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Swimming through asymmetry: 
zebrafish as a model for brain and 
behavior lateralization
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The left and right sides of the brain show anatomical, neurochemical and functional 
differences. In the past century, brain and behavior lateralization was considered a 
human peculiarity associated with language and handedness. However, nowadays 
lateralization is known to occur among all vertebrates, from primates to fish. Fish, 
especially zebrafish (Danio rerio), have emerged as a crucial model for exploring 
the evolution and mechanisms of brain asymmetry. This review summarizes recent 
advances in zebrafish research on brain lateralization, highlighting how genetic 
tools, imaging, and transgenic methods have been used to investigate left–right 
asymmetries and their impact on sensory, cognitive, and social behaviors including 
possible links to neurodevelopmental and neurodegenerative disorders.
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1 Introduction

The term “brain lateralization” refers to the different specializations of the left and right 
side of the nervous system. For more than one century, lateralization was considered a 
uniquely human characteristic associated with handedness and language (McManus, 1999; 
Mac Neilage et al., 2009). However, early evidence acquired in the 1970s challenged this view 
proving that lateralization was present in non-human species (Nottebohm, 1971; Denenberg 
et al., 1978; Rogers and Anson, 1979). Since then, studies showed a consistent pattern of 
lateralization across animals, with the left side of the brain primarily involved in the 
categorization of stimuli and focusing attention, and the right side specialized in emotional 
and social processes, as well as in reacting to new and unexpected stimuli (Vallortigara et al., 
2011; Frasnelli et al., 2012; Ströckens et al., 2013; Ocklenburg et al., 2013; Rogers et al., 2013; 
Rogers and Vallortigara, 2017; Vallortigara and Rogers, 2020; Vallortigara and Versace, 2017; 
Mac Neilage et al., 2009).

In the last 20 years, studies on fish have also contributed significantly to this field 
(Vallortigara and Bisazza, 2002; Bisazza and Brown, 2011; Duboc et al., 2015), and zebrafish 
(Danio rerio) has become a model for studying asymmetries of the vertebrate brain (Roussigne 
et al., 2012). Specifically, with their laterally positioned eyes with limited overlap and almost 
completely crossed optic chiasm zebrafish provide an excellent model for studying eye 
preferences (e.g., Sovrano et al., 2001; also reviewed in Stancher et al., 2018). Furthermore, the 
asymmetric development of the zebrafish epithalamus associated with the expression of 
specific lateralized neural markers offers the opportunity to examine the relationship between 
anatomical and functional asymmetries (Concha and Wilson, 2001; Andrew et al., 2009; 
Beretta et al., 2012; Agostini et al., 2022).

In this mini-review, we will describe the developmental and molecular processes involved 
in the building of brain asymmetries in zebrafish, even in relation to neurodevelopmental 
diseases associated with altered brain lateralization.
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2 Behavioral asymmetries in zebrafish

Evidence of motor and sensory asymmetries (Figure 1A) in fish is 
well documented (Miletto Petrazzini et al., 2020). One of the earliest 
examples is associated with the C-start escape response. This behavior 
involves a unilateral muscle contraction, coordinated by the Mauthner 
cells and reticulospinal neurons of the hindbrain, followed by a 
tip-over of the tail that allows the fish to escape quickly (Kohashi and 
Oda, 2008; Stancher et al., 2018). Heuts (1999) observed that zebrafish 
exhibit a rightward bias in fast turns and a leftward bias in slow turns, 
likely due to neural and muscular asymmetry: fast swimming relies 
on white muscles, and slow swimming engages red muscles, each 
asymmetrically distributed on either side of the body. Although there 
is one report that this behavior is not lateralized in zebrafish (Satou 
et al., 2009), several studies have found evidence of lateralized C-start 
responses in other teleost species, such as Cymatogaster aggregate 

(Dadda et al., 2010b), Jenynsia lineata (Bisazza et al., 1997a; Bisazza 
et al., 1997b), and Girardinus falcatus (Cantalupo et al., 1995).

Another method used to assess motor biases in zebrafish is the 
swim-way assay (Figure 1B), which consists of multiple individually 
lit chambers connected by small corridors through which larvae can 
swim (Burgess and Granato, 2007). Zebrafish larvae are generally 
attracted to light and tend to avoid darkness and, in response to abrupt 
lights-off events, they display characteristic locomotor responses 
(Burgess and Granato, 2007). In the swim-way test, the larva is placed 
in the first illuminated compartment, then the light is gradually 
switched off, while the light in the second compartment is turned on, 
prompting the larva to move forward. This process is repeated until 
the larva either turns into a specific compartment or reaches the last 
chamber of the apparatus without turning. The larvae exhibited 
lateralized turning behaviors: under light conditions, they showed a 
strong tendency to turn left, whereas in darkness following abrupt 

FIGURE 1

Behavioral Asymmetries in zebrafish. (A) Main functions described for the left and right hemisphere in zebrafish. (B) Motor turning biases associated to 
Swim-way assay. (C) Preference for left-or right-eye viewing for familiar/unfamiliar stimuli during Mirror test. (D) Lateralized behavior to swim around a 
barrier in the Detour task. (E) Foraging behavior showing a right-eye viewing associated to bite.
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light-off events, they showed a significant preference for turning right 
(Watkins et al., 2004). This rightward bias, likely associated with the 
startle response, can be  attributed to the directional bias of the 
Mauthner cells, which are influenced by the layout of environmental 
obstacles, thereby facilitating rapid escape. Additionally, the 
preferential use of the right eye to monitor the escape route may 
contribute to initiating locomotion with a rightward bias (Watkins 
et al., 2004).

Most fish research has focused on eye preferences, with evidence 
suggesting that the left eye (right hemisphere) processes differences 
between familiar and unfamiliar objects, while the right eye (left 
hemisphere) is involved in guiding and regulating action-oriented 
behaviors based on visual input such as approaching prey, avoiding 
predators, or navigating around obstacles (Vallortigara, 1992; Rogers 
et al., 2013). The mirror test (Figure 1C) is commonly used to assess 
visual lateralization, with zebrafish larvae showing a strong preference 
for left-eye viewing of their reflection. This left bias decreases around 
14 days and increases by 21 days, influenced by factors like age and 
genetics (Sovrano and Andrew, 2006). Adult zebrafish also favor the 
left eye when viewing their reflection or groups of conspecifics 
(Sovrano et al., 1999). Treating larvae with valproic acid (VPA), which 
impacts social abilities and induces autism spectrum disorder (ASD) 
traits, disrupts this bias, resulting in no preference for eye use during 
the test (Messina et al., 2024). Additionally, zebrafish show a left-eye 
bias when inspecting familiar patterns but not unfamiliar ones. Even 
without prior exposure to their reflection, previously encountered 
visual patterns engage the left eye, suggesting right hemisphere 
dominance for familiarity (Rogers et al., 2013; Sovrano, 2004).

Abnormal behaviors during the mirror test have been observed in 
Tg(foxD3:GFP) zebrafish larvae and adults injected with southpaw 
antisense morpholino. These fish express Green Fluorescent Protein 
(GFP) under the foxd3 promoter, marking pineal and parapineal 
precursors during development. Morpholino injections result in 
reversed epithalamic asymmetry. Right-sided parapineal (Rpp) larvae 
show delayed swimming and reduced exploration during the mirror 
test, suggesting heightened fear and anxiety (Facchin et  al., 2009; 
Facchin et al., 2015). In the novel tank test, adult Rpp zebrafish exhibit 
more time at the bottom of the tank, a measure of anxiety, compared 
to left-sided parapineal (Lpp) controls (Facchin et al., 2015). Similarly, 
in the confined box test, Rpp adults delay exiting when exposed to a 
bright tank, indicating elevated levels of fear (Facchin et al., 2015). 
These altered behaviors are attributable to elevated cortisol levels, and 
thus high anxiety levels, found in Rpp subjects, compared to Lpp 
controls, that indeed can be restored by anxiolytic treatment (Facchin 
et al., 2015).

Zebrafish exhibit opposite eye-use preferences. They rely on the 
left eye for routine behavioral control and social inspections of 
familiar species, while the right eye is used for detecting potential 
threats, analyzing complex environments, and responding to 
potentially dangerous species (Miklosi et al., 1997; Vallortigara and 
Rogers, 2005; Rogers et al., 2013). This lateralization is also evident in 
detour tests (Figure 1D), where zebrafish swimming around a barrier 
prefer to view empty spaces with the left eye and analyze intricate 
surroundings with the right (Miklosi et al., 1997).

Asymmetrical biases have been found in foraging behaviors as 
well (Figure 1E). When approaching a target to bite, zebrafish tend to 
favor the right eye and to approach from the left side. Miklosi and 
Andrew (1999) reported that when zebrafish are presented with a 

novel object associated with food, they initially exhibit right-eye use 
and biting behavior, both of which decrease over subsequent trials.

3 Brain asymmetries: habenular 
complex and dorsal pallium

The epithalamus (Figure 2A) is a structure that displays left–right 
differences across vertebrates, including zebrafish (Concha and 
Wilson, 2001; Duboué et al., 2017). The epithalamus includes the 
habenula, the pineal complex, and the stria medullaris, a bundle of 
fibers connecting to the habenula (Beretta et al., 2012; Bianco and 
Wilson, 2009; Aizawa et al., 2011). The pineal complex includes the 
pineal gland (or epiphysis) and the parapineal organ that shows an 
asymmetric position (Concha et al., 2000). While the pineal organ 
does not establish symmetrical or asymmetrical connections with the 
habenula, the parapineal organ is located on the left side of the pineal 
gland and projects solely to the left dorsal lateral subnucleus of the 
habenula (Concha et al., 2000; Gamse et al., 2005).

The habenula is the most asymmetric region of the epithalamus 
and plays the role of a critical relay station connecting the forebrain to 
the brain stem in all vertebrate taxa (Aizawa, 2013). In zebrafish, the 
habenula is subdivided into two different compartments rotated 90 
degrees counterclockwise compared to mammalian ones (Amo et al., 
2010; Güntürkün and Ocklenburg, 2017). The dorsal nucleus of the 
zebrafish habenula corresponds to the mammalian medial nucleus 
and releases acetylcholine and the neuropeptides Substance P, while 
the ventral nucleus is homologous to the lateral habenula of mammals 
and contains glutamatergic neurons (Gamse et al., 2002; Agetsuma 
et  al., 2010; Facchin et  al., 2015). Similarly to other vertebrates 
(Miyasaka et al., 2009; Roussigne et al., 2012; Bühler and Carl, 2021), 
the habenular nuclei of zebrafish exhibit asymmetrical efferent 
connections to the interpeduncular nucleus (IPN) of the midbrain 
(Gamse et al., 2005; Bianco et al., 2008).

Additional forebrain asymmetries have been also identified 
regarding the distribution of a set of genes linked to 
neurodevelopmental disorders in the zebrafish dorsal pallium 
(Figure 2C), with some autism-related genes showing leftward (e.g., 
auts2, baiap2) and others rightward asymmetry (e.g., arrb2, fez1, 
gap43, robo1). Furthermore, genes associated with developmental 
dyscalculia also show lateralization, with some leftward (e.g., grik1a) 
and others rightward (e.g., nipa1, nipa2, robo1; Messina et al., 2021). 
Similar differential gene expression between the left and right 
hemispheres has been reported even in mammals, including humans 
(Sun et al., 2005; Ribasés et al., 2009; Samara et al., 2011; Hüsken and 
Carl, 2013).

4 Genes regulating epithalamic 
asymmetry

In zebrafish, the epithalamus initially develops as a bilaterally 
symmetrical structure with dorsal and ventral domains, where four 
signaling pathways work to establish asymmetry: Nodal, Fibroblast 
Growth Factors (FGFs), Notch, and Wnt/β-catenin (Figure  2A; 
Concha et al., 2003).

The Nodal pathway disrupts symmetry through signals from the 
dorsal and lateral mesoderm, with Nodal-related genes cyclops and 
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FIGURE 2

Brain Asymmetries in the zebrafish forebrain. (A) Timeline of key processes involved in the generation of neuroanatomical asymmetry in the zebrafish 
habenular complex and the regulatory genes of epithalamic asymmetry. In brief, between 11-and 18-h post-fertilization (hpf), Notch signaling 

(Continued)
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southpaw activating transcription factors (e.g., Otx5, Noto, Foxd3) 
critical for parapineal organ development on the left side of the pineal 
complex (Erter et al., 1998; Sampath et al., 1998; Rebagliati et al., 
1998). Experiments with mutant zebrafish lacking the mesoderm of 
the notochord and in which cyclops was bilaterally expressed in the 
developing tissues of the dorsal diencephalon highlighted the 
importance of dorsal mesoderm signals in maintaining epithalamic 
asymmetry (Rebagliati et al., 1998; Bisgrove et al., 2000; Liang et al., 
2000). Liang and colleagues further demonstrated that mesodermal 
signals influence the left-sided positioning of the pineal complex, 
through genes like cyclops, antivin, and pitx2, indicating that visceral 
laterality pathways could impact forebrain asymmetry (Roussigné 
et al., 2009).

Further evidence of the involvement of the Nodal pathway in the 
specification of epithalamic asymmetry emerged from studies on early 
habenular development. Investigating the habenular progenitor 
marker cxcr4b expressed in the parapineal cells before their migration, 
Roussigné et al. (2009) showed that the disruption of Nodal signaling 
resulted in the generation of symmetric habenular nuclei, indicating 
that this pathway not only governs laterality development but also 
contributes to the establishment of the brain asymmetry (Long et al., 
2003). A similar result was obtained using the Nodal chemical 
inhibitor SB431542 or knocking-down southpaw leading to symmetric 
or mildly asymmetric structures that caused the downregulation of 
left-sided genes (such as cyclops, pitx2, lefty1, and lefty2) in the dorsal 
epithalamus and a failing of the lateralization process in the pineal 
complex (Long et al., 2003; Barth et al., 2005; Carl et al., 2007).

While Nodal signaling is essential for establishing forebrain 
asymmetry, Fibroblast Growth Factor (FGF) signaling serves as the 
initial trigger. Regan et al. (2009) showed that FGF8 is responsible for 
guiding the leftward migration of the parapineal complex. Zebrafish 
mutants lacking FGF8 or treated with FGF8 morpholinos failed to 
develop any asymmetry in the epithalamus and habenula due to the 
impaired migration toward the left side of parapineal cells, resulting 
in a symmetrical structure (Reifers et al., 1998; Draper et al., 2001; 
Neugebauer and Yost, 2014). Similarly, treatment with the FGF 
inhibitor SU5402 induced symmetry, but the defect was rescued with 
FGF8-soaked beads (Reifers et al., 1998). Neugebauer and Yost (2014) 
demonstrated that FGF signaling regulates the transcription factors 
six3b and six7, which specifically repress the Nodal target lefty1. 
Knockdown of six3b and six7 led to a bilateral lefty1 expression, while 
their overexpression suppressed lefty1 on both sides (Melby et al., 
1996). Furthermore, FGF signaling is crucial for midline organization 
and interacts with the Nodal pathway to maintain brain asymmetry 
(Inbal et al., 2007) and determining its directionality (Güntürkün and 
Ocklenburg, 2017).

During gastrulation, the Notch pathway is essential for 
establishing Nodal-mediated left–right asymmetry, particularly 
through the regulation of cilia length in the Kupffer’s Vesicle (Essner 
et al., 2017; Takeuchi et al., 2010; Hashimoto et al., 2004). These cilia 
generate a leftward fluid flow that directs Nodal signaling to the left 
side of the embryo and places the Nodal antagonist Charon to the 
right (Raya et  al., 2003; Gourronc et  al., 2007; Hojo et  al., 2007). 
Bilateral microinjection of Notch mRNA caused overexpression of 
ndr2/cyclops and pitx2, genes typically confined to the left side of the 
embryo, which began to be expressed on both sides. This finding 
establishes a connection between Notch and Nodal signaling in 
regulating epithalamic asymmetry in fish (Carl et al., 2002).

Another important pathway that impacts brain asymmetry is the 
Wnt/β-catenin pathway, which acts upstream of Nodal at three stages: 
late gastrulation, somitogenesis, and epithalamic development (Concha 
et al., 2003; Inbal et al., 2007). For example, mutations in axin/masterblind 
(a Wnt inhibitor) or the Wnt inhibition via lithium chloride disrupted 
asymmetric Nodal gene distribution in the brain, while asymmetry of 
the lateral mesoderm was unaffected (Concha et al., 2003; Lagutin et al., 
2003; Sagasti, 2007; Snelson and Gamse, 2009; Caron et al., 2012). Wnt 
signaling seems to contribute to Kupffer’s Vesicle development by 
activating the transcription factor foxj1a and reinforcing the role of 
Notch signaling in the positioning of Nodal-related genes on the left side 
of the forebrain (Concha et al., 2003; Hüsken et al., 2014). Finally, Wnt 
also regulates the transcription of tcf7l2, a factor that controls the 
acquisition of left–right dorsal habenular phenotype in the developing 
epithalamus of zebrafish (Guglielmi et al., 2020).

5 Tools to probe asymmetries in 
zebrafish

Zebrafish have played a key role in advancing our understanding 
of brain asymmetry and its development in vertebrates. Experimental 
protocols to genetically, chemically, environmentally, and surgically 
manipulate brain asymmetries in this species are available (Figure 2B).

The use of chemical drugs to block specific signaling pathways has 
contributed significantly to the understanding of the molecular 
mechanisms underlying the generation of the zebrafish epithalamic 
asymmetry. For instance, IWR-1 (an inhibitor of the Wnt pathway), 
stabilizing axin and contributing to the degradation of beta-catenin, 
disrupts Wnt signaling leading to a “double-left” habenula phenotype 
(Long et al., 2003; Andrew et al., 2009). On the contrary, SB431542 (a 
TGF-beta inhibitor) inhibits Nodal-related factors, resulting in 
“double-right” symmetric habenular structures (Andrew et al., 2009; 
Dreosti et al., 2014). Moreover, SU5402, an FGF receptor inhibitor, 

influences the directional fluid flow generated by the ciliated cells of Kupffer’s vesicle, determining the positioning of Nodal-related genes on the left 
side of the zebrafish embryos (Raya et al., 2003) and Nodal inhibitors along with WNT signaling molecules on the right (Hashimoto et al., 2004; Hojo 
et al., 2007). By 28 hpf, FGF8 disrupts the symmetry of epithalamic structures (Neugebauer and Yost, 2014) and, in coordination with Nodal, establishes 
epithalamic asymmetry. This process supports the migration of parapineal cells to the embryo’s left side (30–32 hpf; Concha et al., 2000; Long et al., 
2003; Carl et al., 2007; Inbal et al., 2007; Snelson and Gamse, 2009; Roussigne et al., 2012; Duboc et al., 2015) and forms the parapineal connections 
to the left habenular nuclei. Additionally, FGF8 activates Wnt signaling on the right side, contributing to the specification of the right habenular nuclei 
between 50 and 72 hpf (Carl et al., 2007; Hüsken and Carl, 2013). (B) Typical and atypical patterns of brain asymmetry described in studies on zebrafish 
habenular functions. (C) Asymmetric distribution of genes linked to neurodevelopmental disorders in the zebrafish dorsal pallium. (D) Effects of 
Valproic Acid (VPA) exposure on asymmetrically expressed neurodevelopmental disorder-associated genes in the dorsal pallium and habenula. In C 
and D, genes labeled in violet are predominantly expressed on the left side in adult zebrafish, while pink indicates right-side dominance. VPA treatment 
disrupts these patterns, leading to symmetric expression (labeled in gray).

FIGURE 2 (Continued)
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disrupts parapineal cell migration and induces symmetry in habenula 
acting on lefty1 expression (Reifers et al., 1998).

Environmental conditions also affect brain asymmetry. Zebrafish 
and avian embryos raised in darkness or at lower temperatures during 
gastrulation show disrupted lateralization in habenula orientation 
(Inbal et al., 2007; Regan et al., 2009; Andrew et al., 2009; Keller and 
Ahrens, 2015; Rogers et al., 2013; Bühler and Carl, 2021; Versace et al., 
2022; Costalunga et al., 2024), and a loss of lateralization in the ability 
to respond to visual and olfactory stimuli (Güntürkün and Kesch, 
1987; Güntürkün et al., 2000; Dreosti et al., 2014).

Another common tool to probe the contribution of the parapineal 
cells to the development of habenular lateralization is two-photon 
laser microscopy ablation. This approach results in an increased 
proliferation of dorso-medial habenular neurons in the left hemisphere 
leading to embryos with a “double-right” phenotype, where the left 
dorsal habenula fails to develop its typical features (e.g., larger size, 
expanded dense neuropil, and increased lov expression) and mimics 
the right side, with a disruption of the usual asymmetry (Erter et al., 
1998; Gamse et al., 2003; Gamse et al., 2005; Bianco and Wilson, 2009).

In recent years, the establishment of new optical tools and the 
generation of fluorescent sensors enhanced our possibility to track 
neural development with high spatial and temporal resolution (Keller 
and Ahrens, 2015). With these approaches, many genes involved in 
brain asymmetry, such as the potassium channel tetramerization 
domain-containing genes (kctd12.1, kctd12.2, and kctd8), have been 
identified and used as markers to map the habenula and its 
connections with other regions of the brain (Aizawa et  al., 2005; 
Gamse et al., 2005; de Carvalho et al., 2014; Wang et al., 2021) or 
specific compartments of the habenulae (Kuan et al., 2007; Deguchi 
et al., 2009; Pandey et al., 2018; Carl et al., 2007; Agetsuma et al., 2010).

As previously mentioned, transgenic lines expressing GFP under 
the control of tissue-specific promoters can be useful tools to study 
epithalamic asymmetry in zebrafish. For example, the Tg(foxD3:GFP) 
has been extensively utilized to monitor parapineal development and 
positioning (Snelson et al., 2008; see also Miletto Petrazzini et al., 
2020). Studying the connections between the telencephalic nuclei and 
interpeduncular nucleus of the midbrain in the Tg(foxD3:GFP) 
transgenic line, Aizawa et al. (2005) revealed a mechanism for bilateral 
information transfer in the brain, preserving left–right coding crucial 
for functional lateralization. Gamse et al. (2005) reported that the 
parapineal laser-ablation disrupts habenular asymmetry altering the 
dorsoventral distribution of habenular innervations. The habenular 
innervations require parapineal instructions but are also supported by 
additional developmental mechanisms contributing to the 
lateralization of these circuits (Bianco et al., 2008). Moreover, the 
Tg(phlx2a:GFP) line revealed bulbo-habenular projections from the 
olfactory bulb to the right habenula (Miyasaka et  al., 2009). In 
summary, zebrafish GFP transgenic-lines have advanced studies on 
visual and motor laterality (Dadda et al., 2010a), lateralized habenular 
nuclei responses to stimuli (Krishnan et al., 2014; Dreosti et al., 2014), 
and the role played by epithalamic asymmetry in anxiety (Facchin 
et al., 2015) and in fear response (Duboué et al., 2017).

Finally, CRISPR/Cas9 technology has been used to generate 
knockout lines for asymmetry studies. For example, the sox1a mutant 
line presents a “double-right” habenular phenotype, demonstrating the 
importance of this gene in establishing brain asymmetry (Lekk et al., 
2019). On the other hand, the cachd1 mutant line resulted in a 
symmetric “double-left” habenula supporting the role of Wnt signaling 
in the establishment of the epithalamic asymmetry (Powell et al., 2024).

6 Brain asymmetry and human 
disorders

It is well known that the left and right hemispheres of the 
human brain exhibit anatomical and functional asymmetries 
(Rogers et  al., 2013). In humans, brain asymmetries are first 
observed at around 29–31 weeks of gestation, and they continue to 
develop into childhood and adulthood (Toga and Thompson, 2003). 
These asymmetries are linked to differences in maturation rates, 
dendritic branching, metabolism, and functions between the two 
hemispheres of the brain. The specific pattern of asymmetry varies 
depending on factors such as handedness, gender, age, and genetic 
and hormonal influences (Toga and Thompson, 2003; Güntürkün 
et al., 2020).

Functional and structural lateralization are important for 
cognitive development (Toga and Thompson, 2003). Altered 
lateralization is linked to reduced cognitive abilities and 
neuropsychiatric disorders (Forrester and Todd, 2018), including 
dyslexia, reading disorders, and right-hemisphere speech dominance 
(Hynd et  al., 1990). Neurodegenerative diseases like semantic 
dementia and Alzheimer’s exhibit left hemisphere vulnerability with 
asymmetric atrophy (Thompson et al., 2003). Severe left hemisphere 
dysfunction also leads to developmental dyscalculia, especially in 
complex arithmetic (Shalev et al., 1995). Zebrafish models for these 
disorders offer valuable tools to explore cerebral lateralization and 
related conditions such as dyslexia, dementia, and dyscalculia 
(Gostic et  al., 2019; Newman et  al., 2014; Torres-Perez et  al., 
2023, 2024).

Alterations in cerebral lateralization are evident in Williams-
Beuren syndrome (WBS), a genetically defined neurodevelopmental 
disorder in which changes in the pattern of cerebral lateralization 
may underlie its distinctive intellectual disability and neurocognitive 
profile, which includes marked anxiety, hypersociability, poor 
visuospatial skills, and developmental dyscalculia, with preserved 
language abilities (Pober, 2010; Bellugi et  al., 2000; Mervis et  al., 
1999). Zebrafish lines for WBS genes reveal alterations in brain 
lateralization-dependent behaviors. Mutants for baz1b show social 
impairments (Torres-Perez et al., 2023), while fzd9b (Torres-Perez 
et  al., 2024) and rfc2 (Park et  al., 2024) mutants exhibit altered 
anxiety. These findings highlight the potential use of zebrafish as a 
model to shed light on WBS-related brain lateralization.

Loss of cerebral lateralization is linked to autism (Forrester and 
Todd, 2018), a condition marked by atypical social interaction, 
communication, restricted interests, and sensory processing issues. 
Autism Spectrum Disorder (ASD) is associated with deficits in 
language processing, abnormal hemispheric activation to speech, and 
atypical handedness (Kjelgaard and Tager-Flusberg, 2001; Lombardo 
et al., 2015). Individuals with ASD lack a left visual field bias for face 
and emotion processing, reflecting altered lateralization (Dundas 
et al., 2012; Masulli et al., 2022). Changes in activation patterns in 
regions processing facial configurations have also been observed 
(McCleery et  al., 2009; Keehn et  al., 2015). Zebrafish provide a 
valuable model for examining neurodevelopmental and 
neurodegenerative disorders where lateralization anomalies 
(Figure 2D) are apparent but poorly understood, as we previously 
reported using valproic acid to mimic autism spectrum disorders and 
showing its impact on the ability to affect social visual lateralization 
and the asymmetric genes expression of typical habenular and pallial 
markers (Messina et al., 2024).
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7 Ecology, ethology and evolution of 
lateralization

How could lateralized behaviors have evolved? At the individual 
level, a plausible explanation is that, in terms of survival of the 
organism, the benefits of lateralized responses outweigh the 
ecological disadvantages associated with a lateralized brain 
(Vallortigara, 2006). The potential advantages of lateral biases can 
be grouped into three main categories. First, lateralization increases 
neural efficiency by allowing the non-specialized hemisphere to 
remain available for other tasks (Denenberg, 1981). Second, it helps 
prevent the spontaneous initiation of conflicting responses in animals 
with laterally positioned eyes (Andrew, 1991; Cantalupo et al., 1995; 
Vallortigara, 2000). Third, it enhances the brain capacity for 
simultaneous and parallel processing (Rogers et al., 2004).

However, these benefits do not fully explain the alignment of 
asymmetries among populations. Lateralization at the population level 
can introduce challenges. Because the environment is symmetric, 
lateralized responses can leave an organism vulnerable to predators on 
one side or reduce its effectiveness in foraging or attacking prey 
(Corballis, 1997; Vallortigara and Rogers, 2005). Furthermore, when 
most individuals in a population share the same directional bias, their 
behavior becomes predictable, which may represent a disadvantage 
(Hori, 1993; Ghirlanda and Vallortigara, 2004).

To address how population-level lateralization arises despite these 
potential drawbacks, Ghirlanda and Vallortigara (2004) proposed that 
it may have evolved as an “evolutionarily stable strategy” (Maynard 
Smith, 1982) to coordinate behavior among asymmetric individuals. 
By applying a game-theoretical model to predator–prey interactions, 
they demonstrated that population-level lateralization can 
be evolutionarily stable, emerging when the fitness of an asymmetric 
organism depends on the actions of other asymmetric individuals 
(Ghirlanda and Vallortigara, 2004; Vallortigara and Rogers, 2005). 
These theoretical findings suggest that while individual-level 
lateralization provides functional advantages, population-level 
lateralization may be a cooperative adaptation driven by ecological 
and social pressures. This alignment facilitates coordination among 
individuals and highlights the intricate interplay between individual 
fitness and group dynamics in shaping evolutionary strategies. There 
has been also recent mathematical development of the theory that 
cannot be treated in this short review (but see Ghirlanda et al., 2009; 
Vallortigara and Vitiello, 2024).

8 Conclusion

Brain lateralization is widespread among vertebrates, but its genetical 
bases remain poorly understood. Zebrafish are a valuable animal model 
for studying brain asymmetry. In humans, atypical cerebral asymmetry 
is associated with neurodevelopmental disorders like autism, but ethical 
constraints limit research. On the other hand, zebrafish may facilitate the 
study of gene–environment interactions that influence lateralization and 

impact social, sensory, and cognitive behaviors. As research progresses, 
zebrafish may improve our understanding of lateralization’s evolutionary 
role and its relevance to neurological disorders, offering a promising 
avenue for research and therapies.
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