s41598-017-04535-6
https://doi.org/10.1038/s41598-017-04535-6
https://doi.org/10.1016/j.scitotenv.2019.133897
https://doi.org/10.1038/srep44329
https://doi.org/10.1111/j.1530-0277.2008.00874.x
https://doi.org/10.1016/j.bbr.2018.08.004
https://doi.org/10.1093/ijnp/pyu089
https://doi.org/10.1111/adb.12649
https://doi.org/10.1038/sj.npp.1300516
https://doi.org/10.1038/sj.npp.1300516
https://doi.org/10.1016/j.pnpbp.2020.110087
https://doi.org/10.1002/dev.21986
https://doi.org/10.1126/science.286.5442.1155
https://doi.org/10.1371/journal.pone.0021842
https://doi.org/10.1016/j.biopsych.2010.05.036
https://doi.org/10.1089/zeb.2016.1295
https://doi.org/10.1016/j.pneurobio.2007.01.002
https://doi.org/10.1126/scisignal.aac7695
https://doi.org/10.1371/journal.pgen.1002228
https://doi.org/10.1038/s41598-020-67182-4
https://doi.org/10.1038/s41598-020-67182-4
https://doi.org/10.1016/j.pnpbp.2015.09.003
https://doi.org/10.1016/j.jneumeth.2012.07.017
https://doi.org/10.1016/j.jneumeth.2012.07.017
https://doi.org/10.3389/fnbeh.2012.00068
https://doi.org/10.3389/fnbeh.2012.00068
https://doi.org/10.3389/fncir.2015.00009
https://doi.org/10.1038/nrg891
https://doi.org/10.1210/EN.2015-1021
https://doi.org/10.7554/eLife.31045
https://doi.org/10.7554/eLife.31045
https://doi.org/10.1016/j.expneurol.2011.10.032
https://doi.org/10.1016/j.expneurol.2011.10.032
https://doi.org/10.1016/S0006-3223(01)01157-X
https://doi.org/10.1002/cne.23480
https://doi.org/10.1002/cne.23480
https://doi.org/10.1111/gtc.12761
https://doi.org/10.1093/toxsci/kfi110
https://doi.org/10.1534/genetics.116.190843
https://doi.org/10.1038/nature12111
https://doi.org/10.1016/j.bbr.2010.08.038
https://doi.org/10.1016/j.bbr.2010.08.038
https://doi.org/10.1016/S0006-8993(02)02985-2
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Eachus et al.

Zebrafish Early Life Stress Model

Ivy, C. M., Robertson, C. E., and Bernier, N. J. (2017). Acute embryonic anoxia
exposure favours the development of a dominant and aggressive phenotype in
adult zebrafish. Proc. R. Soc. B Biol. Sci. 284:20161868. doi: 10.1098/rspb.2016.
1868

Jane Garland, E., Kutcher, S., Virani, A., and Elbe, D. (2016). Update on the use
of SSRIs and SNRIs with children and adolescents in clinical practice. J. Can.
Acad. Child Adolesc. 25, 4-10.

Joya, X., Garcia-Algar, O., Vall, O., and Pujades, C. (2014). Transient exposure
to ethanol during zebrafish embryogenesis results in defects in neuronal
differentiation: an alternative model system to study fasd. PLoS One 9:e112851.
doi: 10.1371/journal.pone.0112851

Kalueff, A. V., Gebhardt, M., Stewart, A. M., Cachat, J. M., Brimmer, M., Chawla,
J. S., et al. (2013). Towards a comprehensive catalog of zebrafish behavior 1.0
and beyond. Zebrafish 10, 70-86. doi: 10.1089/zeb.2012.0861

Kang, H.-J,, Kim, J.-M., Stewart, R., Kim, S.-Y., Bae, K.-Y., Kim, S.-W,, et al.
(2013). Association of SLC6A4 methylation with early adversity, characteristics
and outcomes in depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 44,
23-28. doi: 10.1016/j.pnpbp.2013.01.006

Karpenko, S., Wolf, S., Lafaye, J., Le Goc, G., Panier, T., Bormuth, V., et al. (2020).
From behavior to circuit modeling of light-seeking navigation in zebrafish
larvae. Elife 9, 1-24. doi: 10.7554/eLife.52882

Kendler, K. S., and Eaves, L. J. (1986). Models for the joint effect of genotype and
environment on liability to psychiatric illness. Am. J. Psychiatry 143, 279-289.
doi: 10.1176/ajp.143.3.279

Kessler, R. C., McLaughlin, K. A., Green, J. G., Gruber, M. J., Sampson, N. A,,
Zaslavsky, A. M., etal. (2010). Childhood adversities and adult psychopathology
in the WHO world mental health surveys. Br. J. Psychiatry 197, 378-385. doi:
10.1192/bjp.bp.110.080499

Khor, Y. M,, Soga, T., and Parhar, I. S. (2013). Caffeine neuroprotects against
dexamethasone-induced anxiety-like behaviour in the Zebrafish (Danio rerio).
Gen. Comp. Endocrinol. 181, 310-315. doi: 10.1016/j.ygcen.2012.09.021

Kinch, C. D., Ibhazehiebo, K., Jeong, J. H., Habibi, H. R., and Kurrasch, D. M.
(2015). Low-dose exposure to bisphenol a and replacement bisphenol S induces
precocious hypothalamic neurogenesis in embryonic zebrafish. Proc. Natl.
Acad. Sci. U.S.A. 112, 1475-1480. doi: 10.1073/pnas.1417731112

Kino, T. (2015). Stress, glucocorticoid hormones, and hippocampal neural
progenitor cells: implications to mood disorders. Front. Physiol. 6:230. doi:
10.3389/fphys.2015.00230

Klengel, T., and Binder, E. B. (2015). Epigenetics of stress-related psychiatric
disorders and gene x environment interactions. Neuron 86, 1343-1357. doi:
10.1016/j.neuron.2015.05.036

Klengel, T., Mehta, D., Anacker, C., Rex-Haffner, M., Pruessner, J. C., Pariante,
C. M, etal. (2013). Allele-specific FKBP5 DNA demethylation mediates gene-
childhood trauma interactions. Nat. Neurosci. 16, 33-41. doi: 10.1038/nn.3275

Koe, A. S., Ashokan, A., and Mitra, R. (2016). Short environmental enrichment in
adulthood reverses anxiety and basolateral amygdala hypertrophy induced by
maternal separation. Transl. Psychiatry 6, 1-7. doi: 10.1038/tp.2015.217

Korosi, A., Naninck, E. F. G., Oomen, C. A., Schouten, M., Krugers, H., Fitzsimons,
C., etal. (2012). Early-life stress mediated modulation of adult neurogenesis and
behavior. Behav. Brain Res. 227, 400-409. doi: 10.1016/j.bbr.2011.07.037

Krontira, A. C., Cruceanu, C., and Binder, E. B. (2020). Glucocorticoids as
mediators of adverse outcomes of prenatal stress. Trends Neurosci. 43, 394-405.
doi: 10.1016/j.tins.2020.03.008

Krug, I. G., Poshusta, T. L., Skuster, K. J., Berg, M. R., Gardner, S. L., and Clark, K. J.
(2014). A transgenic zebrafish model for monitoring glucocorticoid receptor
activity. Genes, Brain Behav. 13, 478-487. doi: 10.1111/gbb.12135

Kumari, Y., Choo, B., Shaikh, M., and Othman, 1. (2019). Melatonin receptor
agonist Piper betle L. ameliorates dexamethasone-induced early life stress
in adult zebrafish. Exp. Ther. Med. 18, 1407-1416. doi: 10.3892/etm.20
19.7685

Lajud, N., and Torner, L. (2015). Early life stress and hippocampal neurogenesis
in the neonate: sexual dimorphism, long term consequences and possible
mediators. Front. Mol. Neurosci. 8:3. doi: 10.3389/fnmol.2015.00003

Lajud, N., Roque, A., Cajero, M., Gutiérrez-Ospina, G., and Torner, L. (2012).
Periodic maternal separation decreases hippocampal neurogenesis without
affecting basal corticosterone during the stress hyporesponsive period, but alters
HPA axis and coping behavior in adulthood. Psychoneuroendocrinology 37,
410-420. doi: 10.1016/j.psyneuen.2011.07.011

Lanfumey, L., Mongeau, R, Cohen-Salmon, C., and Hamon, M. (2008).
Corticosteroid-serotonin interactions in the neurobiological mechanisms of
stress-related disorders. Neurosci. Biobehav. Rev. 32, 1174-1184. doi: 10.1016/
j-neubiorev.2008.04.006

Lappalainen, T., and Greally, J. M. (2017). Associating cellular epigenetic models
with human phenotypes. Nat. Rev. Genet. 18, 441-451. doi: 10.1038/nrg.
2017.32

Lee, H. B., Schwab, T. L., Sigafoos, A. N., Gauerke, J. L., Krug, R. G., Serres,
M. K. R, et al. (2019). Novel zebrafish behavioral assay to identify modifiers
of the rapid, nongenomic stress response. Genes, Brain Behav. 18, 1-16. doi:
10.1111/gbb.12549

Lee, O., Green, J. M., and Tyler, C. R. (2015). Transgenic fish systems and their
application in ecotoxicology. Crit. Rev. Toxicol. 45, 124-141. doi: 10.3109/
10408444.2014.965805

Lemaire, V., Koehl, M., Le Moal, M., and Abrous, D. N. (2000). Prenatal stress
produces learning deficits associated with an inhibition of neurogenesis in the
hippocampus. Proc. Natl. Acad. Sci. U.S.A. 97, 11032-11037. doi: 10.1073/pnas.
97.20.11032

Lemaire, V., Lamarque, S., Le Moal, M., Piazza, P. V., and Abrous, D. N. (2006).
Postnatal stimulation of the pups counteracts prenatal stress-induced deficits
in hippocampal neurogenesis. Biol. Psychiatry 59, 786-792. doi: 10.1016/].
biopsych.2005.11.009

Li, M., Zhao, L., Patrick, P.-M., and Chen, W. (2016). Zebrafish genome
engineering using the CRISPR-Cas9 system. Trends Genet. 32, 815-827. doi:
10.1016/j.tig.2016.10.005.Zebrafish

Lindsey, B. W., and Tropepe, V. (2014). Changes in the social environment induce
neurogenic plasticity predominantly in niches residing in sensory structures
of the zebrafish brain independently of cortisol levels. Dev. Neurobiol. 74,
1053-1077. doi: 10.1002/dneu.22183

Loi, M., Koricka, S., Lucassen, P. J., and Joéls, M. (2014). Age- and sex-dependent
effects of early life stress on hippocampal neurogenesis. Front. Endocrinol.
(Lausanne) 5:13. doi: 10.3389/fendo0.2014.00013

Loi, M., Mossink, J. C. L., Meerhoff, G. F., Den Blaauwen, J. L., Lucassen, P. J.,
and Joéls, M. (2017). Effects of early-life stress on cognitive function and
hippocampal structure in female rodents. Neuroscience 342, 101-119. doi: 10.
1016/j.neuroscience.2015.08.024

Lopez-Luna, J., Al-Jubouri, Q., Al-Nuaimy, W., and Sneddon, L. U. (2017). Impact
of stress, fear and anxiety on the nociceptive responses of larval zebrafish. PLoS
One 12:e0181010. doi: 10.1371/journal.pone.0181010

Lucassen, P.]., Oomen, C. A., Naninck, E. F. G,, Fitzsimons, C. P., van Dam, A.-M.,
Czeh, B., etal. (2015). Regulation of adult neurogenesis and plasticity by (Early)
stress, glucocorticoids, and inflammation. Cold Spring Harb. Perspect. Biol. 7,
a021303. doi: 10.1101/cshperspect.a021303

Lupien, S. J., McEwen, B. S., Gunnar, M. R., and Heim, C. (2009). Effects of
stress throughout the lifespan on the brain, behaviour and cognition. Nat. Rev.
Neurosci. 10, 434-445. doi: 10.1038/nrn2639

Maccari, S., Darnaudery, M., Morley-Fletcher, S., Zuena, A. R., Cinque, C., and Van
Reeth, O. (2003). Prenatal stress and long-term consequences: implications of
glucocorticoid hormones. Neurosci. Biobehav. Rev. 27, 119-127. doi: 10.1016/
S0149-7634(03)00014-9

Maccari, S., Krugers, H. J., Morley-Fletcher, S., Szyf, M., and Brunton, P. J. (2014).
The consequences of early-life adversity: Neurobiological, behavioural and
epigenetic adaptations. J. Neuroendocrinol. 26,707-723. doi: 10.1111/jne.12175

Mabhabir, S., Chatterjee, D., and Gerlai, R. (2014). Strain dependent neurochemical
changes induced by embryonic alcohol exposure in zebrafish. Neurotoxicol.
Teratol. 41, 1-7. doi: 10.1016/j.ntt.2013.11.001

Mirquez, C., Poirier, G. L., Cordero, M. L, Larsen, M. H., Groner, A., Marquis, J.,
et al. (2013). Peripuberty stress leads to abnormal aggression, altered amygdala
and orbitofrontal reactivity and increased prefrontal MAOA gene expression.
Transl. Psychiatry 3:€216. doi: 10.1038/tp.2012.144

Martisova, E., Solas, M., Horrillo, I., Ortega, J. E., Meana, J. J., Tordera, R. M.,
etal. (2012). Long lasting effects of early-life stress on glutamatergic/GABAergic
circuitry in the rat hippocampus. Neuropharmacology 62, 1944-1953. doi: 10.
1016/j.neuropharm.2011.12.019

Marzi, S. J., Leung, S. K., Ribarska, T., Hannon, E., Smith, A. R., Pishva, E,,
etal. (2018). A histone acetylome-wide association study of Alzheimer’s disease
identifies disease-associated H3K27ac differences in the entorhinal cortex. Nat.
Neurosci. 21, 1618-1627. doi: 10.1038/s41593-018-0253-7

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 657591


https://doi.org/10.1098/rspb.2016.1868
https://doi.org/10.1098/rspb.2016.1868
https://doi.org/10.1371/journal.pone.0112851
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1016/j.pnpbp.2013.01.006
https://doi.org/10.7554/eLife.52882
https://doi.org/10.1176/ajp.143.3.279
https://doi.org/10.1192/bjp.bp.110.080499
https://doi.org/10.1192/bjp.bp.110.080499
https://doi.org/10.1016/j.ygcen.2012.09.021
https://doi.org/10.1073/pnas.1417731112
https://doi.org/10.3389/fphys.2015.00230
https://doi.org/10.3389/fphys.2015.00230
https://doi.org/10.1016/j.neuron.2015.05.036
https://doi.org/10.1016/j.neuron.2015.05.036
https://doi.org/10.1038/nn.3275
https://doi.org/10.1038/tp.2015.217
https://doi.org/10.1016/j.bbr.2011.07.037
https://doi.org/10.1016/j.tins.2020.03.008
https://doi.org/10.1111/gbb.12135
https://doi.org/10.3892/etm.2019.7685
https://doi.org/10.3892/etm.2019.7685
https://doi.org/10.3389/fnmol.2015.00003
https://doi.org/10.1016/j.psyneuen.2011.07.011
https://doi.org/10.1016/j.neubiorev.2008.04.006
https://doi.org/10.1016/j.neubiorev.2008.04.006
https://doi.org/10.1038/nrg.2017.32
https://doi.org/10.1038/nrg.2017.32
https://doi.org/10.1111/gbb.12549
https://doi.org/10.1111/gbb.12549
https://doi.org/10.3109/10408444.2014.965805
https://doi.org/10.3109/10408444.2014.965805
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.1016/j.biopsych.2005.11.009
https://doi.org/10.1016/j.biopsych.2005.11.009
https://doi.org/10.1016/j.tig.2016.10.005.Zebrafish
https://doi.org/10.1016/j.tig.2016.10.005.Zebrafish
https://doi.org/10.1002/dneu.22183
https://doi.org/10.3389/fendo.2014.00013
https://doi.org/10.1016/j.neuroscience.2015.08.024
https://doi.org/10.1016/j.neuroscience.2015.08.024
https://doi.org/10.1371/journal.pone.0181010
https://doi.org/10.1101/cshperspect.a021303
https://doi.org/10.1038/nrn2639
https://doi.org/10.1016/S0149-7634(03)00014-9
https://doi.org/10.1016/S0149-7634(03)00014-9
https://doi.org/10.1111/jne.12175
https://doi.org/10.1016/j.ntt.2013.11.001
https://doi.org/10.1038/tp.2012.144
https://doi.org/10.1016/j.neuropharm.2011.12.019
https://doi.org/10.1016/j.neuropharm.2011.12.019
https://doi.org/10.1038/s41593-018-0253-7
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Eachus et al.

Zebrafish Early Life Stress Model

Matrisciano, F., Tueting, P., Dalal, I., Kadriu, B., Grayson, D. R., Davis, ]. M., et al.
(2013). Epigenetic modifications of GABAergic interneurons are associated
with the schizophrenia-like phenotype induced by prenatal stress in mice.
Neuropharmacology 68, 184-194. doi: 10.1016/j.neuropharm.2012.04.013

Maximino, C., de Brito, T. M., da Silva Batista, A. W., Herculano, A. M., Morato, S.,
and Gouveia, A. (2010). Measuring anxiety in zebrafish: a critical review. Behav.
Brain Res. 214, 157-171. doi: 10.1016/j.bbr.2010.05.031

May, P. A., Gossage, J. P., Kalberg, W. O., Robinson, L. K., Buckley, D., Manning,
M., et al. (2009). Prevalence and epidemiologic characteristics of FASD from
various research methods with an emphasis on recent in-school studies. Dev.
Disabil. Res. Rev. 15, 176-192. doi: 10.1002/ddrr.68

McCarthy-Jones, S., Oestreich, L. K. L., Lyall, A. E., Kikinis, Z., Newell, D. T.,
Savadjiev, P., et al. (2018). Childhood adversity associated with white matter
alteration in the corpus callosum, corona radiata, and uncinate fasciculus of
psychiatrically healthy adults. Brain Imaging Behav. 12, 449-458. doi: 10.1007/
s11682-017-9703-1

McEwen, B. S, Nasca, C., and Gray, J. D. (2016). Stress effects on
neuronal structure: hippocampus, amygdala, and prefrontal cortex.
Neuropsychopharmacology 41, 3-23. doi: 10.1038/npp.2015.171

McGowan, P. O., Sasaki, A., D’Alessio, A. C., Dymov, S., Labonté, B., Szyf, M., et al.
(2009). Epigenetic regulation of the glucocorticoid receptor in human brain
associates with childhood abuse. Nat. Neurosci. 12, 342-348. doi: 10.1038/nn.
2270

Mennes, M., Stiers, P., Lagae, L., and Van den Bergh, B. R. H. (2019). Antenatal
maternal anxiety modulates the BOLD response in 20-year-old men during
endogenous cognitive control. Brain Imaging Behav. 14, 830-846. doi: 10.1007/
s11682-018-0027-6

Molet, J., Maras, P. M., Avishai-Eliner, S., and Baram, T. Z. (2014). Naturalistic
rodent models of chronic early-life stress. Dev. Psychobiol. 56, 1675-1688. doi:
10.1002/dev.21230

Molet, J., Maras, P. M., Kinney-Lang, E., Harris, N. G., Rashid, F., Ivy, A. S, et al.
(2016). MRI uncovers disrupted hippocampal microstructure that underlies
memory impairments after early-life adversity. Hippocampus 26, 1618-1632.
doi: 10.1002/hipo.22661

Morbiato, E., Bilel, S., Tirri, M., Arfé, R., Fantinati, A., Savchuk, S., et al. (2019).
Feeding entrainment of the zebrafish circadian clock is regulated by the
glucocorticoid receptor. Cells 8:1342. doi: 10.3390/cells8111342

Nagpal, J., Herget, U., Choi, M. K, and Ryu, S. (2019). Anatomy, development, and
plasticity of the neurosecretory hypothalamus in zebrafish. Cell Tissue Res. 375,
5-22. doi: 10.1007/s00441-018-2900-4

Nair, A., Vadodaria, K. C., Banerjee, S. B., Benekareddy, M., Dias, B. G.,
Duman, R. S, et al. (2007). Stressor-specific regulation of distinct brain-
derived neurotrophic factor transcripts and cyclic AMP response element-
binding protein expression in the postnatal and adult rat hippocampus.
Neuropsychopharmacology 32, 1504-1519. doi: 10.1038/sj.npp.1301276

Nanni, V., Uher, R., and Danese, A. (2012). Childhood maltreatment predicts
unfavorable course of illness and treatment outcome in depression: a meta-
analysis. Am. J. Psychiatry 169, 141-151. doi: 10.1176/appi.ajp.2011.11020335

Nemeroff, C. B. (2016). Paradise lost: the neurobiological and clinical consequences
of child abuse and neglect. Neuron 89, 892-909. doi: 10.1016/j.neuron.2016
.01.019

Nesan, D., and Vijayan, M. M. (2013). Role of glucocorticoid in developmental
programming: evidence from zebrafish. Gen. Comp. Endocrinol. 181, 35-44.
doi: 10.1016/j.ygcen.2012.10.006

Oberlander, T. F., Grunau, R, Mayes, L., Riggs, W., Rurak, D., Papsdorf,
M., et al. (2008). Hypothalamic-pituitary—adrenal (HPA) axis function in
3-month old infants with prenatal selective serotonin reuptake inhibitor
(SSRI) antidepressant exposure. Early Hum. Dev. 84, 689-697. doi: 10.1016/j.
earlhumdev.2008.06.008.Hypothalamic

Odaka, H., Adachi, N., and Numakawa, T. (2017). Impact of glucocorticoid
on neurogenesis. Neural Regen. Res. 12, 1028-1035. doi: 10.4103/1673-5374.
211174

Oliveira, R. F., Silva, J. F., and Simdes, J. M. (2011). Fighting zebrafish:
Characterization of aggressive behavior and winner-loser effects. Zebrafish 8,
73-81. doi: 10.1089/zeb.2011.0690

Opel, N., Redlich, R., Zwanzger, P., Grotegerd, D., Arolt, V., Heindel, W, et al.
(2014). Hippocampal atrophy in major depression: A function of childhood

maltreatment rather than diagnosis. Neuropsychopharmacology 39, 2723-2731.
doi: 10.1038/npp.2014.145

Ord, J., Heath, P. R, Fazeli, A., and Watt, P. J. (2020). Paternal effects in a wild-
type zebrafish implicate a role of sperm-derived small RNAs. Mol. Ecol. 29,
2722-2735. doi: 10.1111/mec.15505

Orger, M. B, and De Polavieja, G. G. (2017). Zebrafish behavior: opportunities
and challenges. Annu. Rev. Neurosci. 40, 125-147. doi: 10.1146/annurev- neuro-
071714-033857

Ouellet-Morin, I., Wong, C. C. Y., Danese, A., Pariante, C. M., Papadopoulos,
A. S, Mill, J., et al. (2013). Increased serotonin transporter gene (SERT)
DNA methylation is associated with bullying victimization and blunted
cortisol response to stress in childhood: a longitudinal study of discordant
monozygotic twins. Psychol. Med. 43, 1813-1823. doi: 10.1017/S00332917
12002784

Palma-Gudiel, H., Cérdova-Palomera, A., Leza, J. C., and Fafands, L. (2015).
Glucocorticoid receptor gene (NR3C1) methylation processes as mediators of
early adversity in stress-related disorders causality: A critical review. Neurosci.
Biobehav. Rev. 55, 520-535. doi: 10.1016/j.neubiorev.2015.05.016

Panagiotidou, E., Zerva, S., Mitsiou, D. J., Alexis, M. N., and Kitraki, E. (2014).
Perinatal exposure to low-dose bisphenol A affects the neuroendocrine stress
response in rats. J. Endocrinol. 220, 207-218. doi: 10.1530/JOE-13-0416

Parker, M. O., Annan, L. V., Kanellopoulos, A. H., Brock, A. J., Combe, F. J.,
Baiamonte, M., et al. (2014). The utility of zebrafish to study the mechanisms
by which ethanol affects social behavior and anxiety during early brain
development. Prog. Neuro Psychopharmacol. Biol. Psychiatry 55, 94-100. doi:
10.1016/j.pnpbp.2014.03.011

Parolini, M., Ghilardi, A., De Felice, B., and Del Giacco, L. (2019). Environmental
concentration of fluoxetine disturbs larvae behavior and increases the defense
response at molecular level in zebrafish (Danio rerio). Environ. Sci. Pollut. Res.
26, 34943-34952. doi: 10.1007/s11356-019-06619-4

Pechtel, P., Lyons-Ruth, K., Anderson, C. M., and Teicher, M. H. (2014). Sensitive
periods of amygdala development: the role of maltreatment in preadolescence.
Neuroimage 97, 236-244. doi: 10.1016/j.neuroimage.2014.04.025

Portugues, R., Feierstein, C. E., Engert, F., and Orger, M. B. (2014). Whole-brain
activity maps reveal stereotyped, distributed networks for visuomotor behavior.
Neuron 19, 1328-1343. doi: 10.1126/science.1249098.Sleep

Provengal, N., Arloth, J., Cattaneo, A., Anacker, C., Cattane, N., Wiechmann, T.,
etal. (2020). Glucocorticoid exposure during hippocampal neurogenesis primes
future stress response by inducing changes in DNA methylation. Proc. Natl.
Acad. Sci. U.S.A. 117, 23280-23285. doi: 10.1073/pnas.1820842116

Pryce, C. R, Ritedi-Bettschen, D., Dettling, A. C., Weston, A., Russig, H., Ferger,
B., et al. (2005). Long-term effects of early-life environmental manipulations in
rodents and primates: Potential animal models in depression research. Neurosci.
Biobehav. Rev. 29, 649-674. doi: 10.1016/j.neubiorev.2005.03.011

Resmini, E., Santos, A., Aulinas, A., Webb, S. M., Vives-Gilabert, Y., Cox, O., et al.
(2016). Reduced DNA methylation of FKBP5 in Cushing’s syndrome. Endocrine
54, 768-777. doi: 10.1007/s12020-016-1083-6

Rice, C. ., Sandman, C. A,, Lenjavi, M. R., and Baram, T. Z. (2008). A novel mouse
model for acute and long-lasting consequences of early life stress. Endocrinology
149, 4892-4900. doi: 10.1210/en.2008-0633

Rodgers, A. B., Morgan, C. P, Leu, N. A, and Bale, T. L. (2015). Transgenerational
epigenetic programming via sperm microRNA recapitulates effects of paternal
stress. Proc. Natl. Acad. Sci.US.A. 112, 13699-13704. doi: 10.1073/pnas.
1508347112

Roth, T. L., Lubin, F. D., Funk, A. J., and Sweatt, J. D. (2009). Lasting epigenetic
influence of early-life adversity on the BDNF gene. Biol. Psychiatry 65, 760-769.
doi: 10.1016/j.biopsych.2008.11.028

Rozeboom, A. M., Akil, H., and Seasholtz, A. F. (2007). Mineralocorticoid receptor
overexpression in forebrain decreases anxiety-like behavior and alters the stress
response in mice. Proc. Natl. Acad. Sci. U.S.A. 104, 4688-4693. doi: 10.1073/
pnas.0606067104

Salm, A. K., Pavelko, M., Krouse, E. M., Webster, W., Kraszpulski, M., and Birkle,
D. L. (2004). Lateral amygdaloid nucleus expansion in adult rats is associated
with exposure to prenatal stress. Dev. Brain Res. 148, 159-167. doi: 10.1016/j.
devbrainres.2003.11.005

Sanchez, M. M., Ladd, C. O., and Plotsky, P. M. (2001). Early adverse experience
as a developmental risk factor for later psychopathology: evidence from

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 657591


https://doi.org/10.1016/j.neuropharm.2012.04.013
https://doi.org/10.1016/j.bbr.2010.05.031
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1007/s11682-017-9703-1
https://doi.org/10.1007/s11682-017-9703-1
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1038/nn.2270
https://doi.org/10.1038/nn.2270
https://doi.org/10.1007/s11682-018-0027-6
https://doi.org/10.1007/s11682-018-0027-6
https://doi.org/10.1002/dev.21230
https://doi.org/10.1002/dev.21230
https://doi.org/10.1002/hipo.22661
https://doi.org/10.3390/cells8111342
https://doi.org/10.1007/s00441-018-2900-4
https://doi.org/10.1038/sj.npp.1301276
https://doi.org/10.1176/appi.ajp.2011.11020335
https://doi.org/10.1016/j.neuron.2016.01.019
https://doi.org/10.1016/j.neuron.2016.01.019
https://doi.org/10.1016/j.ygcen.2012.10.006
https://doi.org/10.1016/j.earlhumdev.2008.06.008.Hypothalamic
https://doi.org/10.1016/j.earlhumdev.2008.06.008.Hypothalamic
https://doi.org/10.4103/1673-5374.211174
https://doi.org/10.4103/1673-5374.211174
https://doi.org/10.1089/zeb.2011.0690
https://doi.org/10.1038/npp.2014.145
https://doi.org/10.1111/mec.15505
https://doi.org/10.1146/annurev-neuro-071714-033857
https://doi.org/10.1146/annurev-neuro-071714-033857
https://doi.org/10.1017/S0033291712002784
https://doi.org/10.1017/S0033291712002784
https://doi.org/10.1016/j.neubiorev.2015.05.016
https://doi.org/10.1530/JOE-13-0416
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1007/s11356-019-06619-4
https://doi.org/10.1016/j.neuroimage.2014.04.025
https://doi.org/10.1126/science.1249098.Sleep
https://doi.org/10.1073/pnas.1820842116
https://doi.org/10.1016/j.neubiorev.2005.03.011
https://doi.org/10.1007/s12020-016-1083-6
https://doi.org/10.1210/en.2008-0633
https://doi.org/10.1073/pnas.1508347112
https://doi.org/10.1073/pnas.1508347112
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1073/pnas.0606067104
https://doi.org/10.1073/pnas.0606067104
https://doi.org/10.1016/j.devbrainres.2003.11.005
https://doi.org/10.1016/j.devbrainres.2003.11.005
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Eachus et al.

Zebrafish Early Life Stress Model

rodent and primate models. Dev. Psychopathol. 13, 419-449. doi: 10.1017/
$0954579401003029

Sandi, C., and Haller, J. (2015). Stress and the social brain: behavioural effects and
neurobiological mechanisms. Nat. Rev. Neurosci. 16, 290-304. doi: 10.1038/
nrn3918

Sarabdjitsingh, R. A., Loi, M., Joéls, M., Dijkhuizen, R. M., and Van Der Toorn,
A. (2017). Early life stress-induced alterations in rat brain structures measured
with high resolution MRI. PLoS One 12:e0185061. doi: 10.1371/journal.pone.
0185061

Sawamura, T., Klengel, T., Armario, A., Jovanovic, T., Norrholm, S. D., Ressler,
K.J., et al. (2016). Dexamethasone treatment leads to enhanced fear extinction
and dynamic Fkbp5 regulation in amygdala. Neuropsychopharmacology 41,
832-846. doi: 10.1038/npp.2015.210

Shahid, M., Takamiya, M., Stegmaier, J., Middel, V., Gradl, M., Kluver, N., et al.
(2016). Zebrafish biosensor for toxicant induced muscle hyperactivity. Sci. Rep.
6, 1-14. doi: 10.1038/srep23768

Shams, S., Amlani, S., Buske, C., Chatterjee, D., and Gerlai, R. (2018).
Developmental social isolation affects adult behavior, social interaction, and
dopamine metabolite levels in zebrafish. Dev. Psychobiol. 60, 43-56. doi: 10.
1002/dev.21581

Shams, S., Khan, A., and Gerlai, R. (2020). Early social deprivation does not affect
cortisol response to acute and chronic stress in zebrafish. Stress 24, 273-281.
doi: 10.1080/10253890.2020.1807511

Shen, Q., Truong, L., Simonich, M. T., Huang, C., Tanguay, R. L., and Dong,
Q. (2020). Rapid well-plate assays for motor and social behaviors in larval
zebrafish. Behav. Brain Res. 391, 112625. doi: 10.1016/j.bbr.2020.112625

Sireeni, J., Bakker, N., Jaikumar, G., Obdam, D., Slabbekoorn, H., Tudorache,
C., et al. (2020). Profound effects of glucocorticoid resistance on anxiety-
related behavior in zebrafish adults but not in larvae. Gen. Comp. Endocrinol.
292:113461. doi: 10.1016/j.ygcen.2020.113461

Spatz Widom, C., DuMont, K., and Czaja, S. J. (2007). A prospective investigation
of major depressive disorder and comorbidity in abused and neglected children
grown up. Arch. Gen. Psychiatry 64, 49-56. doi: 10.1001/archpsyc.64.1.49

Stahl, S. M. (1998). Mechanism of action of serotonin selective reuptake inhibitors.
Serotonin receptors and pathways mediate therapeutic effects and side effects.
J. Affect. Disord. 51, 215-235. doi: 10.1016/s0165-0327(98)00221-3

Steenbergen, P. J., Richardson, M. K., and Champagne, D. L. (2011). The use
of the zebrafish model in stress research. Prog. Neuro Psychopharmacol. Biol.
Psychiatry 35, 1432-1451. doi: 10.1016/j.pnpbp.2010.10.010

Stevens, S. A., Dudek, J., Nash, K., Koren, G., and Rovet, J. (2015). Social perspective
taking and empathy in children with fetal alcohol spectrum disorders. J. Int.
Neuropsychol. Soc. 21, 74-84. doi: 10.1017/S1355617714001088

Stewart, A., Gaikwad, S., Kyzar, E., Green, J., Roth, A., and Kalueff, A. V.
(2012). Modeling anxiety using adult zebrafish: a conceptual review.
Neuropharmacology 62, 135-143. doi: 10.1016/j.neuropharm.2011.07.037

Suri, D., and Vaidya, V. A. (2015). The adaptive and maladaptive continuum
of stress responses — A hippocampal perspective. Rev. Neurosci. 26, 415-442.
doi: 10.1515/revneuro-2014-0083

Suri, D., Teixeira, C. M., Cagliostro, M. K. C., Mahadevia, D., and Ansorge,
M. S. (2015). Monoamine-sensitive developmental periods impacting adult
emotional and cognitive behaviors. Neuropsychopharmacology. 40, 88-112. doi:
10.1038/npp.2014.231

Suri, D., Veenit, V., Sarkar, A., Thiagarajan, D., Kumar, A., Nestler, E. J., et al.
(2013). Early stress evokes age-dependent biphasic changes in hippocampal
neurogenesis, Bdnf expression, and cognition. Biol. Psychiatry 73, 658-666.
doi: 10.1016/j.biopsych.2012.10.023

Talge, N. M., Neal, C., and Glover, V. (2007). Antenatal maternal stress and
long-term effects on child neurodevelopment: How and why? J. Child Psychol.
Psychiatry Allied Discip. 48, 245-261. doi: 10.1111/j.1469-7610.2006.01714.x

Teicher, M. H., Samson, J. A., Anderson, C. M., and Ohashi, K. (2016). The effects
of childhood maltreatment on brain structure, function and connectivity. Nat.
Rev. Neurosci. 17, 652-666. doi: 10.1038/nrn.2016.111

Thyme, S. B., Pieper, L. M., Li, E. H., Pandey, S., Wang, Y., Morris, N. S,
et al. (2019). Phenotypic landscape of schizophrenia-associated genes defines
candidates and their shared functions. Cell 177, 478-491.e20.

Tractenberg, S. G., Levandowski, M. L., de Azeredo, L. A., Orso, R., Roithmann,
L. G., Hoffmann, E. S., et al. (2016). An overview of maternal separation effects
on behavioural outcomes in mice: evidence from a four-stage methodological

systematic review. Neurosci. Biobehav. Rev. 68, 489-503. doi: 10.1016/j.
neubiorev.2016.06.021

Tunbak, H., Vazquez, P., Ryan, T. M., Kampff, A. R., and Dreosti, E. (2020). Whole-
brain mapping of socially isolated zebrafish reveals that lonely fish are not
loners. Elife 9:¢55863.

Tyrka, A. R, Parade, S. H., Welch, E. S., Ridout, K. K., Price, L. H., Marsit,
C., et al. (2016). Methylation of the leukocyte glucocorticoid receptor gene
promoter in adults: associations with early adversity and depressive, anxiety
and substance-use disorders. Transl. Psychiatry 6;e848. doi: 10.1038/tp.2
016.112

Uchida, S., Hara, K., Kobayashi, A., Funato, H., Hobara, T., Otsuki, K., et al.
(2010). Early life stress enhances behavioral vulnerability to stress through
the activation of REST4-mediated gene transcription in the medial prefrontal
cortex of rodents. J. Neurosci. 30, 15007-15018. doi: 10.1523/JNEUROSCI.
1436-10.2010

Van den Bergh, B. R. H, van den Heuvel, M. I, Lahti, M., Braeken,
M., de Rooij, S. R., Entringer, S., et al. (2017). Prenatal developmental
origins of behavior and mental health: the influence of maternal stress in
pregnancy. Neurosci. Biobehav. Rev. 117, 26-64. doi: 10.1016/j.neubiorev.2017.
07.003

Van Den Bos, R., Althuizen, J., Tschigg, K., Bomert, M., Zethof, J., Filk, G., et al.
(2019). Early life exposure to cortisol in zebrafish (Danio rerio): Similarities
and differences in behaviour and physiology between larvae of the AB
and TL strains. Behav. Pharmacol. 30, 260-271. doi: 10.1097/FBP.00000000
00000470

Varga, Z. K., Pejtsik, D., Bir¢, L., Zsigmond, A, Varga, M., Téth, B., et al. (2020).
Conserved serotonergic background of experience-dependent challenge-
responding in zebrafish (Danio rerio). J. Neurosci. 40, 4551-4564. doi: 10.1101/
785352

Varlinskaya, E. I, and Mooney, S. M. (2014). Acute exposure to ethanol on
gestational day 15 affects social motivation of female offspring. Behav. Brain
Res. 261, 106-109. doi: 10.1016/j.bbr.2013.12.016

Veenstra-VanderWeele, J., and Warren, Z. (2015). Intervention in the context of
development: pathways toward new treatments. Neuropsychopharmacology 40,
225-237. doi: 10.1038/npp.2014.232

Vera-Chang, M. N., St-Jacques, A. D., Gagné, R., Martyniuk, C. J., Yauk, C. L.,
Moon, T. W., et al. (2018). Transgenerational hypocortisolism and behavioral
disruption are induced by the antidepressant fluoxetine in male zebrafish Danio
rerio. Proc. Natl. Acad. Sci. U.S.A. 115, E12435-E12442. doi: 10.1073/pnas.
1811695115

Vera-Chang, M. N, St-Jacques, A. D., Lu, C., Moon, T. W., and Trudeau, V. L.
(2019). Fluoxetine exposure during sexual development disrupts the stress axis
and results in sex- and time- dependent effects on the exploratory behavior in
adult zebrafish Danio rerio. Front. Neurosci. 13:1015. doi: 10.3389/fnins.2019.
01015

Vockley, C. M., D’Ippolito, A. M., McDowell, I. C., Majoros, W. H,, Safi, A., Song,
L., etal. (2016). Direct GR binding sites potentiate clusters of TF binding across
the human genome. Cell 166, 1269-1281.e19.

Wang, H.-T., Huang, F.-L,, Hu, Z.-L., Zhang, W.-]., Qiao, X.-Q., Huang, Y.-
Q., et al. (2017). Early-life social isolation-induced depressive-like behavior in
rats results in microglial activation and neuronal histone methylation that are
mitigated by minocycline. Neurotox. Res. 31, 505-520. doi: 10.1007/s12640-
016-9696-3

Wang, X. D.,, Rammes, G., Kraev, L, Wolf, M., Liebl, C., Scharf, S. H,
et al. (2011). Forebrain CRF1 modulates early-life stress-programmed
cognitive deficits. . Neurosci. 31, 13625-13634. doi: 10.1523/JNEUROSCI.2259
-11.2011

Weaver, L. C. G., Champagne, F. A., Brown, S. E., Dymov, S., Sharma, S., Meaney,
M. J,, et al. (2005). Reversal of maternal programming of stress responses in
adult offspring through methyl supplementation: altering epigenetic marking
later in life. J. Neurosci. 25, 11045-11054. doi: 10.1523/JNEUROSCI.3652-05.
2005

Weger, B. D., Weger, M., Jung, N., Lederer, C., Brise, S., and Dickmeis, T.
(2013). A chemical screening procedure for glucocorticoid signaling with a
zebrafish larva luciferase reporter system. J. Vis. Exp 79:50439. doi: 10.3791/
50439

Wichmann, S., Kirschbaum, C., Béhme, C., and Petrowski, K. (2017). Cortisol
stress response in post-traumatic stress disorder, panic disorder, and major

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 657591


https://doi.org/10.1017/S0954579401003029
https://doi.org/10.1017/S0954579401003029
https://doi.org/10.1038/nrn3918
https://doi.org/10.1038/nrn3918
https://doi.org/10.1371/journal.pone.0185061
https://doi.org/10.1371/journal.pone.0185061
https://doi.org/10.1038/npp.2015.210
https://doi.org/10.1038/srep23768
https://doi.org/10.1002/dev.21581
https://doi.org/10.1002/dev.21581
https://doi.org/10.1080/10253890.2020.1807511
https://doi.org/10.1016/j.bbr.2020.112625
https://doi.org/10.1016/j.ygcen.2020.113461
https://doi.org/10.1001/archpsyc.64.1.49
https://doi.org/10.1016/s0165-0327(98)00221-3
https://doi.org/10.1016/j.pnpbp.2010.10.010
https://doi.org/10.1017/S1355617714001088
https://doi.org/10.1016/j.neuropharm.2011.07.037
https://doi.org/10.1515/revneuro-2014-0083
https://doi.org/10.1038/npp.2014.231
https://doi.org/10.1038/npp.2014.231
https://doi.org/10.1016/j.biopsych.2012.10.023
https://doi.org/10.1111/j.1469-7610.2006.01714.x
https://doi.org/10.1038/nrn.2016.111
https://doi.org/10.1016/j.neubiorev.2016.06.021
https://doi.org/10.1016/j.neubiorev.2016.06.021
https://doi.org/10.1038/tp.2016.112
https://doi.org/10.1038/tp.2016.112
https://doi.org/10.1523/JNEUROSCI.1436-10.2010
https://doi.org/10.1523/JNEUROSCI.1436-10.2010
https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.1097/FBP.0000000000000470
https://doi.org/10.1097/FBP.0000000000000470
https://doi.org/10.1101/785352
https://doi.org/10.1101/785352
https://doi.org/10.1016/j.bbr.2013.12.016
https://doi.org/10.1038/npp.2014.232
https://doi.org/10.1073/pnas.1811695115
https://doi.org/10.1073/pnas.1811695115
https://doi.org/10.3389/fnins.2019.01015
https://doi.org/10.3389/fnins.2019.01015
https://doi.org/10.1007/s12640-016-9696-3
https://doi.org/10.1007/s12640-016-9696-3
https://doi.org/10.1523/JNEUROSCI.2259-11.2011
https://doi.org/10.1523/JNEUROSCI.2259-11.2011
https://doi.org/10.1523/JNEUROSCI.3652-05.2005
https://doi.org/10.1523/JNEUROSCI.3652-05.2005
https://doi.org/10.3791/50439
https://doi.org/10.3791/50439
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Eachus et al.

Zebrafish Early Life Stress Model

depressive disorder patients. Psychoneuroendocrinology 83, 135-141. doi: 10.
1016/j.psyneuen.2017.06.005

Wiench, M., John, S., Baek, S., Johnson, T. A., Sung, M. H., Escobar, T., et al. (2011).
DNA methylation status predicts cell type-specific enhancer activity. EMBO J.
30, 3028-3039. doi: 10.1038/emboj.2011.210

Wiley, D., Redfield, S., and Zon, L. (2017). Chemical screening in zebrafish for
novel biological and therapeutic discovery. Methods Cell Biol. 138, 651-679.
doi: 10.1016/bs.mcb.2016.10.004.Chemical

Williams, L. M., Debattista, C., Duchemin, A.-M., Schatzberg, A. F., and Nemeroff,
C. B. (2016). Childhood trauma predicts antidepressant response in adults with
major depression: data from the randomized international study to predict
optimized treatment for depression. Transl. Psychiatry 6:¢799. doi: 10.1038/tp.
2016.61

Wilson, K. S., Matrone, G., Livingstone, D. E. W., Al-Dujaili, E. A. S., Mullins,
J. J., Tucker, C. S, et al. (2013). Physiological roles of glucocorticoids during
early embryonic development of the zebrafish (Danio rerio). J. Physiol. 591,
6209-6220. doi: 10.1113/jphysiol.2013.256826

Wilson, K. S., Tucker, C. S., Al-Dujaili, E. A. S., Holmes, M. C., Hadoke, P. W. F.,
Kenyon, C. J., et al. (2016). Early-life glucocorticoids programme behaviour
and metabolism in adulthood in zebrafish. J. Endocrinol. 230, 125-142. doi:
10.1530/JOE-15-0376

Yeh, C. M,, Glock, M., and Ryu, S. (2013). An optimized whole-body cortisol
quantification method for assessing stress levels in larval zebrafish. PLoS One
8:€79406. doi: 10.1371/journal.pone.0079406

Yeshurun, S., and Hannan, A. J. (2019). Transgenerational epigenetic influences
of paternal environmental exposures on brain function and predisposition to
psychiatric disorders. Mol. Psychiatry 24, 536-548. doi: 10.1038/s41380-018-
0039-z

Zannas, A. S., and Chrousos, G. P. (2015). Glucocorticoid signaling

drives epigenetic and transcription factors to induce key regulators

of human parturition. Sci. Signal. 8:fs19. doi: 10.1126/scisignal.aad

3022

Zannas, A. S., and Chrousos, G. P. (2017). Epigenetic programming by stress
and glucocorticoids along the human lifespan. Mol. Psychiatry 22, 640-646.
doi: 10.1038/mp.2017.35

Zhang, C., Boa-Amponsem, O., and Cole, G. J. (2017). Comparison of molecular
marker expression in early zebrafish brain development following chronic
ethanol or morpholino treatment. Exp. Brain Res. 235, 2413-2423. doi: 10.1007/
s00221-017-4977-5

Zhang, Y., Wang, Y., Wang, L., Bai, M., Zhang, X., and Zhu, X. (2015). Dopamine
Receptor D2 and associated microRNAs are involved in stress susceptibility and
resistance to escitalopram treatment. Int. J. Neuropsychopharmacol. 18:yv025.
doi: 10.1093/ijnp/pyv025

Zilberman, D., Gehring, M., Tran, R. K., Ballinger, T., and Henikoff, S. (2007).
Genome-wide analysis of Arabidopsis thaliana DNA methylation uncovers an
interdependence between methylation and transcription. Nat. Genet. 39, 61-69.
doi: 10.1038/ng1929

Ziv, L., Muto, A., Schoonheim, P. J., Meijsing, S. H., Strasser, D., Ingraham,
H. A, et al. (2013). An affective disorder in zebrafish with mutation of the
glucocorticoid receptor. Mol. Psychiatry 18, 681-691. doi: 10.1038/mp.2012.64

Conflict of Interest: SR holds a patent, European patent number 2928288 and US
patent number 10,080,355: “A novel inducible model of stress.”

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Eachus, Choi and Ryu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

18

July 2021 | Volume 9 | Article 657591


https://doi.org/10.1016/j.psyneuen.2017.06.005
https://doi.org/10.1016/j.psyneuen.2017.06.005
https://doi.org/10.1038/emboj.2011.210
https://doi.org/10.1016/bs.mcb.2016.10.004.Chemical
https://doi.org/10.1038/tp.2016.61
https://doi.org/10.1038/tp.2016.61
https://doi.org/10.1113/jphysiol.2013.256826
https://doi.org/10.1530/JOE-15-0376
https://doi.org/10.1530/JOE-15-0376
https://doi.org/10.1371/journal.pone.0079406
https://doi.org/10.1038/s41380-018-0039-z
https://doi.org/10.1038/s41380-018-0039-z
https://doi.org/10.1126/scisignal.aad3022
https://doi.org/10.1126/scisignal.aad3022
https://doi.org/10.1038/mp.2017.35
https://doi.org/10.1007/s00221-017-4977-5
https://doi.org/10.1007/s00221-017-4977-5
https://doi.org/10.1093/ijnp/pyv025
https://doi.org/10.1038/ng1929
https://doi.org/10.1038/mp.2012.64
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Effects of Early Life  Stress on the Brain and Behaviour: Insights From Zebrafish Models
	Introduction
	The Stress Response in Zebrafish
	Prenatal Stress
	Prenatal Stress Models in Rodents
	Prenatal Stress in Zebrafish
	Maternal and Paternal Stress
	Models of Foetal Alcohol Syndrome


	Postnatal Stress
	Postnatal Stress and Its Effects on Brain and Behaviour in Rodents
	Effects of Early Life Stress Exposure in Zebrafish
	Water Movement
	Social Isolation
	Chemical Exposure
	Other Stressors
	Combined Stressor Exposure

	Effects of HPA Axis Manipulation
	Genetic Manipulations
	Pharmacology
	Optogenetics


	Outlook and Concluding Remarks
	Comprehensive Brain-Wide Mapping of ELS-Induced Molecular and Functional Alterations
	Comprehensive Mapping of the Developmental Trajectory of ELS-Induced Changes Into Adulthood
	Linking Gene Functions and Behaviour
	Drug-Discovery

	Author Contributions
	Funding
	Acknowledgments
	References


