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THESIS SUMMARY 
 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

impairments in social communication and interaction, as well as repetitive and restricted 

patterns of behaviour. Although growing evidence supports a main contribution of genetic 

factors to its neurobiology and hundreds of candidate genes have been identified in recent 

years, the genetic architecture of the disorder is still not fully understood. Moreover, ASD 

frequently co-occurs with other developmental and psychiatric disorders, and shared genetic 

mechanisms are hypothesized to underlie these comorbidities. In this doctoral thesis, we aimed 

to study the contribution of several candidate genes to ASD and comorbidities. We have focused 

on the 14-3-3 gene family, RBFOX1 and the BEX/TCEAL gene family, performed genetic and 

functional studies and further characterized the neurobiological effects of their deficiency using 

animal models. 

First, our results suggest a role for the 14-3-3 genes in ASD and schizophrenia (SCZ). Ultra-rare 

variants in the 14-3-3 genes are enriched in ASD and common and rare variants in the YWHAE 

and YWHAZ genes, respectively, are associated with SCZ. We have also reported alterations in 

the expression of these genes in postmortem brains of ASD or SCZ patients. Furthermore, we 

have demonstrated a loss-of-function effect of a damaging variant in the YWHAZ gene present 

in two siblings with ASD and attention deficit/hyperactivity disorder (ADHD). In addition, we 

have characterized ywhaz expression in zebrafish across development and in adulthood and 

demonstrated that ywhaz depletion causes alterations in behaviour, in neuronal activity and 

connectivity and in monoamine signalling. The behavioural changes included freezing and were 

rescued with drug treatments that target monoamine neurotransmission.  

Second, we have demonstrated a relevant contribution of common variants in RBFOX1 to 

psychiatric disorders and traits. Also, we have shown that a high number of copy number 

variants (CNVs) spanning RBFOX1 are reported in patients with psychiatric conditions, the vast 

majority in patients with ASD or SCZ, and patients with these disorders also show a decreased 

expression of RBFOX1 in cortex. Finally, we have used knockout animal models to understand 

its role in psychiatric disorders, and demonstrated that both mice and zebrafish RBFOX1-

deficient models present behavioural alterations that can be related to neurodevelopmental 

disorders such as ASD, ADHD and SCZ. 



Third, we found that all BEX/TCEAL genes are downregulated in postmortem brain regions of 

ASD and SCZ patients and that rare CNVs spanning several BEX/TCEAL genes have been reported 

in patients with severe neurodevelopmental problems. Furthermore, Bex3-deficient mice show 

anatomical and molecular alterations in brain, an excitatory/inhibitory imbalance and 

behavioural alterations that can be assimilated to ASD- and SCZ-like symptoms. 

 

  



  

RESUMEN DE LA TESIS 
 

El trastorno del espectro autista (TEA) es un trastorno del neurodesarrollo caracterizado por 

problemas en la comunicación e interacción social, así como patrones restrictivos y repetitivos 

de comportamiento. El peso de la genética en su etiología es cada vez más evidente, aunque la 

compleja arquitectura genética del trastorno sigue siendo una incógnita. Además, el diagnóstico 

de otros trastornos comórbidos es frecuente en pacientes con TEA, por lo que se hipotetiza una 

base genética común. El objetivo de esta tesis doctoral es elucidar la contribución de varios 

genes candidatos, concretamente la familia de genes 14-3-3, el gen RBFOX1 y la familia 

BEX/TCEAL, al TEA y otros trastornos comórbidos, realizando estudios genéticos y funcionales, 

así como caracterizando los efectos neurobiológicos de su deficiencia en modelos animales. 

En primer lugar, nuestros resultados sugieren que variantes ultra-raras en los genes 14-3-3 

contribuyen al TEA y que variantes comunes y raras en los genes YWHAE y YWHAZ, 

respectivamente, están asociadas a esquizofrenia (SCZ). Además, la expresión de los genes 14-

3-3 está alterada en pacientes con TEA o SCZ. Hemos demostrado que una variante patogénica 

en el gen YWHAZ presente en dos hermanos con TEA y trastorno de déficit de atención e 

hiperactividad (TDAH) provoca una pérdida de función de la proteína. Asimismo, hemos 

demostrado que la deleción de ywhaz produce alteraciones en la actividad y conectividad 

neuronal, la señalización monoaminérgica y el comportamiento, pudiéndose este último 

recuperar mediante fármacos. 

En segundo lugar, hemos demostrado que variantes comunes en RBFOX1 están asociadas a 

diferentes trastornos psiquiátricos y que un número elevado de variantes del número de copias 

(CNV) afectan a RBFOX1 en pacientes con trastornos psiquiátricos, siendo especialmente 

frecuentes en pacientes con TEA o SCZ que, además, presentan una disminución en la expresión 

de RBFOX1 en corteza cerebral. Asimismo, hemos usado modelos animales genoanulados para 

estudiar la implicación de RBFOX1 en trastornos psiquiátricos, demostrando que tanto el modelo 

murino como los de pez cebra presentan alteraciones de comportamiento relacionadas con 

trastornos del neurodesarrollo, como ASD, TDAH y SCZ. 

Por último, la expresión de los genes BEX/TCEAL está disminuida en regiones cerebrales de 

pacientes con TEA o SCZ y, además, se han descrito CNVs que abarcan varios genes BEX/TCEAL 

en pacientes con trastornos severos del neurodesarrollo. Los ratones genoanulados para Bex3 



muestran alteraciones anatómicas y moleculares en cerebro, un desequilibro 

excitación/inhibición y alteraciones de comportamiento asimilables a síntomas de TEA y SCZ. 
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1. AUTISM SPECTRUM DISORDER 

 

1.1. History and definition 

The word autism comes from the Greek word autos (αὐτός), which means “self”. The term was 

coined in 1910, by Paul Eugen Bleuler, a Swiss psychiatrist, to describe morbid self-admiration 

and withdrawal within self that some schizophrenia patients presented [1]. Then, in 1943, Leo 

Kanner introduced for the first time the label early infantile autism in a systematic report of 11 

children presenting social impairment, obsession with objects and a need for sameness [2]. A 

year later, Hans Asperger, an Austrian paediatrician, published a report about children with a 

similar pattern of behaviour, characterised by trouble with social interactions and specific 

obsessive interests [3]. Both clinicians hypothesized a neurobiological origin of autism, and some 

years later, the first and second editions of the DSM (Diagnostic and Statistical Manual of Mental 

Disorders) [4,5] defined autism as a behaviour associated with childhood schizophrenia.  

However, in the 1950s and 1960s, psychoanalysts such as Bruno Bettelheim, popularized a 

theory claiming that “refrigerator mothers”, as they termed them, caused autism by not loving 

their children enough [6]. Fortunately, the “refrigerator mother” concept was disproved in the 

following years by an increase in biological research that found differences in brain function and 

cognition in “autistic children”. It was not until the third edition of the DSM in 1980 [7] that 

autism was considered a disorder with a separate diagnosis from schizophrenia. This edition 

defined autism as a disorder with three essential features: lack of interest in people, 

communication difficulties and inappropriate behaviour to environmental stimuli. 

The DSM-IV, released in 1994 and revised in 2000 [8,9], subcategorized autism into five 

conditions with distinct features: autistic disorder, pervasive developmental disorder/not 

otherwise specified (PDD-NOS), Asperger’s disorder, childhood disintegrative disorder (CDD), 

and Rett syndrome. This categorization was based on the hypothesis that each of these 

conditions had a different genetic cause linked to specific problems and treatments. However, 

the lack of clear borders between all these conditions made an accurate diagnosis of patients 

difficult. Moreover, genetic studies in autism were not able to point at specific candidate genes 

for the conditions listed in DSM-IV. For these reasons, the last DSM edition, DSM-5 [10], 

introduced the term “autism spectrum disorder” (ASD) and eliminated the clinical subtypes 

defined in the previous version. 
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1.2. Epidemiology 

ASD is one of the most prevalent neurodevelopmental disorders. The 2010 Global Burden of 

Disease study establishes a prevalence of 1 in 132 individuals [11]. Prevalence estimates have 

increased significantly in recent years and vary between studies, which is partially attributable 

to changes in the diagnostic criteria over the years [12] and to the use of different methods of 

ascertainment. According to a recent review [13], differences in estimates between populations 

and ethnicities may be affected by socioeconomic disparities, social and structural mechanisms 

that cause unequal access to diagnosis, treatment and services related to ASD. 

Autism is more common in males than in females, with reported ratios ranging from 2:1 to 5:1 

and an estimate of 4:1 in the 2010 Global Burden of Disease Study [14,15]. This difference in 

prevalence may be due to different (epi)genetic and environmental factors, but the mechanisms 

underlying male vulnerability or female protection are still not fully understood. A recently 

proposed theory, the multi-hit hypothesis, states that interactions between sex, genes, and 

environment lead to the male bias in ASD [16]. Moreover, sociocultural factors in the application 

of the diagnostic criteria may contribute to an inaccurate diagnosis of autism in females [17–

20]. Indeed, a study performed by Russell showed a strong gender bias when diagnosing ASD: 

girls are less likely to be diagnosed even with equally severe symptoms [17]. 

 

1.3.  Clinical characteristics and diagnostic criteria 

Diagnosis of autism is made by trained clinicians based on behavioural traits and the 

identification of core diagnostic features present in the early developmental period. The current 

diagnostic criteria for ASD described in DSM-5 [10] are divided into two main clinical areas, 

summarized in Table 1. To meet diagnostic criteria, a child must have persistent deficits in each 

of the three areas of social communication and interaction plus at least two of four types of 

restricted, repetitive behaviours. Once diagnosed, severity specifiers are used to better describe 

symptomatology. 

A number of structured diagnostic interviews and observational assessments for autism exist in 

order to standardize and facilitate the diagnosis process [21,22]. Nowadays, the most used and 

validated instruments to diagnose autism are the Autism Diagnostic Interview-Revised (ADI-R) 

[23] and the Autism Diagnostic Observation Schedule-2nd Edition (ADOS-2) [24]. ADI-R is an 

interview with questions divided into five different areas: opening questions, communication, 

social development and play, repetitive and restrictive behaviour, and general behaviour 
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problems. ADOS-2 consists on a series of structured and semi-structured tasks that evaluate 

communication, social interaction, play and restricted and repetitive behaviours. 

Table 1. Diagnostic criteria for autism spectrum disorder according to DSM-5 [10]. 

Persistent deficits in social communication and social interaction across multiple contexts 

Deficits in social-emotional reciprocity, ranging, for example, from abnormal social approach and failure of 

normal back-and-forth conversation; to reduced sharing of interests, emotions, or affect; to failure to initiate 

or respond to social interactions. 

Deficits in nonverbal communicative behaviours used for social interaction, ranging, for example, from poorly 

integrated verbal and nonverbal communication; to abnormalities in eye contact and body language or 

deficits in understanding and use of gestures; to a total lack of facial expressions and nonverbal 

communication. 

Deficits in developing, maintaining, and understand relationships, ranging, for example, from difficulties 

adjusting behaviour to suit various social contexts; to difficulties in sharing imaginative play or in making 

friends; to absence of interest in peers. 

Restricted, repetitive patterns of behaviour, interests, or activities 

Stereotyped or repetitive motor movements, use of objects, or speech (e.g., simple motor stereotypes, lining 

up toys or flipping objects, echolalia, idiosyncratic phrases). 

Insistence on sameness, inflexible adherence to routines, or ritualized patterns of verbal or nonverbal 

behaviour (e.g., extreme distress at small changes, difficulties with transitions, rigid thinking patterns, greeting 

rituals, need to take same route or eat same food every day). 

Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., strong attachment to or 

preoccupation with unusual objects, excessively circumscribed or perseverative interests). 

Hyper- or hyporeactivity to sensory input or unusual interest in sensory aspects of the environment (e.g. 

apparent indifference to pain/temperature, adverse response to specific sounds or textures, excessive 

smelling or touching of objects, visual fascination with lights or movement). 

 

Finally, the importance of early testing to identify children with autism at a very young age has 

motivated the development of early diagnosis parent-report instruments such as the Modified 

Checklist for Autism in Toddlers (M-CHAT) and the Early Screening of Autistic Traits (ESAT) [25–

27]. However, the unspecificity and high sensitivity of these instruments may lead to the over-

diagnosis of autism [28]. 
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1.4. Comorbidities 

ASD presents a high level of comorbidity with other pathologies, both in adults and children (Box 

1). More than 70% of patients present a comorbid condition: developmental or psychiatric 

disorders, personality disorders, or general medical pathologies [21] (Figure 1). Common 

comorbidities are intellectual disability (ID) (45%), epilepsy (8-30%), attention 

deficit/hyperactivity disorder (ADHD) (28-44%), and aggressive behaviours (up to 68%). Anxiety 

disorders, depression, sleep disorders, language disorders and gastrointestinal problems are 

also frequently present in ASD patients [21,29]. 

 

 

 

Figure 1. Comorbid conditions with ASD, 

according to Lai, 2014 classification [21]. 

ADHD, attention-deficit/hyperactivity 

disorder; GI, gastrointestinal; ID, intellectual 

disability; LD, language delay; OCD, obsessive-

compulsive disorder; ODD, oppositional 

defiant disorder; PD, personality disorder; 

SUD, substance use disorder. 

BOX 1. Comorbid conditions frequently reported in ASD patients. 

Intellectual disability (ID) is characterized by significantly impaired intellectual and adaptive 

functioning and is defined by an intelligence quotient (IQ) lower than 70. The estimated prevalence of 

ID in ASD patients is affected by the methodological diagnosis and the definition of intelligence used 

but is considered to be higher than 30%. A higher IQ predicts a better outcome of ASD patients, as it is 

directly related to a higher independence during adulthood [21]. 

Epilepsy in autistic patients was first described by Kanner in 1943. Since then, numerous studies have 

established an increased rate of epilepsy in individuals with autism, especially in patients with 

comorbid ID [30,31]. Also, the prevalence of electro-encephalogram abnormalities in ASD patients is 

significantly high (85.8%) [32]. Although the close association between epilepsy and autism is well 

established, the complex mechanisms that underlie this relationship remain to be fully elucidated 

[30,31]. 
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Attention-deficit/hyperactivity disorder (ADHD) is the most common psychiatric comorbidity in 

individuals with ASD and it has been exhaustively studied in the last years. ADHD is characterized by 

inattention, impulsivity, and/or hyperactivity that remain relatively persistent over time and result in 

impairment across multiple domains of life activities. Earlier versions of DSM excluded the possibility 

of comorbid ASD and ADHD, but since the advent of DSM-5, the ADHD co-diagnosis with ASD is 

considered. Partially shared symptoms between ADHD and ASD suggest that some neural and genetic 

mechanisms may be common to these disorders [33]. Indeed, both ADHD and ASD are associated with 

executive functioning impairments [34]. Also, ASD children presenting with ADHD have more severe 

impairments in adaptive behaviour compared to children with ASD alone [35]. 

Schizophrenia is a psychiatric disorder with an early onset that has been reported to co-occur in up to 

34% of ASD patients. Both disorders include deficits in social interaction and communication and an 

impaired response to sensory stimuli. Increasing evidence supports an overlap of genetic risk factors 

and similar underlying mechanisms including alterations in dopamine signalling and brain circuitry [36]. 

Aggressive behaviour is also common in patients with ASD and can take different forms, from minor 

physical aggression in very young children to verbal aggression in adults. Estimates vary significantly 

across studies (6-68%), probably due to differences in the definition of aggression and the methodology 

used. The co-occurrence of ASD and aggressive behaviour is associated with higher functional 

impairment, more intensive medical interventions, it leads to problems with caregiving and it is a risk 

factor for later poor outcomes [37]. 

 

1.5. Physiopathology and neurobiology 

Anatomical and functional differences, especially in brain anatomy, neuronal activity and 

immunity, between autistic patients and controls have been observed in postmortem, 

neuroimaging and electrophysiological studies. Current findings draw autism as a condition 

resulting from overall brain reorganisation beginning early in development (Figure 2). 

 

 

 

 

 

Figure 2. Altered mechanisms contributing to the physiopathology of ASD. 
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Alterations in brain structures 

Magnetic resonance studies have shown differences in brain anatomy in children with ASD. First, 

autism is associated with an increased total brain volume during early childhood [38,39]. Indeed, 

head circumference enlargement, as a measure of brain overgrowth during the first years of life, 

is common in young children with ASD, especially in low functioning autistics, and macrocephaly 

is present in around 15% of autistic children [40] (Figure 3). Second, the increase in volume is 

not uniform across brain areas: imaging studies in autistic patients have reported an 

enlargement of dorsolateral prefrontal and medial frontal cortex [38,41], basal ganglia [42,43], 

amygdala [44,45] and hippocampus [46,47], and, conversely, reductions in the size of the corpus 

callosum [45,48]. However, some of these structural findings have not been consistently 

reproduced, which may reflect the clinical heterogeneity among ASD patients, but also sample 

size issues. In addition, several studies have reported a significantly increased number of 

neurons in the prefrontal cortex of autistic patients and grey matter abnormalities in cortical 

areas of children and adolescents with ASD [49] (Figure 3). 

 

Figure 3. Early brain overgrowth and grey matter abnormalities reported in the first years of life in children and 

adolescents with ASD. Adapted from Courchesne et al., 2007 and 2019 [39,50]. 

Finally, abnormalities in the cerebellum, a region that plays an important role in cognition and 

motor function, have been consistently reported in individuals with ASD. MRI studies reported 

a cerebellar enlargement in autistic children [51] and a reduction in adults [52], a decreased 

volume of the cerebellar vermis  [53–55] - involved in modulating emotion, arousal and sensory 

response, and a reduced cerebellar grey matter [56,57]. Also, postmortem studies found a 

decreased number and size of Purkinje cells in adolescent and adult patients [58,59].  
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Impaired neurogenesis, neuronal migration and dendritic morphogenesis 

The development of neural circuits starts early in embryogenesis and consists of several 

subsequent steps (Figure 4). A current hypothesis asserts that impaired neurodevelopmental 

processes, in which shaping and fine-tuning of neuronal circuits occur, may underlie the early-

brain overgrowth and brain structural abnormalities observed in ASD patients [39,60]. A 

defective neurogenesis and neuronal migration during the prenatal period in autistic patients 

may cause an initial misplacement of neurons and lead to an abnormal growth of brain areas, 

also called dysplasia, and an altered brain maturation [61]. Indeed, mutations in genes such as 

RELN, with a crucial function in neuronal migration, have been described in ASD patients [62,63]. 

Also, even if postmortem dendrite and spine studies in ASD patients are scarce, an altered 

dendritic spine density has been reported in these patients [64].  

 

 

 

 

 

 

Figure 4. Steps of neuronal development in humans. Approximate time points of the major neocortex developmental 

events in human. pcw, postconceptional weeks; pnm, postnatal months. Adapted from Molnár et al., 2020 [65].  

Impaired neuronal connectivity 

At different developmental periods, spontaneous activity influences or even controls 

neurogenesis, neuronal migration, synaptogenesis, apoptosis and myelination (Figure 5). 

Indeed, neuronal communication during early development interacts with genetic programs to 

establish the mature brain circuitry [65]. In ASD patients, alterations in this spontaneous activity 

may affect patterning and wiring and lead to an impaired connectivity in relevant brain circuits 

and a defective lateralization [65,66] (Figure 5). Brain lateralization occurs during typical 

neurodevelopment [67] and refers to the specialized asymmetry of brain hemispheres in 

relation to important cognitive and behavioural mechanisms such as memory, language, 

visuospatial or emotional processing [68–70]. Several studies have reported altered brain 

asymmetry in ASD patients and a disrupted interhemispheric connectivity and synchronization 

[71–73]. 
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Figure 5. Spontaneous activity patterns during development modulates cortical wiring. A) Developmental changes 

in spontaneous cortical activity: Prenatal cortical circuits are driven by early-generated transient neurons in the 

marginal zone (MZ) and subplate (SP) before maturation of cortical plate neurons. (1) Cajal-Retzius (yellow) and 

subplate neurons (purple) discharge fast action potentials at a higher frequency than cortical plate neurons (black); 

(2) Neurons generate local synchronized activity or propagating activity waves; (3) Discharges become faster and local 

networks discharge in synchronized bursts, also transient early-generated neurons start to disappear; (4) Adult-like 

sparse desynchronized activity independent of transient neurons and circuits. B) Early spontaneous synchronized 

neuronal activity modulates cortical circuitries. During development, transformation of early subplate-driven circuits 

to the adult-like six-layered cortex requires spontaneous synchronized burst activity that controls apoptosis, 

neurogenesis, neuronal migration and formation and awakening of synapsis. (1) In normal development, most 

subplate neurons disappear with development, only a few of them survive as interstitial white matter (WM) cells. (2) 

Genetic or environmental factors can affect neuronal activity during development, and altered activity patterns may 

disturb subsequent developmental programs leading to miswiring that could cause neurological or psychiatric 

conditions. MZ, marginal zone; CP, cortical plate; SP, sublpate; WM, white matter. Adapted from Molnár et al., 2020 

[65].  
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In the prefrontal cortex, pyramidal projecting neurons radially aggregate forming minicolumns, 

in which combinations of GABAergic interneurons modulate pyramidal inputs and outputs. 

These minicolumns play an integrative sensorimotor role, as they form cortical interlaminar 

connections that bind sensory-related signals with behaviour-related outputs [74]. Several 

studies have reported a reduced size of pyramidal neurons, a decreased minicolumnar width 

due to an increased neuronal density, and a defective inhibitory function in ASD patients [75,76]. 

This minicolumnar pathology might disable efficient functional connectivity between distant 

cortical regions and therefore impair cognitive processing in autistic patients [74,75]. Finally, 

imaging and electrophysiological findings have shown a pattern of overall brain under-

connectivity coupled with local over-connectivity within specific regions in ASD patients [77,78]. 

Importantly, the cerebellum is hyperconnected with sensorimotor cortex but hypoconnected 

with cognitive areas in ASD patients [79,80]. 

Altered immunity, neuroinflammation and gastrointestinal alterations 

There is strong evidence on the association between ASD and dysfunctional immune activity, 

and on how the effects of immune dysfunction affects neurodevelopment. Indeed, in many 

cases ASD coexist with immune-based disorders, and a family history of autoimmune disorders 

is linked with a higher risk of ASD [81,82]. Many studies have found alterations in both innate 

and adaptive immunity: altered levels of cytokines in the brain tissue, cerebrospinal fluid (CSF) 

and blood, an increased number of B cells and monocytes, a decreased number of CD4+ T cells, 

and a higher number of natural killer cells yet these cells show a diminished response to various 

signals [82,83]. Finally, many ASD patients present gastrointestinal complications together with 

immune dysregulations, and increasing evidence points to alterations in the microbiota gut-

brain axis as a key factor leading to neuroinflammation in autistic patients [84–86]. (Figure 6) 

 

 

Figure 6. Gut microbiota 

impact on brain 

functioning. Functions 

found to be impaired due 

to gut microbiota 

alterations. Adapted from 

Cryan et al., 2019 [86]. 
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Alterations in neurotransmitter systems 

Growing evidence from molecular, genetic, imaging studies and animal models indicates an 

important implication of neurotransmitter systems in ASD, especially serotonergic, 

dopaminergic, GABAergic and glutamatergic systems [87] (Table 2).  

Table 2. Main findings in autism neurochemistry. Adapted from Marotta et al., 2020 [87]. 

Neurotransmitter Imbalance Genes Animal models 
Pharmacological 

approach 

Serotonin 

↓ 5-HT2A, 5-HT1A binding 

↑brain and blood 

SLC6A4 

SERT Ala56 mice 

Slc6a4+/- mice 

Selective serotonin 

reuptake inhibitor 

Dopamine 

↓ prefrontal cortex 

Dysregulation of 

mesocorticolimbic and 

nigrostriatal circuit 

SLC6A3, 

SHANK3, DRD3, 

DRD4 

Stereotypic deer 

mice 

DAT T356M+/- 

Dopamine receptor 

blockers 

GABA 

↓ motor, visual, auditory, 

somatosensory cortex 

↑blood 

MECP2, 

GABRA5, 

GABRG3, 

GABRB3 

Viaat-Cre mice 

Arbaclofen, 

acamprosate, 

bumetanide, 

valproate 

Glutamate 

↓ striatum 

↑blood 

SHANK, NGLN3, 

NLGN4, UBE3A, 

GRIN2A, 

GRIN2B, CDKL5 

Nlgn3 KO mice 

Shan3 KO mice 

Shank2 KO mice 

VPA-mice 

Cdkl5 KO mice 

IB2 KO mice 

D-cycloserine, 

memantine, 

amantadine, 

mGLuR5-antagonists 

 

Serotonin (5-HT) modulates essential developmental processes and brain functions such as 

memory, learning, sleep and mood (Figure 7) and numerous studies have shown its involvement 

in the aetiology of ASD. Approximately one third of autistic patients show elevated serotonin (5-

HT) blood levels [88] and alterations in the serotoninergic system have been reported in ASD 

patients. These alterations include reduced receptor-binding density of 5-HT1A and  5-HT2A 

receptors in postmortem  thalamus, posterior cingulate cortex and fusiform gyrus of ASD 

patients [89,90], and reduced affinity of the 5-HT transporter SERT in both children and young 

adults with ASD [91,92]. In addition, polymorphisms in the SLC6A4 gene, encoding for the 5-HT 

transporter, have been related to autism [93,94]. Interestingly, a small-scale study reported that 

the administration of fluoxetine, a selective serotonin reuptake inhibitor (SSRI), leads to a 
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reduction in repetitive behaviours and an overall improvement of symptoms in adult ASD 

patients [95]. However, other SSRI such as citalopram are ineffective to treat repetitive 

behaviours in children with ASD [96]. 

 

Figure 7. Serotoninergic pathways in the brain. Main serotoninergic nuclei and projections are represented in red. 

Yellow circles represent the brain structures where these projections converge. Main cognitive and behavioural 

functions in which 5-HT is involved are described. BNST, bed nucleus of the stria terminalis; DRN, dorsal raphe nuclei; 

FC, frontal cortex; Hb, habenula; Hippo, hippocampus; LC, locus coeruleus; mPFC, medial prefrontal cortex; MRN, 

median raphe nuclei; NAc, nucleus accumbens; OC, occipital cortex; PAG, periaqueductal gray; PC, parietal cortex; 

SN, substancia nigra; VTA, ventral tegmental area. Pourhamzeh et al., [97]. 

Dopamine (DA) plays an important role in motor control, social cognition and reward. Early 

studies found evidence pointing to the implication of DA dysfunction in autism; in particular, in 

ASD patients DA hydroxylase activity was found reduced in plasma [98], DA levels were 

decreased in isolated platelets [99] and a low dopaminergic activity was reported in prefrontal 

cortex [100]. Now, increasing evidence support the theory that DA imbalance in specific brain 

regions may contribute to autistic behaviours [101,102] (Figure 8). On the one hand, social 

deficits in autism may be determined by a dysfunction of the mesocorticolimbic circuit, 

implicated in social motivation and reward. On the other hand, a dysfunction in nigrostriatal 

circuits, involved in controlling goal-directed motor behaviour, may contribute to stereotyped 

behaviours [101,102]. Interestingly, the DA receptors blockers risperidone and aripiprazole are 

drugs approved by the FDA (Food and Drug Administration) and EMA (European Medicines 

Agency) to treat agitation and irritability symptoms associated with ASD [22]. 
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Figure 8. Dopaminergic pathways 

suggested to be involved in autistic core 

features. MCL, mesocorticolimbic; NS, 

nigrostriatal. Pavăl 2017 [102]. 

Finally, balanced neural circuits are important for proper social and emotional behaviour, 

language processing and cognition. Gamma-aminobutyric acid (GABA) is the main inhibitory 

neurotransmitter in the central nervous system (CNS) and plays an important role in the 

development of functional brain pathways. Altered levels of GABA have been observed in 

plasma and postmortem brains of ASD patients, and the excitation/inhibition imbalance theory 

suggests that alterations in GABAergic signalling could contribute to a loss of balance in neural 

circuits and lead to an impaired cellular information processing in autistic patients [103]. 

 

2. GENETICS OF AUTISM SPECTRUM DISORDER 

 

2.1. Relevance of genetics factors: heritability studies 

Autism is a multi-factorial disorder with genetic, environmental and epigenetic factors 

contributing to its pathogenesis. However, despite the multi-factorial aetiology of the disorder, 

epidemiological evidence from family and twin studies supports a strong genetic component 

underlying ASD and, although there is a high heterogeneity among studies, a recent meta-

analysis estimated heritability to range between 64 and 91% [104] (Figure 9). Heritability stands 

for the degree of variation of a phenotypic trait in a population that is due to inherited genetic 

variation among individuals in that population. Early estimates of ASD heritability, obtained from 

family and twin studies, helped to understand the degree to which genetic factors contribute to 
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ASD susceptibility. Family studies determine the probability that a relative of the studied 

proband presents the disorder, compared to the prevalence of the disorder in the general 

population.  

The first family studies of ASD estimated a 3% heritability of ASD in siblings, much higher than 

in the general population, and found that proband relatives were more frequently affected by 

phenotypic traits related to autism, pointing to the important contribution of genetic factors to 

ASD aetiology [105,106]. In 1977, the first twin study of autism reported a cohort of 11 

monozygotic (MZ) twins and 10 dizygotic (DZ) twins [107]. This study showed a 36% concordance 

in ASD diagnosis in MZ twins and 0% in DZ pairs when a strict ASD diagnosis was considered, and 

92% and 10%, respectively, when a “broader autism phenotype” was used. In the following 

years, other twin studies were conducted and reported a concordance of 70-90% for ASD in MZ 

and of around 10% in DZ twins [108–111]. 

 

Figure 9. Heritability estimates of 

ASD calculated for several studies 

and meta-analyses. Forest plots 

representing additive genetic effects 

calculated for each study 

individually and meta-analysis 

estimates using 6 different 

configurations. Horizontal lines 

represent the 95% confidence 

intervals. Adapted from Tick et al., 

2016 [104]. 

Nevertheless, we should be aware of the fact that estimates extrapolated from these classical 

twin and family studies might be affected by questionable assumptions in the heritability model 

[112]. First, the liability model used in these studies does not include known and potential 

sources of Mendelian and non-Mendelian genetic risk (non-additive effects, epistatis, 

mitochondrial effects, gene-environment interactions and correlations, etc.). Moreover, these 

studies assume a small effect of gene-environment interactions: they consider that common 

environment is shared to the same extent between MZ and DZ twins, and that disparity in the 

developmental environment of twins and general population has no influence. In recent years, 

three large population-based studies with a more precise and complete design have determined 

a refined estimate of 50% heritability [111,113,114], and when all twin studies until date are 

taken into account, concordance for ASD is 45% for MZ and 16% for DZ twins [115]. 
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In summary, all this evidence from family and twin studies shows that most of ASD risk is driven 

by genetic factors, yet these studies do not provide information on the specific genetic variation 

that shapes ASD liability. Indeed, the genetic architecture of ASD is highly heterogeneous and 

includes different types of variants: chromosomal abnormalities, copy number variants (CNVs), 

insertions and deletions (indels) and single nucleotide variants (SNVs). These forms of genetic 

variation differ in frequency (common and rare variants), model of inheritance (autosomal 

inherited, X-linked and de novo), and mode of action (additive, recessive, dominant and 

hemizygous), all contributing to ASD risk. 

 

2.2.  Genetic architecture of ASD 

From karyotype and linkage studies to candidate genes 

Cytogenetic studies were the first studies to associate genetic variation with ASD (Figure 10). 

Early karyotype studies shed light on which genome regions were involved in ASD [116] and, 

later on, linkage studies examined the co-segregation of chromosomal regions with ASD in 

families with several affected members. These linkage studies found susceptibility loci in 

chromosome regions such as 2q, 3q, 7q, 15q and 16p [117–123]. However, the low resolution 

of these approaches made impossible to associate specific genes with ASD. 

 

Figure 10. History of genetic findings in ASD from 1975 to 2015. The blue line represents the estimates of prevalence 

of ASD in general population (data from the Center for Disease Control and Prevention) of ASD and the red line the 

number of genes related to ASD reported in SFARI (gene.sfari.org). Bourgeron, 2016 [115]. 

Sequencing of the human genome [124,125], together with improvements in methods for 

detecting variants in PCR-amplified DNA, allowed single genes to be screened for genetic 

variation in hundreds of individuals. The first approach followed to associate single genes with 
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ASD relied on the selection of specific candidate genes based on data generated by functional 

or genetic association studies, according to expression patterns, involvement in 

neurodevelopment or relevant functions in the CNS. These first studies pointed to genes such 

RELN, ARX, MeCP2, NLGN3, NLGN4, TSC2, or UBE3A [126–131]. However, these “candidate 

gene” approaches sometimes analysed the wrong genes, lacked enough sample size, and 

suffered from publication bias. 

Copy number variations 

Copy number variations (CNVs) are submicroscopic structural variants in chromosomes that 

include duplications, deletions, translocations, and inversions, sometimes covering several 

kilobases and generally caused by recombination errors during meiosis. The development of 

genotyping microarray techniques, together with the availability of a reference sequence from 

the human genome, lead to the discovery of CNVs in 2004 [132,133] (Figure 10). Since then, 

numerous studies have analysed the contribution of CNVs, inherited or de novo, to phenotypic 

variation among individuals and to disorders such as ASD. These microarray approaches have a 

much higher resolution than traditional karyotype studies, which were only able to detect 5-10 

Mb alterations in chromosomes.  

In 2007, the first CNV study performed in ASD patients found a higher load of rare CNVs in 

autistic individuals compared to controls, underscoring the role of these variants in ASD 

pathology [134]. An enrichment of rare CNVs in ASD patients was confirmed in later studies 

[135–142], and it is estimated that around 4-10% of ASD patients present de novo CNVs, a higher 

percentage than in the general population [143]. Recurring CNVs, both inherited and de novo, 

have been associated with ASD in genes such as NGLN3, NLGN4X, SHANK3, ASTN2, PTCHD1, 

NRX1N, CNTN4, NLGN1 or SHANK1, all involved in brain functions, and there are predicted to be 

130-234 loci affected by CNVs related to ASD [144,145].  

Next generation sequencing and identification of rare variants 

Next generation sequencing (NGS) revolutionized genetic research and made possible to 

investigate ASD on a genome-wide level (Figure 10). Whole-genome sequencing (WGS) and 

whole-exome sequencing (WES) are hypothesis-free approaches, therefore not biased by a 

previous selection of candidate genes, whose aim is to detect genetic variants associated with 

the disorder in patients and relatives. 

Rare variants - with a minor allele frequency (MAF) of less than 1% - can be inherited from 

unaffected parents or arise as de novo mutations during the meiotic divisions of gametogenesis. 
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The first WES studies in ASD families focused on identifying de novo rare damaging variants 

[146–149], giving that previous CNVs studies had pointed to the important contribution of de 

novo variants to ASD aetiology. Subsequent research also explored the contribution of inherited 

variants that are recessive or with incomplete penetrance [150–155]. These first studies 

generated a list of candidate genes where recurrent de novo mutations were found, such as 

BRCA2, FAT1 and KCNMA1 [147]; SCN2A, KATNAL2 and CDH8 [149]; CHD8, DYRK1A, GRIN2B, 

PTEN, TBL1XR1 and TBR1 [148]. Interestingly, several of these WES studies showed a correlation 

between a higher number of de novo “gene-truncating variants” (nonsense variants, indels 

leading to frameshift, or canonical splice site variants) and lower IQ in patients with ASD 

[148,156,157]. A similar association had already been described in previous CNVs studies, which 

found a higher number of CNVs in ASD patients with ID (IQ<70) [158]. Nevertheless, even if de 

novo highly damaging variants are considerably overrepresented in ASD patients with comorbid 

ID, they cannot fully explain the disorder in all these patients: the rate of de novo truncating 

variants per ASD proband is quite low (0.2) and it is unlikely that they would be fully penetrant 

[157]. These variants may explain severe phenotypes, but they are responsible for only a small 

fraction of ASD patients with ID. 

The cost of NGS is continuously decreasing and, consequently, short-read WGS is starting to 

replace WES as a method to identify genetic factors associated with ASD [159]. WGS  allows to 

identify not only rare coding and non-coding variants, but also small CNVs, genome 

translocations and inversions, and offers even more coverage across the genome than previous 

genomic methods, resulting in the discovery of 10-20% more coding variants than WES [160–

164].  

To date, dozens of large-scale genetic studies has been conducted on ASD patients and their 

families, leading to hundreds of risk genes being identified. Interestingly, the majority of these 

genes code for proteins involved in synapse formation or in transcriptional regulation and 

chromatin-remodelling pathways [165]. In order to gather information about all ASD risk genes 

and facilitate research, the Simons Foundation Autism Research Initiative (SFARI, www.sfari.org) 

database was created to provide updated information on genes and CNVs associated with ASD 

based on published studies (Figure 10). 

Genome-wide association studies and common variants 

Genome-wide association studies (GWASs) emerged in the early 2000’s and have been used 

since then to study complex diseases. An important consideration is that GWASs are hypothesis-

free, which means that they are not biased by previous knowledge of location or function of 
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known genes. The aim of these association studies is to identify genetic variants  of risk across 

the whole genome by comparing allele frequencies between patients and a control population. 

Individual genomes differ from each other in genetic variants called single nucleotide 

polymorphisms (SNPs). The majority of these variants are common and occur at least in 1% of 

the population, but some of them may increase the risk of developing complex polygenic 

diseases. Indeed, several studies point to common genetic variants acting additively as a major 

source of risk for ASD [111,114].  

While linkage studies were able to detect only highly penetrant variants, GWASs enable 

detection of SNPs with small additive effects on the phenotype. The first GWAS in ASD was 

performed in 2006 using microsatellites in a very small sample from Faroe islands and detected 

associations with 2q, 3p, 6q, 15q, 16p and 18q [166]. Two years later, Arking et al. used 500,000 

SNPs in multiplex families with a strict autism diagnosis, but no signal overcame the significance 

threshold [167]. In the following years, more GWASs were performed, but all of them were 

underpowered due to the weak effect of individual SNPs and insufficient sample size, and then 

failed to identify reproducible SNP associations [168–173]. Indeed, these studies found that 

common variation in the form of SNPs had a very weak effect when a given SNP is considered 

individually.  

The last GWAS to date doubled the discovery sample size from previous studies (more than 

18,000 cases) and reported for the first time common risk variants robustly associated with ASD 

[174]. Five significant loci were defined in ASD alone, and seven additional sites were suggested 

at a stricter threshold by using GWAS results from three correlated phenotypes (schizophrenia, 

depression and educational attainment). Several genes located in the identified loci, such as 

PTBP2, CADPS and KMT2E, had been previously related to ASD in genetic studies of de novo and 

rare variants. In addition, this study reported that the polygenic contribution of common 

variants may be higher in high-functioning ASD patients than in patients with comorbid ID. 

(Table 3) 
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Table 3. Loci reaching genome-wide significance in ASD scans and MTAG analysis with three correlated 

phenotypes (schizophrenia, major depression and educational attainment) in the last GWAS. Adapted 

from Grove et al., 2019 [174]. 

Index variant Chr. BP Analysis p-value Nearest genes 

rs910805 20 21248116 ASD 2.04 × 10−9 KIZ, XRN2, NKX2-2, NKX2-4 

rs10099100 8 10576775 ASD 1.07 × 10−8 C8orf74, SOX7, PINX1 

rs201910565 1 96561801 Comb ASD 2.48 × 10−8 LOC102723661, PTBP2 

rs71190156 20 14836243 ASD 2.75 × 10−8 MACROD2 

rs111931861 7 104744219 Comb ASD 3.53 × 10−8 KMT2E, SRPK2 

rs2388334 6 98591622 ASD-Edu 3.34 × 10−12 MMS22L, POU3F2 

rs325506 5 104012303 ASD-MD 3.26 × 10−11 NUD12 

rs11787216 8 142615222 ASD-Edu 1.99 × 10−9 MROH5 

rs1452075 3 62481063 ASD-Edu 3.17 × 10−9 CADPS 

rs1620977 1 72729142 ASD-MD 6.66 × 10−9 NEGR1 

rs10149470 14 104017953 ASD-MD 8.52 × 10−9 MARK3, CKB, TRMT61A, BAG5, APOPT1, 

KLC1, XRCC3 

rs16854048 4 42123728 ASD-MD 1.29 × 10−8 SLC30A9, BEND4, TMEM33, DCAF4L1 

In grey, loci reaching genome-wide significance in the analysis of the ASD phenotype alone. In white, additional loci 

reaching genome-wide significance in the three MTAG analysis performed in the study, with schizophrenia (SCZ), 

educational attainment (Edu) and major depression (MD). The “analysis” column indicates if the p-value comes from 

the original scan (ASD), from the combined analysis with the follow-up sample (Comb ASD) or from any of the MTAG 

analysis (ASD-Edu or ASD-MD). Independent loci are defined to have r2<0.1 and distance >400kb. Chr, chromosome; 

BP, chromosomal position in base pairs from the telomere of the short arm; “nearest genes”, list of the nearest genes 

from within 50kb of the region spanned by all SNPs with r2≥0.6 to the index variant. 

Epigenetic and environmental factors 

Beyond genetic factors, there is evidence for a role of non-genetic sources of risk in ASD. 

Epigenetic alterations are likely to contribute to autism, but all DNA methylation studies 

performed so far, including epigenetic-wide association studies (EWAS) have used small 

samples. As a result, how epigenetic mechanisms are involved in ASD is still obscure [175,176]. 

Environmental risk factors for autism have also been reported in recent reviews and studies: 

advanced parental and maternal age, birth trauma, maternal obesity, a short interval between 

pregnancies, gestational diabetes mellitus and valproate use during pregnancy. Importantly, 

these factors cannot be considered causal but could contribute to the risk of autism through 

several complex underlying mechanisms, such as genetic and epigenetic effects, inflammation 

and oxidative stress, or hypoxic and ischemic damage [177–179]. 



INTRODUCTION 

  
21 

2.3. Towards a genetic model for ASD 

It is still unclear how genetic factors are implicated in the clinical heterogeneity of ASD, ranging 

from high-functioning patients to individuals with ID. As mentioned previously, many different 

classes of variants shape ASD genetic liability, with different contributions to the aetiology of 

the disorder. Thus, the rising question is how this genetic heterogeneity contributes to 

phenotypic variation. A genetic model of ASD should be able to explain the phenotypic 

differences observed across the autism spectrum. 

Genetic studies conducted to date converge on a genetic model in which both multiple common 

variants of small effect size and rare variants with moderate or high penetrance are implicated 

in the genetic liability to ASD (Figure 11A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Genetic contribution to autism spectrum disorder. A) Different genetic variants contributing to ASD, 

plotted according to allele frequency and effect size. Manolio et al., 2009 [183]. B) Impact of different genetic variants 

on phenotypic severity in ASD. In the centre of the graph, phenotypic severity is shaded in different tones of blue. In 

the upper part of the graph, the contribution of de novo inherited gene truncating variants and gene-disrupting CNVs 

is represented in different tones of blue, and the contribution of common variants with small effect size is represented 

with different tones of grey. Darker tones represent a higher contribution. Adapted from Toma, 2020 [181]. 
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On one side of the genetic architecture of ASD are the monogenic disorders, in which a single 

highly damaging gene mutation or a CNV are the major contributors to risk. Notably, in these 

cases, gene-truncating variants or gene-disrupting CNVs might lead to severe phenotypes such 

as ID. On the other side of the spectrum is polygenic risk, conferred by the additive effect of 

common variants, that might shape a genetic background providing susceptibility to the 

disorder, perhaps in combination with environmental triggers. Inherited common variants with 

small effect size might therefore increase the risk for ASD development and define a substrate 

of susceptibility. However, they may not be sufficient for the disorder, and additional variants 

with moderate or large effect size together with non-genetic factors would then act on this 

substrate to surpass the liability threshold that results in ASD. The gap between these two 

extremes spans a broad spectrum in which the contribution of both common and rare de novo 

or inherited variants leads to the disorder [180–182] (Figure 11B). This potential model is 

supported by the results of WES studies and the latest GWAS, which reported a more important 

polygenic contribution of common variants in high functioning ASD patients than in the ones 

with comorbid ID. 

From a polygenic to an omnigenic model 

Analysis of rare variants in ASD cohorts showed that the clinical severity of known pathogenic 

mutations is influenced by additional rare variants present in the genetic background [141]. Also, 

the clinical outcome of individuals that carry a rare variant of large effect can also be influenced 

by the background of common polygenic variation [184,185]. These results point to a polygenic 

inheritance, in which risk for ASD is determined by the additive contribution of variants in a high 

number of genes [180], possibly tens or more than one hundred genes per individual. 

The advent of GWASs and WES has helped to better understand the genetic basis of complex 

traits, and has shown that polygenicity is the rule in psychiatric disorders [186], as it seems to 

be in ASD. More precisely, our current understanding of ASD genetics is compatible with the 

“omnigenic model” first described by Boyle [187]. In this model, genes are subdivided into core 

genes, which affect disease risk directly, and peripheral genes, that can only affect risk indirectly 

through trans-regulatory effects on core genes. This theory postulates that most of the 

heritability of complex traits is explained by the effects of peripheral genes, propagated through 

genetic regulatory networks, and that genetic variation in core genes explains only a small part 

of the overall heritability [188]. “Polygenic” describes the involvement of a high number of 

variants across the genome in a specific trait, while “omnigenic” would be a special case in the 

polygenic spectrum in which heritability is mainly driven by peripheral genes that trans-regulate 
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core genes. However, this distinction of “core” and “peripheral” genes has been challenged in 

recent reports [189]. 

Pleiotropic effects in ASD 

A recurrent term has emerged in recent years when considering genetics of complex traits: 

pleiotropy [190,191]. Pleiotropy occurs when a genetic variant or a gene has effects on multiple 

phenotypes, and the omnigenic model of complex traits predicts that network pleiotropy may 

contribute to genetic correlations among disease phenotypes. These pleiotropic effects would 

contribute to the high comorbidity of ASD with other psychiatric and medical conditions. Indeed, 

two recent GWASs cross-disorder meta-analyses highlighted significant genetic correlations 

between psychiatric disorders, suggesting a complex partially shared genetic structure 

underlying these disorders [192,193]. In Lee et al. meta-analysis, nearly 75% of the genome-

wide significant SNPs were associated with more than one disorder, and ASD was implicated in 

36% of the pleiotropic loci, showing the strongest genetic correlations with major depressive 

disorder (MDD, 45%), ADHD (37%) and schizophrenia (SCZ, 22%). Also, in this analysis the most 

pleiotropic locus was located in the DCC gene and showed association to the eight psychiatric 

disorders analysed, and the second most pleiotropic locus was identified in the RBFOX1 gene 

and showed association to all except one disorder (anorexia) [192]. Finally, the largest GWAS in 

ASD to date reported several genetic correlations between ASD and other traits, including MDD, 

SCZ and ADHD [174] (Figure 12). Some examples of single-gene pleiotropic effects would be 

SHANK2, contributing to both ASD and ADHD [194], and neurexins (NRXN1), neuroligins (NLGN4) 

and SHANK3 contributing to both ASD and schizophrenia [195].  

 

 

 

 

 

 

Figure 12. Genetic correlation between ASD and other traits. Significant genetic correlations after Bonferroni 

correction. ADHD, attention deficit/hyperactivity disorder; IQ, intelligence quotient. Adapted from Grove et al., 2019 

[174]. 
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The continuum model of ASD 

The majority of studies in ASD so far have compared cases to controls without considering the 

possibility of intermediate outcomes. However, an emerging viewpoint suggest ASD as a 

continuum phenotype with a normal distribution of autistic traits in the general population, 

where a severe diagnosis (i.e. being ‘labelled’ as a patient) is at one tail of the distribution [196–

199]. Indeed, there is a high variability in social communication and interaction in the general 

population and subthreshold autistic traits have been observed in unaffected siblings and family 

members of ASD patients [200]. Considering ASD a continuum trait also in the general 

population will enable the study of intermediate levels of ASD in larger more accessible samples 

and the investigation of the underlying mechanisms of the disorder. Actually, this approach has 

been beneficial for depression research: studying subclinical levels of depression highlights 

common genetic mechanisms [201]. As not many biological cohorts have included a continuum 

measure of ASD, a possible solution would be to analyse the genetic potential for ASD in the 

general population using polygenic risk scores (PRS). PRS uses the sum of all known common 

variants that contribute to a disorder to calculate an overall risk of getting this disorder. As 

mentioned before, recent research has shown that the polygenic form of autism is made up of 

the additive effects of individual SNPs. Therefore, using this methodology, the mechanisms of 

autistic-like traits could be studied in any cohort with genetic and MRI imaging information 

available. To date, several studies have revealed that PRS for ASD correlate with cognitive 

abilities, such as logical memory or executive function [202,203], and brain structural alterations 

(cortical thickness and white matter connectivity) [204]. 

 

2.4. Syndromic autism 

The traditional definition of syndromic autism is a disorder with a clinically defined pattern of 

somatic abnormalities and a neurobehavioural phenotype that may include ASD. Approximately 

5-10% of ASD patients have co-occurring monogenic syndromes or disorders and the diagnosis 

is typically confirmed by targeted genetic testing. Syndromic autism may be caused by loss-of-

function of specific genes or chromosomal abnormalities, examples are reported in Box 2 and 

Figure 13. 
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BOX 2. Genetics of syndromic autism 

Fragile X syndrome (OMIM #300624) is caused by the 

repetition (more than 200 times) of the trinucleotide CGG 

at 5’ of the FMR1 gene (Xq27.3). These repetitions lead to 

hypermetylation of the region and silencing of the FMR1 

gene. Patients present characteristic dysmorphic features 

accompanied with neurological problems and, in many 

cases, with ID and/or autism. 

MECP2 encodes MeCP2 (methyl-CpG-binding protein 2), a 

protein that binds to methylated CpG islands to suppress 

transcription. Loss-of-function mutations in MECP2 cause 

70% of Rett syndrome (OMIM #312750) in girls, these 

mutations being lethal in boys. Depending on the mutation, 

its location in the gene and the inactivation pattern of X 

chromosome in each individual, the phenotypic traits may 

differ: ID, ASD, learning problems or even asymptomatic presentations. 

Tuberous sclerosis complex, TSC, (OMIM #191100) is an autosomal disorder characterized by the 

presence of benign tumours in the brain and other organs. The disorder is caused by mutations in TSC1, 

encoding hamartin, or TSC2, encoding tuberin. Patients with TSC present a wide range of 

neurodevelopmental disorders such as ASD, present in 50% of cases. 

Neurofibromatosis type I (OMIM #162200) is an autosomal dominant disorder caused by mutations in 

NF1, situated in the 17q11.2 region. This gene encodes neurofibromin, a tumour suppressor protein. 

Patients with mutations in NF1 have a higher probability to develop benign and malign tumours in the 

nervous system. Mutations in NF1 lead to the activation of the mTOR signalling pathway and neuronal 

hypertrophy, which may cause impaired neuronal connectivity and synaptic plasticity, associated with 

ASD. 

Adenylosuccinate lyase deficiency (OMIM #103050) is a metabolic syndrome associated with ASD. This 

autosomal recessive disorder is caused by mutations in ADSL, encoding adenylosuccinate lyase. This 

syndrome has a heterogeneous phenotype with psychomotor impairment, epileptic convulsions and 

ASD in 80-100% of cases. 

Patients with syndromes caused by chromosomal abnormalities are often diagnosed with ASD. 

Structural chromosomal alterations have been reported for every chromosome and include deletions, 

duplications, inversions or translocations. The most frequent chromosomal abnormality detected in 1–

3% children with ASD is a maternally inherited 15q11-q13 duplication. Many genes in this chromosomal 

Figure 13. Prevalence of ASD in 

syndromes of known genetic aetiology. 

de la Torre-Ubieta et al., 2016. 
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region have essential functions in the brain, such as GABRA5 and GABRB3 (GABA receptors), UBE3A 

and HERC2 (components of the proteasome complex) and SNRPN (ribonucleoprotein peptide N) as well 

as CYFIP1 (the FMRP interacting protein) 

 

2.5. Idiopathic autism: candidate genes 

With the development of sequencing technologies, over hundreds of candidate causal genes of 

ASD have been identified. The SFARI database currently reports more than 1,000 genes 

associated with ASD (around 5% of the protein-coding genes in the genome), 207 showing high-

confidence associations with ASD. Interestingly, in this database candidate genes are classified 

into different categories, annotated for their relevance to autism and scored according to the 

strength of the evidence for each gene’s association with ASD (Table 4). 

Table 4. Top 10 genes reported to be associated with ASD in SFARI with high confidence (score 1). 

Gene Symbol Chromosome 

ASD reports/  

Total reports 

Rare variants/ 

Common variants 

NRXN1 2p16.3 47/90 212/4 

SHANK3 22q13.33 47/89 261/9 

MECP2 Xq28 27/87 180/0 

SCN2A 2q24.3 40/72 290/0 

SCN1A 2q24.3 25/68 158/2 

PTEN 10q23.31 26/64 129/0 

CHD8 14q11.2 40/61 215/0 

SYNGAP1 6p21.32 21/60 172/0 

GRIN2B 12p13.1 25/57 154/32 

RELN 7q22.1 29/54 166/9 

The 10 genes with score 1 reported in a higher number of studies are listed. 
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Also, the largest exome sequencing study to date, with a combined sample of more than 35,000 

subjects, has brought the number of high-confidence genes up to 102 [205] (Figure 14). Despite 

their diversity, many of these ASD risk genes are highly enriched in pathways related to  

important cellular functions - chromatin remodelling, transcription and alternative splicing - and 

neuronal function – neurogenesis, synaptic plasticity, neuronal connectivity, and migration 

[115,182,206]. (Figure 15) 

Figure 14. 102 autosomal genes 

associated with ASD in Satterstrom et 

al., 2020. In this Manhattan plot, each 

point represents a gene. 78 of these 

genes overcome false discovery rate 

(FDR)≤0.05 and 26 overcome family-wise 

error rate (FWER)≤0.05. Adapted from 

Satterstrom et al., 2020 [205]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Encoded proteins and pathways associated with ASD. Major components of a neuronal circuit in the 

cerebral cortex, with a focus on pyramidal glutamatergic neurons. Proteins encoded by selected high-confidence ASD-

risk genes are represented as false discovery rate (FDR) >0.1. Lord, 2020 [22]. 
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In this thesis we have focused on several gene families (14-3-3 and BEX/TCEAL) and candidate 

genes (RBFOX1) to investigate their contribution to ASD and co-occurrent psychiatric disorders. 

The 14-3-3 gene family 

14-3-3 is a protein family of seven members () that act as molecular chaperones 

and interact with hundreds of other proteins. 14-3-3 proteins are involved in important 

biological processes such as cell cycle, transcription, neuronal development, migration and 

neurite outgrowth [207–209]. Some members of this family seem to play an important role in 

neurogenesis and neurodifferentiation, and may be implicated in neurodevelopmental 

disorders [208,210]. Interestingly, microduplications of YWHAE, which codes for 14-3-3 , have 

been reported in ASD patients and microdeletions involving YWHAE cause Miller-Dieker 

syndrome, a form of lissencephaly. In addition, recent studies have associated several 14-3-3 

genes to psychiatric disorders, such as ADHD, bipolar disorder, major depressive disorder, 

schizophrenia and suicide attempts [211–219]. Finally, knock-out mouse models of 14-3-3 genes 

have been studied, showing that animals deficient for 14-3-3 proteins present a variety of 

behavioural manifestations related to psychiatric and neurodevelopmental disorders [211,220–

226] (Table 5).  

Table 5. Summary of phenotypical and neurological alterations found in knockout mouse models of 

different 14-3-3 genes. 

Knockout 

isoform 
Behavioural phenotype Neurological alterations Refs. 

14-3-3  

Hyperactivity, depressive-like 

behaviour, more sensitive 

responses to acute stress. 

Developmental delay [224] 

14-3-3  

Defects in working memory, 

moderately high anxiety-like 

behaviour, increased 

locomotor activity, increased 

sociability 

Defects in brain development and neuronal migration 
[211,22

1,223] 

14-3-3  

Impaired learning and 

memory, locomotor 

hyperactivity and disrupted 

sensorimotor gaiting  

Developmental abnormalities in hippocampus. 

Aberrant neuronal migration. Abnormal mossy fibre 

navigation and glutamatergic synapse formation. 

Enlarged lateral ventricles and reduced synaptic 

density. 

[220,22

2] 

14-3-3 and  
Severe phenotypes during 

embryogenesis. Seizures. 

Increased number and aberrant distribution of 

progenitor cells in the developing cerebral cortex. 

Increased differentiation of neural progenitor cells into 

neurons. Neuronal migration defects in cortex. 

[226] 
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An exome sequencing study performed by our group in ASD multiplex families reported a series 

of gene-disrupting rare variants shared by the affected siblings in each family, one of them found 

in YWHAZ. Interestingly, a protein-protein interaction analysis including all genes found mutated 

in this study reported YWHAZ as the main node of the network (Figure 16), which has prompted 

us to investigate its contribution to ASD and other comorbid disorders in the context of this 

thesis. 

 

Figure 16. Protein-protein interaction analysis performed with all the mutated genes found in Toma et al., 2014 

[227] highlights YWHAZ as the main node. Toma et al., 2014 [227] 

RBFOX1 

RBFOX1 (also referred to as A2BP1 or FOX1) encodes a RNA splicing factor, specifically expressed 

in brain, heart and muscle (GTEX, www.gtexportal.com), that regulates the expression and 

splicing of large gene networks during early neuronal development [228–230]. RBFOX1 has two 

main isoforms, a cytoplasmic and a nuclear one, that seem to play different roles. 
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 The nuclear isoform would contribute to mRNA stability and promote translation. It is 

involved in neuronal migration and synapse network formation during corticogenesis and 

is important for the control of neuronal excitation in the mammalian brain [231,232]. 

 The cytoplasmic isoform acts as a splicing regulator of a large number of genes [233]. 

Alterations in the RBFOX1 gene have been associated with several neurodevelopmental 

pathologies, especially with ASD [228,234]. Several studies have reported CNVs and point 

damaging mutations in RBFOX1 in autistic patients [163,235–237], and transcriptomic analysis 

of postmortem autistic brains have revealed decreased levels of RBFOX1 and dysregulation of 

RBFOX1-dependent alternative splicing [238]. Also, RBFOX1 haploinsufficiency results in a 

syndrome characterized by neurodevelopmental and neurological phenotypes including ASD, ID 

and epilepsy [239,240]. 

This gene seems to be implicated not only in autism, but also in other psychiatric traits. For 

instance, genetic and neuroimaging studies, together with animal models, have related RBFOX1 

to aggressive phenotypes [241]. Furthermore, common and rare genetic variants in RBFOX1 

have been associated in multiple reports to other psychiatric conditions, such as major 

depression, schizophrenia or ADHD [242–244]. Interestingly, RBFOX1 emerges as a top hit in a 

GWAS meta-analysis of eight psychiatric disorders [192]. 

In addition, data from cellular and animal models highlight the involvement of RBFOX1 in 

neurodevelopment and synaptic transmission. First, RBFOX1 knockdown of human neural 

progenitor cells modelling haploinsufficiency during neuronal differentiation demonstrated 

widespread changes in RNA splicing and gene expression [245]. Also, knockdown of Rbfox1 

proteins in mouse neurons and subsequent rescue with cytoplasmic or nuclear isoforms 

demonstrated that cytoplasmic Rbfox1 isoform regulates the expression of synaptic and autism-

related genes [233]. Finally, Rbfox1 neural-specific KO mouse shows alterations in synaptic 

transmission, increased excitability, and a predisposition to seizures [232], and specific 

knockdown of the nuclear Rbfox1 isoform in mouse neurons demonstrated the critical role of 

this isoform in neuronal migration and synapse network formation during corticogenesis [231]. 

The BEX/TCEAL gene family 

The BEX/TCEAL gene family consists on a genetic cluster, spanning around 1.5Mb in the Xq22 

locus, formed by 5 BEX (brain-expressed X-linked) and 9 TCEAL (transcription elongation factor 

A (SII)-like) genes. All BEX genes and some TCEAL genes are highly expressed in brain tissues 
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(GTEX, www.gtexportal.org) and, although not well studied, BEX proteins seem to play a role in 

neuronal development.  

BEX proteins are suggested to be involved in neurotrophin receptor signalling, neurotrophins 

being important neuronal growth factors involved in the development, maintenance, survival, 

differentiation and apoptosis of the nervous system [246]. Also, an elevated BEX1 expression 

was detected in spinal motor neurons (MNs) after axonal damage and in mutant mice with MNs 

degeneration [247,248], and BEX1 knockout mice show a lower recovery from sciatic nerve 

injury [248], data that suggest BEX1 involvement in neuronal regeneration. 

Finally, several reports point to a role of the BEX gene family in several neurological conditions. 

In a recent analysis, BEX1 and BEX3 have been identified among the most significantly 

downregulated genes in excitatory neurons of the prefrontal cortex of patients with Alzheimer’s 

disease [249]. Furthermore, microdeletions and microduplications including BEX/TCEAL genes 

have been described in autistic patients. Microdeletions in Xq22, encompassing BEX/TCEAL 

genes, were found in patients with neurodevelopmental problems, severe ID or autism, with 

BEX3 highlighted as one of the main candidates to cause these neurological traits [250–252], 

and a small 252-kb duplication spanning BEX3, TCEAL4, TCEAL9 and RAB40A was reported in a 

patient with ASD in the Decipher database (DECIPHER ID: 290829, www.deciphergenomics.org). 

 

3. ANIMAL MODELS OF ASD 

Animal models are a helpful tool to investigate genetic and neuronal mechanisms of human 

psychiatric and neurodevelopmental disorders, as they allow to explore behavioural and 

cognitive alterations in a complex organism. Rodents are the most used animal model in 

neuroscience research, although zebrafish models are becoming popular as they present several 

advantages [253]. To study the neurobiology of ASD in animal models two main approaches can 

be followed: forward genetics, in which ASD-like phenotypes are identified in the animal and 

then the molecular basis of these alterations are investigated, or reverse genetics, the most 

commonly used, in which targeted mutations are introduced into the genome of the animal and 

then its phenotype is characterized. 

 

 

http://www.gtexportal.org/
http://www.deciphergenomics.org/
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3.1. Rodent models of ASD 

Rodents, especially mice, have been widely used as models of human disorders due to the early 

sequencing of their genome, back in 2001, and the fact that they can be easily maintained in an 

animal facility. The protein-coding regions of the mouse and human genomes are 85% identical, 

figure that is similar in rats. Moreover, the Mouse Genomes Project from the Wellcome Sanger 

Institute (www.sanger.ac.uk/data/mouse-genomes-project/) has sequenced the genomes of 

the most highly used laboratory mouse strains in order to facilitate genetic research. 

Mice have a well-described development and life-cycle divided into: prenatal stages (-19 days 

to date of birth), early postnatal development (0-21 postnatal days, PND), adolescence (21-60 

PND) and adulthood [254]. Importantly, they are social animals and present complex 

behavioural phenotypes that can be assimilated to human behaviours. Indeed, tests in rodents 

enable to identify behaviours comparable to the core symptoms of ASD: impairments in social 

interaction, communication and presence of repetitive behaviours [255–257] (Table 6). Also, 

recent advances in molecular genetics have permitted the easy manipulation of the rodent 

genome, making it possible to study the effects of loss of function of specific genes in behaviour 

and neurobiology. Rodent genetic models stand as a fundamental preclinical tool to clarify the 

complex aetiology of ASD and to test new potential treatments before clinical trials [256,258].  

Some mouse strains with ASD-like phenotypes have arisen due to inbreeding procedures, such 

as the BTBR T+tf/J strain [259]. However, the majority of ASD mouse models used to date have 

been generated by altering specific ASD-linked genes in the mouse genome. There are nearly 

200 mouse models developed to study candidate genes, some of them recently reviewed in 

published articles and in the SFARI database (https://gene.sfari.org/) [253,255,260,261]. 

Table 6. Behavioural assays to evaluate ASD-like alterations in rodents and zebrafish. Adapted from 

Pensado-López, 2020 [253]. 

Areas of interest Behavioural assays in rodents Behavioural assays in zebrafish 

Socialization 

Social approach task: time spent with an 

unknown individual compared to a new non-

social object 

 

Social preference and social novelty tests 

(affiliation and recognition): time spent with an 

Social preference and social novelty tests: 

preference for interacting with conspecific 

strangers, and preference for interacting with 

familiar conspecifics or with unfamiliar ones 

 

Shoaling test: measure of the swimming 

behaviour of a group of individuals (nearest 

https://gene.sfari.org/
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unknown animal in comparison with a familiar 

one 

 

Free interaction test: time spent interacting with 

unknown individuals compared to the time 

spent doing other activities (exploring…) 

 

Partition test: measure of the time spent close 

to the stranger individual separated by a 

partition 

 

Reciprocal social interactions: presence of 

interactions such as sniffing, following, pushing 

each other, etc. 

neighbour distance, interindividual distance, 

cluster score) 

 

Social interactions: presence of behaviours such 

as approaching, circling, mouth opening, biting, 

chasing, etc. 

Non-social 

patterns of 

behaviour 

Open-field test: presence and duration of 

repetitive patterns of locomotor activity 

 

Reversal learning tasks (insistence for 

sameness): measure the flexibility of the mouse 

to switch from an established habit to a new 

habit, using T or Y-maze, or Morris Water Maze 

 

Restricted interests: measure of exploratory 

activity of the animal in a novel environment or 

exposed to novel objects 

 

Burying behaviour: presence of digging 

behaviour 

 

Repetitive self-grooming 

Open-field test: presence and duration of 

repetitive patterns of locomotor activity 

 

Inhibitory avoidance response: measure of the 

latency of an individual to enter a chamber with 

an aversive response 

Communication 

Ultrasonic vocalizations (USVs): reduced levels 

of USVs or non-usual patterns of acoustic 

communication, or altered response to them 

 

Habituation and dishabituation to social 

odours: response to a change in a familiar 

odour for a new one 

Non-available 
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3.2.  Zebrafish as a model of ASD 

The zebrafish was initially used to study vertebrate development but, in recent years, it has been 

established as a powerful model for studying neurological and psychiatric diseases [262–266]. 

Zebrafish present some advantages when compared to rodent models. First, they are highly 

prolific and develop rapidly, which enables high-throughput assays. The zebrafish lifecycle is 

divided into four main periods: embryo (0-3 days post fertilization, dpf), larva (3 dpf – 6 weeks 

post fertilization), juvenile (6 weeks – 3 months post fertilization) and adult. Second, the external 

fertilization and transparency of embryos and larvae allow to study neurodevelopmental 

processes in the intact brain using optogenetics or imaging techniques. Finally, its maintenance 

is relatively easy and cost-effective [266].  

An important consideration when working with zebrafish is that during evolution teleost 

underwent an additional whole genome duplication and, therefore, many human genes present 

more than one orthologue in the zebrafish genome. However, zebrafish stands as a good genetic 

model due to its high genetic similarity to human, and around 70% of human genes have at least 

one zebrafish orthologue [267]. Importantly, the Zebrafish Genome Project from the Wellcome 

Sanger Institute (https://www.sanger.ac.uk/data/zebrafish-genome-project/) have created 

reference assemblies for zebrafish strains and therefore facilitate the use of this animal model 

in genetic research.  

Neurodevelopmental events in zebrafish are also similar to humans and, although timings and 

brain organization differ, comparative studies have precisely mapped these differences, 

allowing to transfer the information gained in zebrafish to other species [268–270]. Importantly, 

zebrafish display a well-defined social behaviour, established early during development and 

maintained throughout life. They express strong preferences towards conspecifics and live in 

mixed-gender groups with structured dominance hierarchies, which makes zebrafish an 

interesting model of ASD. A battery of tests for behavioural analysis of both larval and adult 

zebrafish have been developed in recent years, allowing to phenotype genetic models of human 

disorders such as ASD [269,271] (Table 6).  

Another interesting advantage of zebrafish is the relative ease and versatility to conduct genetic 

manipulations in embryos. The most commonly used genetic approaches in zebrafish are 

morpholino-based expression silencing, ENU-based mutagenesis, and, more recently,  

CRISPR/Cas9 gene editing [269,272]. Using these genetic manipulation techniques, an increasing 

number of zebrafish models of ASD has been created in the last years. Importantly, the Zebrafish 

Mutation Project (zmp.buschlab.org) from the Wellcome Sanger Institute created a repository 
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of over 40,000 mutant zebrafish lines with mutations covering 60% of zebrafish protein-coding 

genes that are available to order and use for research purposes. Some of these models exhibit 

neurological and behavioural alterations and are reviewed in several published papers 

[269,272,273]. 

 

4. BRAIN ACTIVITY AND CONNECTIVITY IN ASD 

Brain imaging approaches, such as magnetic resonance imaging (MRI), positron emission 

tomography (PET) or single-positron emission computed tomography (SPECT), together with 

electrophysiological methods like electroencephalography (EEG) and magnetoencephalography 

(MEG), offer excellent non-invasive ways to investigate the effects of genetic variation on brain 

structure, function, and connectivity directly in humans in vivo (Box 3). The complementary 

characteristics of these techniques enable gathering information on how genetic alterations 

affect brain anatomy and function, in terms of location (especially MRI), neurochemical changes 

(PET and SPECT) and timing (especially EEG and MEG). Imaging and electroencephalographic 

studies in patients with neurological or psychiatric disorders have complemented genetic and 

molecular findings and contributed to depict the complex neurobiology underlying these 

disorders 

BOX 3. Brain imaging and electrophysiological techniques 

MRI is a versatile imaging technique based on the special spin properties of protons and neutrons.  

 Structural magnetic resonance imaging (sMRI) allows to noninvasively characterize the 

structure of the human brain with high spatial resolution. This technique uses the different 

magnetic properties of brain tissues to map in vivo the spatial distribution of brain areas and 

subtle changes in brain morphology.  

 Diffusion tensor imaging (DTI) uses free water diffusion to investigate the axonal white 

matter organization of the brain, and arterial spin labelling (ASL) quantitatively measures 

tissue perfusion.  

 Functional magnetic resonance imaging (fMRI) can be used to investigate potential changes 

in brain activity after a task-induced stimulus or during a resting condition (rs-fMRI). fMRI 

measures a blood-oxygen level-dependent (BOLD) signal which is thought to be proportional 

to brain function levels, although the relationship between cell activation, oxygen saturation, 

and cerebral blood flow changes is arguable [274]. fMRI is useful to analyse temporal 
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correlations of neural activity across distinct brain regions and functional connectivity based 

on spontaneous or induced brain activity, neural organization, and circuit architecture.  

PET and SPECT are molecular imaging techniques that use radiolabelled tracers to study molecular 

interactions of biological processes in vivo. PET is more commonly used due to its higher sensitivity 

and temporal resolution compared to SPECT. These techniques can be used to assess glucose 

metabolism in specific areas of the brain, as a correlate of brain activity, to measure neurotransmitter 

levels, or to follow specific molecular processes with radiotracers. 

EEG and MEG are electrophysiological techniques that record electrical activity of the brain with high 

temporal resolution, which allows to study brain dynamics at millisecond timescales and to establish 

direct relationships with neuronal activity (which is not the case in fMRI, that measure blood 

dynamics). These techniques provide valuable information about brain connectivity, dynamic 

activation and deactivation of functional networks. EEG is more economic, easier to use and less 

invasive than MRI. MEG is more expensive but provides higher spatial resolution than EEG. 

 

4.1.  Findings from MRI studies 

In the last years, structural and functional brain imaging studies have accelerated our 

understanding of the relationship between altered neural circuits and clinical symptoms in 

autistic patients [275].  

On one side, sMRI is a useful technique to study morphological alterations of the whole brain or 

specific areas during neurodevelopment. Indeed, sMRI studies on ASD have detected differences 

in brain growth patterns, grey matter and white matter volumes in young children with autism, 

particularly in the frontal cortex, temporal cortex and amygdala, and suggest the presence of 

disrupted neural pathways before the appearance of behavioural symptoms in these children 

[38,39,276–282].  

On the other side, fMRI allows to investigate the functional activity of specific areas suspected 

to be involved in autism. Task-based fMRI studies have found differences in activation between 

autistic patients and controls in areas related to language processing and integration of sensory 

information [283–285]. In addition, rs-fMRI studies are used to study intrinsic connections in the 

human brain. In these studies, participants look at a blank screen with no task demands and 

brain activity is recorded in order to find differences in basal activity and connectivity between 

patients and controls. To allow highly powered studies in ASD, large data sets have been pooled, 

such as the Autism Brain Imaging Date Exchange (ABIDE, 
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fcon_1000.projects.nitrc.org/indi/abide) [286]. Interestingly, these resting-state studies have 

found evidence of both hyper-connectivity and hypo-connectivity in short-range connections 

throughout the brain such as the salience network, default mode network, executive control 

network, dorsal attention network, or the corticostriatal and vasopressin-related circuits 

[275,287,288]. Finally, ASL studies have detected altered resting functional connectivity and 

cerebral perfusion in both grey and white matter in ASD patients compared to control children 

[275,289,290].  

All these evidence from MRI studies on structural and functional brain alterations would reflect 

neurodevelopmental problems and therefore contribute to the later symptomatology observed 

in patients (Figure 17). However, there is heterogeneity in the results obtained, and the majority 

of the studies are limited by averaging data across many individuals (which can mask 

heterogeneity and differences across age groups), small sample sizes and problems with 

replication. 

 

 

 

Figure 17. Neuroimaging studies on ASD 

patients help to follow brain development 

abnormalities. The different neuroimaging 

techniques are listed together with the 

dimensions they assess. Adapted from Li et 

al., 2021 [275]. 

 

4.2. Findings from molecular imaging studies 

Several studies have used PET to analyse task-dependent glucose metabolism in ASD patients, 

as a correlate of brain activity. These studies found a decreased metabolism in the amygdala, 

frontal premotor and eye-field areas, and parietal lobe in ASD patients compared to controls, 

which could be related to hypoactivation of these areas during a cognitive task [291]; and 

increased glucose metabolism in several white matter structures of autistic patients [292]. This 

increased glucose metabolism might reflect inefficient functioning of these areas. In addition, 

PET and SPECT studies in ASD patients have reported abnormalities in neurotransmitter levels, 
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mainly in 5-HT, DA, GABA and glutatamate systems, and in neuroinflammation. All these findings 

are reviewed in Li, 2021 [275] (Figure 17). 

 

4.3.  Findings from electroencephalographic studies 

EEG has historically been used for the diagnosis of comorbid epilepsy in people with autism. 

Later, some task-based EEG studies were performed to study the neurological mechanisms of 

autism itself. Initially, they focused on the modulation of cognitive function that relates to the 

autistic phenotype, following the “broken mirror” theory of autism. This theory postulates that 

autistic patients are unable to “mirror” observed actions, and is based on altered mu wave 

suppression [293]. However, subsequent studies questioned this theory [294–297], pointing to 

a more complex picture of dysfunctional executive functions and visual attention [298]. Other 

task-based studies demonstrated a differential sensory processing in autistic individuals, 

observing changes in sensitivity and latency and suggesting that differences in auditory and 

visual processing could be related to language delay and difficulty in emotion recognition in 

patients [299,300].  

Interestingly, a recent review in EEG and MEG studies reports several major findings regarding 

ASD brain connectivity. First, ASD is characterized by a more randomly organized functional 

connectivity. Second, an abnormal lateralization of functional connectivity has been reported in 

patients, especially an increased left-over-right EEG and MEG connectivity ratio. In neurotypical 

subjects, some cognitive tasks involve the specific activation of one cerebral hemisphere and 

not the other. In ASD patients, alterations in brain circuitry may impair this specialized 

lateralization and affect cognition and behaviour. Third, both abnormal inter- and intra-

hemispheric connectivity has been described in ASD patients: mainly a long-range 

underconnectivity that may be compensated by a short-range overconnectivity [77]. Finally, 

several studies have demonstrated that differences in EEG in high-risk infants may represent 

endophenotypes of autism [301,302]. 

 

4.4. Brain imaging in zebrafish models 

In the last years, chemical dyes and genetically encoded fluorescent proteins have been 

developed to study neuronal activity at a single-cell resolution in animal and cellular models. 

Among them, GCaMP calcium indicators have become the most widely used [303,304]. The 
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combination of these sensitive indicators with a two-photon laser scanning fluorescence 

microscope, which can penetrate deep into scattering tissues, and light sheet or light field 

microscopy (LFM), that allows to cover a large imaging volume at high speed, has enable to 

record neuronal activity in animal and cellular models in vivo [305]. These imaging techniques 

have a high spatial resolution and are non-invasive, which makes them powerful tools to 

investigate alterations in neuronal activity and connectivity in different animal models of human 

disorders. 

As mentioned before, the small size and transparency of zebrafish larvae, and the possibility to 

use mutant transparent lines, allow to record the activity of the whole brain in vivo using 

neuroimaging approaches. In the last decade, the improvement of imaging techniques has 

enabled to study whole-brain activity in zebrafish larvae in resting states, after exposure to 

simple stimuli, or even in freely moving individuals [306–311] (Figure 18). Whole-brain 

functional imaging with cellular resolution is a powerful tool to study neurological alterations in 

genetic zebrafish models of psychiatric and neurodevelopmental diseases. To date, in vivo 

whole-brain imaging studies have been focused on studying the neural circuits implicated in the 

response to stimuli or in specific motor responses, and only few studies have investigated 

differences between wild-type and mutant fish for specific genes [312,313]. However, this new 

technique stands as an interesting tool to explore the effects of mutations in specific genes in 

neuronal activity and connectivity and, therefore, to contribute to our understanding of the 

neurobiology of disorders such as ASD. 

 

Figure 18. Whole-brain imaging in larval zebrafish. On the left, an example of a light-sheet imaging setup for whole-

brain imaging recordings in larval zebrafish. On the right, a 3D reconstruction of the whole zebrafish brain activity 

during a neuroimaging recording using a GCaMP5G calcium marker. Changes in fluorescence intensity levels are 

indicated in yellow and red. Keller et al., 2015 [309].  
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The overall objective of this work is to investigate the contribution of candidate genes to autism 

spectrum disorder (ASD) and comorbidities and to gain insight into the genetic and neurological 

basis of these disorders. We aim to determine the contribution of common and rare variants in 

the 14-3-3 gene family, RBFOX1 and the BEX/TCEAL gene family to ASD and other psychiatric 

disorders and to functionally characterize the effect of their deficiency using animal models. 

The specific aims of this work are: 

 

CHAPTER 1. Exploring the contribution of the 14-3-3 gene family to ASD and other psychiatric 

disorders  

1.1. Evaluate the contribution to ASD and other psychiatric disorders of common and rare 

variants in the 14-3-3 gene family  

1.2. Explore possible altered expression levels of the 14-3-3 gene family in the brain of 

postmortem ASD and schizophrenia patients 

1.3. Evaluate the functional effect of a specific mutation in the YWHAZ gene reported in 

two siblings diagnosed with ASD and attention deficit/hyperactivity disorder (ADHD) using 

in vitro assays 

1.4. Investigate ywhaz expression across development and in adulthood in zebrafish 

1.5. Assess the effect of loss of ywhaz function on neural activity and connectivity, 

neurotransmission and behaviour using a zebrafish knockout (KO) model  

 

CHAPTER 2. Exploring the contribution of RBFOX1 to ASD and other psychiatric disorders 

2.1. Evaluate the contribution to ASD and other psychiatric disorders of common variants 

and rare copy number variants in RBFOX1 

2.2. Explore altered expression levels of RBFOX1 in the brain of postmortem ASD and 

schizophrenia patients 

2.3. Investigate the effect of the rs6500744 variant, situated in an intronic region of 

RBFOX1, in brain circuitry using fMRI 

2.4. Evaluate the effect of loss of Rbfox1 function on behaviour using a mouse KO model 
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2.5. Investigate rbfox1 expression across development and in adulthood in zebrafish 

2.6. Assess the effect of loss of rbfox1 function on neural activity, connectivity, and 

behaviour using two zebrafish KO models 

 

CHAPTER 3. Exploring the contribution of the BEX/TCEAL gene family to ASD and other 

psychiatric disorders 

3.1. Assess the contribution of common and rare variants in BEX3 to ASD and schizophrenia 

using public data and a sequencing a cohort of ASD patients 

3.2. Explore altered expression levels of the BEX/TCEAL gene family in the brain of 

postmortem ASD and schizophrenia patients 

3.3. Assess the effect of loss of Bex3 function on brain morphology and function and on 

behaviour using two KO mouse models 



RESULTS 

  
45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 
 

 

 

 

 

 



RESULTS 

 
46 

  



RESULTS 

  
47 

THESIS SUPERVISORS’ REPORT ON THE CONTRIBUTION OF THE PHD 

CANDIDATE TO THE ARTICLES INCLUDED IN THIS DOCTORAL THESIS 

 

Thesis title: Pleiotropic effects of candidate genes on autism spectrum disorder and 

comorbidities: genetics, functional studies and animal models 

Author: Ester Antón Galindo 

Supervisors: Noèlia Fernàndez Castillo and Bru Cormand Rifà 

The undersigned, Noèlia Fernàndez Castillo and Bru Cormand Rifà, acting as PhD supervisors of 

the Thesis by Ester Antón Galindo entitled: “Pleiotropic effects of candidate genes on autism 

spectrum disorder and comorbidities: genetics, functional studies and animal models” and 

presented as a compendium of 5 research articles, hereby inform about the precise contribution 

of the candidate in each publication. 

 

CHAPTER 1: Exploring the contribution of the 14-3-3 gene family to ASD and other psychiatric 

disorders  

Article 1:  

Title: Involvement of the 14-3-3 gene family in autism spectrum disorder and 

schizophrenia: genetics, transcriptomics and functional analyses 

Authors: Torrico B*, Antón-Galindo E*, Fernàndez-Castillo N*, Rojo-Francàs E, Ghorbani 

S, Pineda-Cirera L, Hervás A, Rueda I, Moreno E, Fullerton JM, Casadó V, Buitelaar JK, 

Rommelse N, Franke B, Reif A, Chiocchetti AG, Freitag C, Kleppe R, Haavik J, Toma C#, 

Cormand B#. 

* equally contributed to this work; # equally supervised this work 

Journal: Journal of Clinical Medicine. 2020 Jun 13;9(6):1851. doi: 10.3390/jcm9061851. 

Impact Factor (2019): 3.303 

Contribution of the PhD candidate:  
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Cloning and characterization of plasmids for the BRET assays. Setting up the BRET protocol 

in the laboratory and performing the BRET assays to test 14-3-3 and 14-3-3 

heterodimerization, 14-3-3 homodimerization and 14-3-3 interaction with DYRK1A. 

Analysis of GWAS data. Exhaustive collection of transcriptomic data from publications and 

GEO datasets. Writing the first draft of the manuscript, figures and tables, and 

participating in the final edits.  

 

Article 2:  

Title: Deficiency of the ywhaz gene, involved in neurodevelopmental disorders, alters 

brain activity and behaviour in zebrafish 

Authors: Antón-Galindo E*, Dalla Vecchia E*, Orlandi JG, Castro G, Loza-Alvarez P, Aguado 

F, Norton WHJ#, Cormand B#, Fernàndez-Castillo N# 

* equally contributed to this work; # equally supervised this work 

Journal: To be submitted to Molecular Psychiatry 

Contribution of the PhD candidate:  

Crossing and genotyping zebrafish to obtain the transgenic lines for the brain imaging 

analysis. Quantification of GCaMP6s expression by qPCR. Setting up the protocols for the 

whole-brain imaging recordings and analysis. Setting up and performing the analyses of 

whole-brain imaging recordings, extraction of fluorescence signals, definition of brain 

areas and statistical analysis of brain activity and connectivity. Performing two out of 

three replica of the behavioural tests. Writing the first draft of the manuscript, figures and 

tables, and participating in the final edits. 

 

CHAPTER 2: Exploring the contribution of RBFOX1 to ASD and other psychiatric disorders 

Article 3:  

Title: One gene to rule them all: RBFOX1 and mental disorders 

Authors: O’Leary A, Fernàndez-Castillo N, Gan G, Antón-Galindo E, Cabana-Domínguez J, 

Yotova A, Kranz T, Grünewald L, Burguera D, Pané-Farré CA, Gerlach AL, Wittchen HU, 
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Lang T, Alpers GW, Fydrich T, Ströhle A, Arolt V, Schweiger S, Winter J, Mota NR, Franke 

B, Harneit A, Schweiger JI, Schwarz K, Ma R, Chen J, Schwarz E, Tost H, Meyer-Lindenberg 

A, Erk S, Heinz A, Romanczuk-Seiferth N, Walter H, Witt S, Rietschel M, Noethen MM, 

Richter J, Yang Y, Kircher T, Hamm AO, Straube B, Lueken U, Weber H, Deckert J, 

Freudenberg F, Cormand B, Slattery DA, Reif A 

Journal: To be submitted  

Contribution of the PhD candidate:  

Analysis of GWAS data and enrichment analysis of RBFOX1 targets. Comprehensive 

collection of data from published CNV studies in psychiatric disorders and search for CNVs 

described in RBFOX1 in either patients or controls. Burden analysis for RBFOX1 CNVs. 

Comprehensive collection of transcriptomic data from publications and GEO datasets. 

Preparing figures and tables and participating in manuscript edition. 

 

Article 4:  

Title: Pleiotropic contribution of rbfox1 to psychiatric and neurodevelopmental 

phenotypes in a zebrafish model 

Authors: Antón-Galindo E, Adel M, López-Blanch L, Norton WHJ, Fernàndez-Castillo N#, 

Bru Cormand B# 

# equally supervised this work 

Journal: To be submitted  

Contribution of the PhD candidate:  

Crossing and genotyping zebrafish to obtain mutant lines. Collection of zebrafish brains 

and RNA extraction for both in situ hybridization (ISH) and qPCR. ISH of zebrafish larvae 

and adult brains. Quantification of rbfox1 expression by qPCR. Setting up and performing 

the behavioural experiments and analyses with Python. Writing the first draft of the 

manuscript, figures and tables, and participating in the final edits. 
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CHAPTER 3: Exploring the contribution of the BEX/TCEAL gene family to ASD and other 

psychiatric disorders 

Article 5:  

Title: Characterization of an eutherian gene cluster generated after transposon 

domestication identifies Bex3 as relevant for advanced neurological functions 

Authors: Navas-Pérez E, Vicente-García C, Mirra S, Burguera D, Fernàndez-Castillo N, 

Ferrán JL, López-Mayorga M, Alaiz-Noya M, Suárez-Pereira I, Antón-Galindo E, Ulloa F, 

Herrera-Úbeda C, Cuscó P, Falcón-Moya R, Rodríguez-Moreno A, D'Aniello S, Cormand B, 

Marfany G, Soriano E, Carrión ÁM, Carvajal JJ, Garcia-Fernàndez J 

Journal: Genome Biology. 2020 Oct 26;21(1):267. doi: 10.1186/s13059-020-02172-3. 

Impact Factor (2019): 10.806 

 Contribution of the PhD candidate:  

Genotyping of almost 300 patients to investigate the presence of mutations in the BEX3 

gene. Comprehensive collection of transcriptomic data from publications and GEO 

datasets and subsequent enrichment analysis. Preparing tables and participating in 

manuscript edition. 

 

Barcelona, 16 of June 2021 

 

 

 

Noèlia Fernàndez Castillo     Bru Cormand Rifà   
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Article 1. Involvement of the 14-3-3 gene family in autism spectrum 

disorder and schizophrenia: genetics, transcriptomics and functional 

analyses 

 

Summary in Spanish: “Implicación de la familia de genes 14-3-3 en el trastorno del 

espectro autista y en esquizofrenia: genética, transcriptómica y análisis funcionales” 

La familia de proteínas 14-3-3 está compuesta por chaperonas moleculares implicadas en diferentes 

funciones biológicas y trastornos neurológicos. En un artículo previo, señalamos a YWHAZ, que 

codifica la proteína 14-3-3ζ, como gen candidato para el trastorno del espectro autista (TEA) 

mediante un estudio de secuenciación de exoma completo en el que se identificó una variante 

frameshift en este gen (c.659-660insT, p.L220Ffs*18). En este estudio hemos explorado la 

contribución de los siete miembros de la familia 14-3-3 al TEA y otros trastornos psiquiátricos 

analizando: i) el impacto funcional de la mutación p.L220Ffs*18 de la proteína 14-3-3ζ en su 

solubilidad, capacidad de unión a otra proteína y dimerización, ii) la contribución de variantes 

comunes de riesgo en los genes 14-3-3 al TEA y otros trastornos psiquiátricos, iii) la carga de variantes 

raras en los genes 14-3-3 en individuos con TEA y esquizofrenia, iv) la expresión alterada de los genes 

14-3-3 utilizando datos transcriptómicos de pacientes con TEA y esquizofrenia. Demostramos que la 

proteína 14-3-3ζ mutada tiene una solubilidad inferior, es incapaz de formar heterodímeros y de 

unirse a la tirosina hidroxilasa. Además, mediante análisis genéticos usando datos públicos 

demostramos que variantes comunes en YWHAE contribuyen a esquizofrenia (p = 6.6E-07) mientras 

que variantes ultra-raras en los genes 14-3-3 son más frecuentes en pacientes con TEA (p = 0.016). 

Por último, la expresión de los genes 14-3-3 está alterada en cerebros postmortem de pacientes con 

TEA y esquizofrenia. Nuestro estudio sugiere por tanto un papel importante de la familia 14-3-3 en 

TEA y esquizofrenia. 

Reference: 

Torrico B, Antón-Galindo E, Fernàndez-Castillo N, Rojo-Francàs E, Ghorbani S, Pineda-Cirera L, 

Hervás A, Rueda I, Moreno E, Fullerton JM, Casadó V, Buitelaar JK, Rommelse N, Franke B, Reif 

A, Chiocchetti AG, Freitag C, Kleppe R, Haavik J, Toma C, Cormand B. Involvement of the 14-3-3 

Gene Family in Autism Spectrum Disorder and Schizophrenia: Genetics, Transcriptomics and 

Functional Analyses. J Clin Med. 2020 Jun 13;9(6):1851. 
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ADDITIONAL METHODOLOGICAL PROCEDURES 

 

DNA constructs and site-directed mutagenesis for expression in prokaryotes 

The expression vector pGEX-2TK (GE Healthcare, Little Chalfont, UK) was used to clone the 

cDNA of the wild-type (WT) YWHAZ human gene at 3’ of its glutathione-s-transferase (GST) tag 

(GST-14-3-3_WT). The mutated 14-3-3 form was obtained through a directed mutagenesis 

protocol using the Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA), inserting a 

thymine between the nucleotides 659 and 660 of the YWHAZ cDNA insert  as per the observed 

p.L220Ffs*18 mutation (GST-14-3-3_mut). 

 

Expression and purification in prokaryotes 

WT and mutated fusion proteins (GST-14-3-3_WT and GST-14-3-3_mut) were expressed in the 

BL21 Codon Plus E. coli strain (Stratagene) by a 4h induction at 30 ºC with 1 mM of 1-thio-β-D-

galactopyranoxide (IPTG). Bacteria were lysed in a lysis buffer composed of phosphate buffered 

saline (PBS) 10 mM imidazole, 10 mM benzamidine, with 0.5 mg/mL lysozyme and protease 

inhibitor cocktail (Roche, Mannheim, Germany), using the French press. Then, the fusion proteins 

GST-14-3-3_WT and GST-14-3-3_mut were purified from the soluble fraction of the lysate 

through affinity chromatography using Glutathione Sepharose 4B (GE Healthcare). The 

homogeneity of the purified proteins was confirmed by SDS PAGE and quantified using 

theoretical absorbance at 280 nm (as the mutant has lost one Trp residue) as well as by protein 

staining of gels. Size exclusion chromatography was used to confirm dimeric state of soluble 14-

3-3 proteins as described [1]. 

 

Solubility test of 14-3-3 WT and mutated proteins 

Induction of the expression of the two fusion proteins with IPTG was performed at different 

temperatures and final induction times: 4 hours at 30 ºC, 5 hours at 25 ºC and 6 hours at 20 ºC. 

Cells were resuspended in the lysis buffer mentioned above and lysed by sonication. Two 

samples were obtained and kept in 1X sample buffer for SDS-PAGE: the total lysate sample 

(immediately after sonication) and the soluble sample, from the supernatant fraction after 10 min 

centrifugation at 13,000 g. Then, all samples were run on 12% denaturing polyacrylamide gels 

(SDS-PAGE) and patterns of WT and truncated proteins were compared. 

 

DNA constructs for expression in eukaryotes (BRET assays) 

Human cDNAs for WT or mutant YWHAZ were amplified from a carrier ASD proband, using 

sense and antisense primers harboring KpnI and EcoRI restriction sites to clone the generated 

amplicons into a pcDNA3 vector (Promega, Madison, WI, USA). Subsequently, cDNAs for EYFP 

(enhanced yellow variant of GFP) and Rluc (Renilla luciferase) were amplified without their stop 

codons, adding KpnI restriction sites at both ends of the amplicon, from pEYFP-N1 (Takara Bio 

Inc, Otsu, Shiga, Japan) and pRluc-N1 (PerkinElmer, Wellesley, MA, United States) vectors, 

respectively. The resulting fragments were subcloned in the previously generated 

pcDNA3_YWHAZ vectors at 5’ of the YWHAZ insert and in-frame with its start codon. Human 

cDNA for YWHAE, cloned into pcDNA3.1 (Promega), was amplified without its stop codon using 

sense and antisense primers harboring BamHI and EcoRI restriction sites. The resulting fragment 
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was subcloned at 5’ of EYFP or Rluc to be in frame with their start codons in the pEYFP-N1 and 

pRluc-N1 vectors respectively. 

Human cDNAs for WT and mutant SFN were obtained from the carrier ASD proband (MT_37.3), 

which contained the three described variants in the same chromosome. For that, cDNAs were 

amplified without including the stop codon, using primers harboring HindIII and BamHI 

restriction sites. All the resulting fragments were then subcloned to be in frame with pEYFP or 

pRluc vectors. 

Briefly, we obtained ten different plasmids: YFP-YWHAZ WT, YFP-YWHAZ mut, Rluc-YWHAZ 

WT, Rluc-YWHAZ mut, YWHAE-YFP, YWHAE-Rluc, SFN WT-YFP, SFN mut-YFP, SFN WT-

Rluc, SFN mut-Rluc. 

 

CaCl2 transfection of HEK293T cells for BRET assays 

HEK293T cells were cultured at 37ºC with 5% CO2 with DMEM supplemented with 10% fetal 

bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. For transfection, the day before 

cells were plated in 6-well plates at a density of 5x105 cells/well and media was replaced 2 hours 

before transfection. Individual transfection reactions were prepared in 1.5ml sterile tubes. The 

amount of plasmid(s) (see Supplementary Table 1) to be transfected was diluted in buffered water 

(HEPES 2.5mM, pH 7.3) and TE (tris, EDTA, pH 8, final concentration 0.03x) to obtain a final 

volume of 150l in each sterile tube. Then, 14.9l of CaCl2 2.5M was added to each tube while 

vortexing and 150l of HBS 2x (280 mM NaCl, 50 mM HEPES, 40 mM Na2HPO2.2H2O, pH 7.00) 

was subsequently added drop by drop while vortexing in order to mix well the solution. All the 

transfection solutions were kept at room temperature for 20 minutes and each solution was added 

to each well containing HEK293T. Media was replaced 17 hours after transfection. 
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SUPPLEMENTARY TABLES 

 

Table S1. Acceptor and donor combinations of plasmids for BRET experiments.  

 

Acceptor YWHAE-YFP SFN WT-YFP SFN mut-YFP DRD1-YFP 

Donor 

Rluc-YWHAZ WT 250 / 5 - 1000 - - 575 / 200 - 6500 

Rluc-YWHAZ mut 2250 / 5 - 1500 - - 4250 / 200 - 4000 

YWHAE-Rluc - - - - 

SFN WT-Rluc - 2.5 / 10-180 2.5 / 10-180 9 / 100-3200 

SFN mut-Rluc - - 5 / 10-180 12.5 / 200-2600 

DRD1-Rluc 20 / 20 - 700 30 / 10 - 400 20 / 10 - 140 - 

The amount of each plasmid is indicated as ng of donor / range of ng of acceptor. Donor amount is indicated 

as an average of the weight of plasmid used in the co-transfections in order to obtain a stable luminescence 

signal (around 150.000 bioluminescence units) at 10 min. 

 

 

Table S2. European ASD samples used in the case-control association study and in the mutation 

screening. 

 Association study Mutation screening 

 Cases (%M) Controls (%M) Cases (%M) 

Spanish 301 (87.3) 300 (89.5) 182 (86.8) 

Dutch 238 (78.6) 235 (77.9) 89 (79.5) 

German 188 (90.5) 179 (83.2) 14 (85.7) 

Total 727 (85) 714 (84.7) 285 (84.5) 

%M indicates the percentage of male individuals. 
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Table S3. Results from the ASD case-control association study (727 ASD cases and 714 controls) 

with tagSNPs across the 14-3-3 gene family in the overall sample under the additive model. 

Gene Chr tagSNP 
Position  

GRCh37/hg19 

MAF 

(CEU) 
Alleles 

MAF in 

our sample 

HWE 

(unaffected) 

P-val 

(additive) 

SFN  
Chr1: 27189632-

27190947 
rs200392321 + 27187881 0.08 T:G - - - 

    rs1883660 27191411 0.128 A:T 0.1433 0.8864 0.024 

YWHAQ 
Chr2: 9724095-

9771184 
rs6734469 9735900 0.381 A:G 0.4523 0.6455 0.821 

  rs13022460 9749492 0.275 T:G 0.2556 0.6179 0.707 

    rs16867074 9750210 0.092 G:C 0.1082 0.6848 0.413 

  rs17453675 9754407 0.242 A:G 0.1883 0.9014 0.965 

    rs4668625 9765461 0.35 A:G 0.3243 0.7278 0.82 

  rs13417081 9770050 0.295 G:A 0.368 0.935 0.893 

    rs3762535 9773586 0.491 C:T 0.4598 0.2826 0.43 

    rs4145375 9773678 0.094 A:G 0.0752 0.4093 0.782 

YWHAG 
Chr7: 75956107-

75988342 
rs2961037 75952212 0.5 G:G 0.494 0.447 0.797 

  rs2961033 75964343 0.25 T:C 0.1912 0.2729 0.725 

    rs10241401 # 75975427 0.057 G:A 0.02954 1 - 

  rs13247572 75983524 0.083 G:A 0.07367 0.763 0.311 

    rs11765693 75985373 0.196 A:G 0.2811 0.4464 0.558 

YWHAZ 
Chr8: 101930803-

101965623 
rs17365305 # 101933682 0.054 G:A 0.04128 0.6176 - 

    rs4734497 101934971 0.36 T:C 0.289 0.3965 0.32 

  rs17462921 101938901 0.176 G:A 0.1537 0.4824 0.287 

    rs3134354 101948681 0.063 C:G 0.05836 1 0.604 

  rs17366009 101957311 0.072 T:C 0.06192 0.5037 0.475 

    rs3100052 101967139 0.396 G:A 0.3995 0.5808 0.694 

YWHAB 
Chr20: 43514239-

43537175 
rs6031849 43514337 0.188 G:T 0.3082 0.3325 0.327 

    rs2425675 43534934 0.25 G:A 0.2897 0.1656 0.938 

  rs6876 43535101 0.098 T:C 0.1322 0.5277 0.308 

    rs2425678 43538152 0.438 T:C 0.402 0.1099 0.221 

YWHAH 
Chr22: 32340478-

32353590 
rs3827334 32338005 0.188 A:C 0.1601 0.4722 0.631 

    rs929036 32339213 0.413 C:T 0.4477 0.5908 0.797 

  rs2267172 32339782 0.064 G:A 0.07153 0.7718 1 

    rs5998196 32355455 0.417 T:C 0.433 1 0.421 

YWHAE 
Chr17:1247833-

1303556 
rs11650689 1244992 0.348 C:T 0.36 0.6816 0.617 

    rs9393 1248392 0.054 A:G 0.08007 1 0.316 

  rs7224258 1255502 0.33 G:C 0.3085 0.6508 0.256 

    rs7208041 1270562 0.241 A:G 0.2164 0.04387 0.891 

  rs4790082 1278700 0.446 G:A 0.4872 0.5953 0.924 

    rs17625475 1280109 0.107 G:T 0.09253 0.6231 0.188 

  rs10521111 1281864 0.152 A:G 0.1357 0.03108 0.685 

    rs16945811 1294614 0.078 G:A 0.07585 0.7944 0.377 

Chr: chromosome; SNP: single nucleotide polimorphism; MAF: minor allele frequency in our sample; HWE: 

Hardy-Weinberg equilibrium p-value, calculated in our control sample; P-val: p-value for the association 

under the additive model. +, monomorphic SNP excluded from analyses; # SNPs with a MAF<0.05 excluded 

from analyses. Bonferroni threshold for multiple testing correction p=0.05/34 SNPs 
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Table S4. Description of the summary statistics of publicly available GWAS data of eight 

psychiatric disorders and the corresponding cross-disorder dataset used for gene-based and 

gene-set analyses. 

GWAS Participants Reference 

Attention-Deficit Hyperactivity Disorder, 

ADHD 

19,099 Ca + 34,194 Co Demontis et al. 2019 [2] 

Antisocial Behavior, ASB 16,400 Tielbeek et al, 2017 [3] 

Anxiety 12,655 Ca + 19,255 Co Meier et al. 2019 [4] 

Autism Spectrum Disorder, ASD 18,382 Ca + 27,969 Co Grove et al. 2019 [5] 

Bipolar Disorder, BD 20,352 Ca + 31,358 Co Stahl et al. 2019 [6] 

Major Depressive Disorder, MDD 59,851 Ca + 113,154 Co Wray et al. 2018 [7] 

Obsessive-Compulsive Disorder, OCD 1,773 Ca + 6,122 Co + 915 trios Arnold et al. 2018 [8] 

Schizophrenia, SCZ 32,405 Ca + 42,221 Co + 1,235 trios Ripke et al. 2014 [9] 

Cross-Disorder meta-analysis 162,151 Ca + 276,846 Co  Lee et al. 2019 [10] 

Ca: Cases; Co: controls; GWAS, genome-wide association study.  

 

Table S5. Experimental design of targeted next-generation sequencing: The coding regions of 14-

3-3 genes was covered by 57 amplicons. 

Request_ID Target_ID Gene Chr:start-end N 

Amplicons 

Total 

Bases 

Covered 

Bases 

Missed 

Bases 

Coverage 

IAD38961 503029 YWHAE chr17:1248735-98 1 64 64 0 1 

IAD38961 503026 YWHAE chr17:1257499-646 2 148 148 0 1 

IAD38961 503030 YWHAE chr17:1264380-597 3 218 218 0 1 

IAD38961 503028 YWHAE chr17:1265190-307 2 118 118 0 1 

IAD38961 503025 YWHAE chr17:1268147-357 2 211 211 0 1 

IAD38961 503027 YWHAE chr17:1303335-409 1 75 75 0 1 

IAD38961 484571 YWHAQ chr2:9725409-479 1 71 71 0 1 

IAD38961 484573 YWHAQ chr2:9727537-643 2 107 107 0 1 

IAD38961 484570 YWHAQ chr2:9728288-462 2 175 175 0 1 

IAD38961 484572 YWHAQ chr2:9731515-649 2 135 135 0 1 

IAD38961 484574 YWHAQ chr2:9770282-586 3 305 305 0 1 

IAD38961 503001 SFN chr1:27189698-

190455 

6 758 758 0 1 
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IAD38961 484575 YWHAH chr22:32340714-811 1 98 72 26 0.735 

IAD38961 484576 YWHAH chr22:32352120-

2784 

5 665 665 0 1 

IAD38961 482745 YWHAB chr20:43530169-

0479 

3 311 311 0 1 

IAD38961 482743 YWHAB chr20:43532628-762 2 135 135 0 1 

IAD38961 482744 YWHAB chr20:43533603-777 2 175 175 0 1 

IAD38961 482742 YWHAB chr20:43534636-742 1 107 107 0 1 

IAD38961 482741 YWHAB chr20:43535017-084 1 68 68 0 1 

IAD38961 482387 YWHAG chr7:75958888-9555 5 668 668 0 1 

IAD38961 482388 YWHAG chr7:75988033-130 1 98 98 0 1 

IAD38961 482475 YWHAZ chr8:101932915-85 1 71 71 0 1 

IAD38961 482472 YWHAZ chr8:101936177-283 2 107 107 0 1 

IAD38961 482473 YWHAZ chr8:101936357-531 1 175 53 122 0.303 

IAD38961 482471 YWHAZ chr8:101937138-272 2 135 135 0 1 

IAD38961 482474 YWHAZ chr8:101960818-

1122 

3 305 305 0 1 

For each coding exon the number of amplicons used to cover the exon length is reported. The overall 

coverage was 96.3% across the 14-3-3 gene family. 

 

Table S6. Gene-set association results of the 14-3-3 family set of genes on eight different 

psychiatric phenotypes and in the cross-disorder meta-analysis dataset. 

 

ADHD ASB Anxiety ASD BP MDD OCD SCZ Cross-disorder 

p value 0.251 0.476 0.270 0.835 0.110 0.772 0.090 0.015 0.112 

p-values were calculated using MAGMA (v1.06) software. Nominal association is highlighted in bold. 

ADHD: attention-deficit hyperactivity disorder; ASB: antisocial behaviour; ASD: autism spectrum disorder; 

BP: bipolar disorder; MDD: major depressive disorder; OCD: obsessive-compulsive disorder; SCZ: 

schizophrenia. 
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Table S7. Rare variants identified in the seven 14-3-3 family genes in 285 European ASD patients. 

Individual Sex Comorbidity 
Family 

type 
Origin Gene 

Allelic 

change 
Chr:positiona 

gene 

region 
Protein dbSNP 

SIFT/ 

Proveanb 
PolyPhen2 c 

MAF 

(ExAC)d 

MT_37.3 M - S 

mother SFN A/T 1:27190196 exon p.T165S rs77755255 
Damaging / 

Deleterious 

Probably 

damaging 
2.47E-04 

mother SFN GGA/- 
1:27189925-

27189927 
exon p.E76del - 

- / 

Deleterious 
- 1.65E-05 

mother SFN C/T 1:27190149 exon p.S149L rs78707984 
Tolerated / 

Neutral 
benign 2.48E-04 

MT_11.3 M LD S unknown SFN C/T 1:27189940 exon p.P79P - 
Tolerated / 

Neutral 
- - 

MT_159.3 M - S unknown YWHAE G/A 17:1248772 
exon; 

ncRNA 
p.A246V - 

Tolerated / 

Neutral 
benign - 

10-09471 - -  unknown YWHAE G/A 17:1303445 
5'UTR, 

ncRNA 
- rs139532375 - - 3.56E-03 

SJD_64.3 M - S mother YWHAB A/C 20:43530403 exon p.K77Q rs142757633 
Damaging / 

Neutral 
benign 1.82E-03 

SJD_18.3 M -  father YWHAB G/A 20:43532595 intronic - rs199806929 - - 2.61E-03 

MT_160.3 M Epilepsy Mx mother YWHAZ ins-T 8:101936203–204 exon p.L220Ffs*18 - - - - 

aGRCh37/hg19 assembly; bSIFT/Provean (Sorting Intolerant from Tolerant, http://sift.jcvi.org/);  cPolyPhen2 (http://genetics.bwh.harvard.edu/pph2); dMAF (Minor Allele 

Frequency) of the variant in the ExAC Browser (http://exac.broadinstitute.org);). M: male; Mx, multiplex; LD: Language Delay; ncRNA: non-coding RNA; S, singleton; 5'UTR: 5' 

untranslated region. 

 

 

http://genetics.bwh.harvard.edu/pph2
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SUPPLEMENTARY FIGURES 

 

 

 

 

Figure S1. Linkage disequilibrium values among the 37 tagSNPs analyzed in this study, 

calculated from the whole sample (1,441 individuals with European ancestry) with the 

Haploview software. D' values between all the possible SNP pairs are shown. 
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Figure S2. The 57 amplicons used in the mutational screening are depicted in green and cover 

the coding regions of the 14-3-3 genes. For each of the seven genes we show the amplicon ID 

name, the number of overlapping amplicons per exon and the genomic region. 
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Figure S3. Negative controls in the BRET experiments of the interaction of YWHAZ WT or 

YWHAZ mutant (mut) with YWHAE using D(1A) dopamine receptor as a donor (DRD1-Rluc) 

or an acceptor (DRD1-YFP) and adjusted to a linear regression. mBU: BRET ratio expressed in 

milli-BRET units. The relative amount of BRET is given as a function of YFP/Rluc*100. YFP 

corresponds to the fluorescence signal due to the increasing amount of donor and Rluc 

corresponds to the stable luminescence signal measured at 10 minutes. BRET values shown 

correspond to 3-4 independent experiments. 
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Figure S4. Characterization of three rare inherited SFN variants identified in an ASD patient 

A) Pedigree of the family carrying the mutations. [=], wild-type allele and location of the 

mutations in the SFN gene, Sanger sequences corresponding to the three mutations identified in 

the patient, and SFN protein sequence together with the secondary structure showing the location 

of the amino acid changes in the mutant protein. In blue, mutations found in the patient. Protein 

secondary structure obtained from the Research Collaboratory for Structural Bioinformatics 

Protein Data Bank (RCSB PDB, http://www.rcsb.org/). Protein secondary structure legend: green 

curve, turn; green line, bend; red, alpha helix, empty or black line, no secondary structure 

assigned. C) BRET assay to determine the ability to form homodimers of wild-type SFN (SFN 

WT) and mutant SFN (SFN mut) co-transfected in HEK293T cells. Values shown correspond to 

3-7 different experiments performed. BRET50 (SFN mut-Rluc - SFN mut-YFP: 3.57±0.89; SFN WT-

Rluc - SFN mut-YFP: 2.18±0.42; SFN WT-Rluc - SFN WT-YFP: 2.66±0.43) and BRETmax (SFN mut-

Rluc - SFN mut-YFP: 170.1±13.83; SFN WT-Rluc - SFN mut-YFP: 159.3±8.35; SFN WT-Rluc - SFN 

WT-YFP: 179.4±7.78). D) Negative controls of SFN WT and mutant (mut) interaction using D(1A) 

dopamine receptor as a donor (DRD1-Rluc) or an acceptor (DRD1-YFP) and adjusted to a linear 

regression. Values shown correspond to 2-6 different experiments performed. mBU: BRET ratio 

expressed in milli-BRET units. The relative amount of BRET is given as a function of 

YFP/Rluc*100. YFP correspond to the fluorescence signal due to the increasing amount of donor 

and Rluc correspond to the stable luminescence signal measured at 10 minutes. 

  

http://www.rcsb.org/
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Article 2. Deficiency of the ywhaz gene, involved in 

neurodevelopmental disorders, alters brain activity and behaviour in 

zebrafish 

 

Summary in Spanish: “Deficiencia del gen ywhaz, implicado en trastornos del 

neurodesarrollo, altera la actividad cerebral y el comportamiento en pez cebra” 

Variantes genéticas de riesgo en YWHAZ, que codifica la proteína 14-3-3ζ, han sido relacionadas con 

trastornos psiquiátricos, como el trastorno del espectro autista (TEA) o la esquizofrenia, y con 

alteraciones del neurodesarrollo en humanos y ratones. En este estudio hemos usado un modelo de 

pez cebra para investigar los mecanismos mediante los cuales YWHAZ contribuye a trastornos del 

neurodesarrollo. En primer lugar, observamos una expresión pan-neuronal del gen ywhaz durante 

diferentes estadíos del desarrollo, lo que sugiere un papel importante de este gen en el desarrollo 

neuronal. Durante la edad adulta, la expresión de ywhaz está restringida a las células Purkinje en el 

cerebelo, una región que se ha visto alterada en pacientes con TEA. A continuación, establecimos 

mediante la técnica de CRISPR/Cas9 una nueva línea genoanulada de pez cebra deficiente en ywhaz. 

Realizamos análisis de imagen con calcio en el cerebro completo de larvas wild-type y genoanuladas 

para ywhaz y encontramos diferencias en la actividad y conectividad neuronal en el romboencéfalo. 

Además, peces adultos genoanulados muestran niveles disminuidos de dopamina y serotonina en 

esta misma área cerebral y presentan alteraciones de comportamiento que se pueden revertir 

mediante el uso de fluoxetina y quinpirol, fármacos que modulan la neurotransmisisón 

serotoninérgica y dopaminérgica. En conjunto, estos resultados sugieren un rol importante del gen 

ywhaz en el establecimiento de la conectividad neuronal durante el desarrollo. Una deficiencia del 

gen ywhaz lleva a alteraciones en la neurotransmisión dopaminérgica y serotoninérgica que 

probablemente sean la causa de los cambios de comportamiento observados en edad adulta. 

 

Reference: 

Antón-Galindo E, Dalla Vecchia E, Orlandi JG, Castro G, Loza-Alvarez P, Aguado F, Norton WHJ, 

Cormand B, Fernàndez-Castillo N. Deficiency of the ywhaz gene, involved in 

neurodevelopmental disorders, alters brain activity and behaviour in zebrafish. To be summited 

to Molecular Psychiatry. 
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ABSTRACT 

Genetic risk variants in YWHAZ, encoding 14-3-3, have been found to contribute to psychiatric 

disorders such as autism spectrum disorder and schizophrenia, and have been related to an impaired 

neurodevelopment in humans and mice. Here, we have used a zebrafish model to further understand 

the mechanisms by which YWHAZ contribute to neurodevelopmental disorders. We first observed 

pan-neuronal expression of ywhaz during developmental stages, suggesting an important role of this 

gene in neural development. During adulthood ywhaz expression was restricted to Purkinje cells in 

the cerebellum, a region that shows alterations in autistic patients. We then established a novel 

stable ywhaz knockout (KO) zebrafish line using CRISPR/Cas9 genome engineering. We performed 

whole-brain calcium imaging in wild-type (WT) and ywhaz KO larvae and found altered neural activity 

and functional connectivity in the hindbrain. Interestingly, adult ywhaz KO fish also display decreased 

levels of dopamine and serotonin in the hindbrain and freeze when exposed to novel stimuli, a 

phenotype that can be reversed with fluoxetine and quinpirole, drugs that target serotonin and 

dopamine neurotransmission. Together, these findings suggest an important role for ywhaz in 

establishing neuronal connectivity during developmental stages. ywhaz deficiency leads to impaired 

dopamine and serotonin neurotransmission that may underlie the altered behaviour observed 

during adulthood. 
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INTRODUCTION 

The 14-3-3 gene family codes for a highly conserved group of molecular chaperones that play 

important roles in biological processes and neuronal development [1]. YWHAZ, encoding 14-3-

3, is involved in neurogenesis and neuronal migration, as shown by morphological changes  in 

the brain of 14-3-3knockout mice [2–5]. These animals present behavioural alterations, that 

have been related to psychiatric disorders, such as schizophrenia [2, 5], including hyperactivity, 

impaired memory, lower anxiety and impaired sensorimotor gating.  

Several studies have pointed to an association between YWHAZ and psychiatric disorders. In a 

previous study, we found that a frameshift mutation in the YWHAZ gene, inherited from a 

mother with depression, had functional implications in two siblings diagnosed with autism 

spectrum disorder (ASD) and attention deficit/hyperactivity disorder (ADHD) [6]. In addition, 

genetic studies have associated YWHAZ polymorphisms to major depression and schizophrenia 

[6, 7]. Finally, decreased expression of the YWHAZ gene and 14-3-3ζ protein was reported in 

post-mortem brains of ASD and schizophrenia patients [6, 8, 9], and 14-3-3 protein levels are 

reduced in platelets and pineal glands of ASD patients [10, 11]. However, the mechanisms by 

which YWHAZ contributes to neurodevelopmental disorders remain unclear. 

The zebrafish is a powerful model to study neurodevelopmental and psychiatric disorders due 

to several advantages. Firstly, zebrafish present a high genetic similarity to humans and are easy 

to manipulate genetically. Secondly, they display well-defined behaviours that can be translated 

to humans in some cases. Lastly, their small size and transparency during larval stages make 

zebrafish ideal for in vivo imaging studies [12, 13]. Indeed, whole-brain imaging is a recently 

developed technique that allows in vivo neuronal activity and connectivity to be investigated 

[14, 15]. This novel approach combined with genetic engineering stands as an excellent tool to 

use in specific zebrafish models to study the neural basis of human brain disorders.  

In this study, we aim to investigate the role of YWHAZ in brain development and function using 

a novel mutant line. We explore the effect of loss of ywhaz function on neural activity and 

connectivity during development, and in neurotransmission and behaviour during adulthood. 

 

MATERIAL AND METHODS 

Zebrafish strains, care and maintenance 

Adult zebrafish and larvae (Danio rerio) were maintained at 28.5°C on a 14:10 light-dark cycle 

following standard protocols. All experimental procedures were approved by a local Animal 
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Welfare and Ethical Review board (University of Leicester and Generalitat de Catalunya). AB 

wild-type (WT), Tg(aldoca:gap43-Venus), Tg(olig2:egfp)vu12, ywhaz-/-, albino Tg(elavl3:GCaMP6s) 

and albino Tg(elavl3:GCaMP6s)ywhaz-/- zebrafish lines were used for the experiments.  

In situ hybridization (ISH) and immunohistochemistry (IHC) 

A specific mRNA probe targeting ywhaz (NCBI Reference Sequence: NM_212757.2) was 

prepared and ISH experiments were performed in larvae and dissected adult brains of AB wild-

type (WT), Tg(aldoca:gap43-Venus), Tg(olig2:egfp)vu12 and ywhaz-/- zebrafish strains. IHC was 

performed in adult Tg(olig2:egfp)vu12, ywhaz-/- and Tg(aldoca:gap43-Venus)rk22 brains. Details of 

the procedures are described in the Supplementary methods. 

Generation ywhaz zebrafish knock out using CRISPR/Cas9 

The detailed CRISPR/Cas9 targeted mutagenesis protocol is described in the Supplementary 

methods. A synthetic guide RNA (sgRNA) targeting exon 3 of ywhaz was designed and cloned 

into the pDR274 vector (Addgene plasmid #42250) [16]. The sgRNA was transcribed using the 

mMESSAGE mMACHINE Kit (Life Technologies). Cas9 mRNA was transcribed in vitro from the 

pMLM3613 vector (Addgene plasmid #42251, Keith Joung) [16] using the mMESSAGE 

mMACHINE T7 Ultra Kit (Life Technologies). To generate the mutants, 1 nl total volume of a 

mixture of 25 ng/μl sgRNA and 250 ng/μl Cas9 mRNA was injected to one-cell stage embryos to 

form the F0 generation. Once a F0 fish carrying an interesting indel transmitted to the germline 

was identified, the F1 embryos born from a cross between the selected F0 founder and AB WT 

were raised to adulthood, screened for the mutation of interest, and subsequently in-crossed to 

obtain a final stable F2 homozygous mutant line. 

Gene expression analysis using Real-Time quantitative PCR (RT-qPCR) 

Total RNA was extracted from the whole brains of WT and ywhaz-/- adult zebrafish and RT-qPCR 

was performed on 10 brains per genotype with three replicates as described in the 

Supplementary methods. 

Whole-brain imaging 

Light sheet microscopy 

Whole-brain imaging experiments were performed on 6 days-post-fertilization (dpf) albino 

Tg(elavl3:GCaMP6s) and Tg(elavl3:GCaMP6s)ywhaz-/- zebrafish larvae. Larvae were first 

paralyzed for 10 minutes in a 1 mg/ml -bungarotoxin solution (Thermofisher). They were 

subsequently placed inside a fluorinated ethylene-propylene (FEP) tube (0.7 mm inner 

diameter), with water and E3 medium, and then into a custom-made chamber to orientate the 
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larvae appropriately towards the objective of the light-sheet microscope (see Supplementary 

methods and Figure 1). 

Figure 1. Whole-brain imaging methods. (A) Steps followed to perform the whole-brain imaging recordings in 6 days 

post-fertilization (dpf) larvae expressing GCaMP6s pan-neuronally. (B) Steps followed in the single-cell fluorescence 

traces extraction. First, a mask was applied to each single plane to avoid detection of fluorescence outside of the 

brain. Then, single cell fluorescence traces were extracted for all the neurons detected in each single plane. Finally, 

results from single planes were combined to obtain neuronal activity from the whole-brain of each individual during 

the 20min recording. ROI, region of interest. (C) On the left, brain regions explored in the analysis and plot of all the 

neurons detected in each brain area of one individual. In a first approach, we divided the three biggest regions (Ce, 

OT, and MO) by hemispheres and obtain no differences in the number of neurons or activity between hemispheres 

(top right). After analysing single-cell activity, we inspected collective burst activity in each of the five defined brain 

areas (bottom right). Ce, cerebellum; MO, medulla oblongata; OT, optic tectum; Te, tegmentum; Th, thalamus. 
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Image segmentation and extraction of calcium signals 

To extract F/F traces from our calcium imaging recordings, we followed the CaIman MATLAB 

pipeline [17]. First, volumetric data were motion corrected and separated into time series for 

each imaged plane. Then, individual planes were processed using constrained non-negative 

matrix factorization method (CNMF) [18]. We overestimated the number of ROIs, as the 

program discards ROIs during the refinement process, and applied a mask to avoid signal 

detection outside the brain. The data from each plane were then combined to produce a single 

dataset for an imaged larva (Figure 1). 

Activity and functional connectivity analysis 

We used Netcal (www.itsnetcal.com) to analyse fluorescence data and obtain single-cell and 

collective level statistics. To perform the analysis in different areas of the brain, we used 

MATLAB Volume Segmenter and the Z-brain atlas as a reference (http://engertlab.fas.har-

vard.edu/Z-Brain/) to delimitate five brain regions: thalamus, tegmentum, optic tectum, 

cerebellum and medulla oblongata (MO). We also performed analysis of network connectivity 

inside each of the delimited areas (Figure 1). 

High precision liquid chromatography (HPLC) analysis of monoamines and metabolites 

Fish were decapitated and their brains were dissected and divided into four areas: 

telencephalon (Tel), diencephalon (DI), optic tectum (TeO) and hindbrain (Hb). HPLC analysis for 

dopamine (DA), serotonin (5-HT), 3,4-dihydroxyphenylacetic acid (DOPAC), and 5-

hydroxyindoleacetic acid (5-HIAA) was carried out using electrochemical detection [19] as 

described in the supplementary methods. 

Behavioural tests 

A battery of behavioural tests was performed in adult zebrafish (3-5 months-old) mixed groups 

of both sexes. Two tests to assess social behaviour were also performed on juvenile (one month-

old) zebrafish. All fish were genotyped, sized-matched and maintained in groups of 15 by 

genotype until the day of testing. Methodological details of the tests performed are described 

in the Supplementary Methods. 

Drug treatments 

Fluoxetine 5 mg/L diluted in DMSO (Tocris #0927) was administered by immersion for 2 hours. 

Quinpirole 0.25-4 mg/L diluted in H2O (Tocris #1061) was administered by immersion for 1 hour. 
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Statistical methods 

Statistical analysis of RT-qPCR, HPLC and behavioural data were performed in GraphPad Prism 

6. The data sets were assessed for normality using D’Agostino-Pearson and Shaphiro-Wilk 

normality test. Either a Mann-Whitney or an unpaired t-test whit Welch’s correction was 

performed to compare two groups, with corrections for multiple comparisons when needed. 

Statistical methods used for the brain imaging analysis are detailed in the Supplementary 

Methods. 

 

RESULTS 

Expression of ywhaz during development and adulthood in WT zebrafish 

We first investigated ywhaz expression in the developing brain. In two to nine dpf WT larvae, 

ywhaz expression is widespread covering almost all brain areas, with a particularly strong signal 

in the cerebellum of whole mount embryos (Figure 2A). In contrast, in adult zebrafish, ywhaz 

expression is restricted to the cerebellum. ywhaz was present in the granule cell layer (GCL) of 

the valvula cerebelli (Va) and crista cerebellaris (CCe), most likely within the Purkinje cell layer 

(PCL) (Figure 2B).  

We next combined ywhaz ISH with an anti-GFP antibody stain on adult brain sections of  

Tg(aldoca:gap43-Venus) [20] and Tg(olig2:egfp)vu12
 [21] transgenic lines, to confirm that ywhaz 

is expressed only within Purkinje cells and not in Eurydendroid cells, the zebrafish equivalent of 

the deep cerebellar nuclei in humans [22]. In the Tg(aldoca:gap43-Venus) line, the promoter of 

the aldolase Ca (aldoca) gene [20] is used as a driver and EGFP labels Purkinje cells, inhibitory 

neurons in the PCL. In the Tg(olig2:egfp)vu12
 fish cerebellum, EGFP labels Eurydendroid cells [21], 

excitatory neurons that are situated ventrally to Purkinje cells [23]. We found that ywhaz ISH 

staining overlaps GFP in the Tg(aldoca:gap43-Venus line), meaning that ywhaz is expressed 

within Purkinje cells and not within Eurydendroid cells at adult stages (Supplementary Figures 1 

and 2). 

Generation of a ywhaz-/- zebrafish mutant line by CRISPR-Cas9 mutagenesis 

We next generated a novel ywhaz mutant line, as a first step towards understanding the function 

of this gene in neural development. We used CRISPR/Cas9 to engineer a mutation within the 

third exon of ywhaz. We selected a F0 fish carrying a 7 bp deletion (380_387delCCTGGCA) as a 

founder to generate a stable ywhaz mutant line (Supplementary Figures 3 and 4). This deletion 
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causes a frameshift that leads to a premature stop codon in the third exon of the unique ywhaz 

isoform. The F1 embryos born from the cross between the F0 founder and WT were raised to 

adulthood, genotyped, and only the F1 fish carrying the 7 bp deletion were kept (Supplementary 

Figure 4B).  

To check whether the 7 bp deletion triggers mRNA degradation by nonsense-mediated mRNA 

decay (NMD) [24] we analysed ywhaz mRNA levels by RT-qPCR. We observed a significantly 

decreased level of ywhaz expression in ywhaz-/- compared to WT (p < 0.0001, Mann-Whitney U 

test, Supplementary Figure 5), which suggests that NMD degradation of the truncated ywhaz 

transcript has occurred in mutants. In addition, ISH performed in larvae and adult brains 

confirmed loss of ywhaz expression in the brain of ywhaz-/- fish, at both developmental and adult 

stages (Figure 2C and D).  

 

Figure 2. Expression of ywhaz in zebrafish during development and adulthood in WT and KO. (A) In WT larvae, ywhaz 

expression is widespread covering almost all brain areas, with a strongest signal in cerebellum. (B) In WT adult brains, 

ywhaz expression is restricted to the granule cell layer in the cerebellum. (C) ywhaz is not expressed in ywhaz-/- 

embryos and ywhaz-/- adult brains. CC, crista cerebellaris; CCe, corpus cerebelli; CeP, cerebellar plate; LCa, lobus 

caudalis cerebelli; MO, medulla oblongata; Val, lateral valvula cerebelli; Vam, medial valvula cerebelli. 

 



Article 2 . Chapter 1 .RESULTS 

  
97 

Altered spontaneous neuronal activity and functional connectivity in the hindbrain of ywhaz-

/- larvae 

The expression pattern of ywhaz suggests that it may play an important role during neural 

development. We performed whole-brain imaging at 6 dpf to investigate changes in neural 

circuit function and connectivity.  

When we compared WT and ywhaz-/- larvae we identified differences in hindbrain spontaneous 

activity and functional connectivity between genotypes. We found an increased number of 

active neurons in medulla oblongata (MO) of ywhaz-/- fish (p = 0.046, Figure 3A ), which represent 

a higher fraction of total active neurons (p = 0.005, Figure 3C). Also, ywhaz-/- fish cerebellar 

neurons represented a lower fraction of total neurons (p = 0.018, Figure 3C). In thalamus and 

tegmentum, the low number of active neurons that we could detect prevented us from properly 

assessing activity and connectivity in these areas (Figure 3B and D).  

 

Figure 3. Alterations in neuronal activity in zebrafish ywhaz-/- larvae. (A and B) Number of active neurons detected 

in each brain area. (C and D) Fraction of total active neurons detected in each brain area. (E) Fraction of total spikes 

participating in single-cell bursts in each brain area. (F) Fraction of total cells participating in collective bursts in each 

brain area. (G) Burst amplitude in each brain area, measured as the increase of spikes (events) per second compared 

to basal spike activity. For A-G datasets: unpaired t-tests, each single point represents an individual, the central line 

represents the mean, the darker bar the 95% confidence interval and the lighter bar the standard deviation. (H) 

Principal component analysis of the neuronal activity in the medulla oblongata (MO). The central line represents the 

mean and the coloured shadow represents the 95% confidence interval. * p < 0.05, ** p < 0.01. YWHAZ, ywhaz-/- 

larvae; WT, wild-type larvae. n= 10 WT and 9 ywhaz-/-. 

Single-cell activity analysis (Supplementary Figure 6) showed that a lower fraction of total spikes 

participated in single-cell bursts in the MO of ywhaz-/- fish (p = 0.039, Figure 3E). In addition, 

collective burst analysis (Supplementary Figure 7) determined that a lower fraction of MO 
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neurons participate in collective bursts in ywhaz-/- fish (p = 0.016, Figure 3F), and that the 

collective burst amplitude in MO and tectum is lower in ywhaz-/- fish (p = 0.006 for MO and p = 

0.043 for tectum, Figure 3G). Finally, a principal component analysis (PCA) demonstrated that a 

higher number of components is needed to explain variance in neuronal activity in MO of ywhaz-

/- fish, pointing to a lower neuronal synchronization in this area in mutants (p = 0.005, Figure 3H 

and Supplementary Figure 8). We then explored possible alterations in connectivity inside each 

of the defined areas (Supplementary Figure 9). We found a higher clustering coefficient (p = 

0.022, Figure 4A) and a higher global efficiency (p = 0.044, Figure 4B) in cerebellum of ywhaz-/- 

fish. Also, we observed a higher assortativity (p = 0.001, Figure 4C) and a higher Louvain 

community statistic in MO of ywhaz-/-fish (p = 0.010, Figure 4D). Finally, analyses of connectivity 

distribution showed that in the MO of WT fish there is a subpopulation of highly connected 

neurons (connected with 30-40% of the MO neurons) that is not present in the MO of ywhaz-/-

fish, but no differences were found in cerebellum (Figure 4E and F).  

 

Figure 4. Alterations in neuronal connectivity in zebrafish ywhaz-/- larvae. (A) Normalized clustering coefficient in 

each brain area. (B)  Global efficiency in each brain area. (C) Assortativity in each brain area. (D) Louvain community 

statistic in each brain area. For A-D datasets: unpaired t-tests, each single point represents an individual, the central 

line represents the mean, the darker bar the 95% confidence interval and the lighter bar the standard deviation.  (E) 

No significant differences were found in the connectivity distribution in the cerebellum of WT and ywhaz-/- larvae. (F) 

Connectivity distribution in the medulla oblongata (MO) of WT and ywhaz-/- larvae. A subpopulation of highly 

connected neurons exists in the MO of WT larvae that is absent in ywhaz-/- larvae. For E and F: the central line 

represents the mean and the coloured shadow represents the 95% confidence interval. YWHAZ, ywhaz-/- larvae; WT, 

wild-type larvae. n= 10 WT and 9 ywhaz-/-. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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All together, these results point to a higher clustering and more effective connectivity in the 

cerebellum of ywhaz-/-fish, and to the presence of more isolated neuronal communities in the 

MO of ywhaz-/-fish, which generates a lower collective burst activity and synchrony in this area. 

Spontaneous synchronized neuronal communication plays an important role during early 

development in establishing the mature brain circuitry, not only in humans but also in other 

vertebrates including zebrafish [25–28]. We hypothesize that the alterations in this spontaneous 

activity may affect neuronal migration and wiring and have a long-term impact in 

neurotransmission. 

Analysis of monoamines and their metabolites levels 

We next investigated whether the observed alterations in neural activity and connectivity 

caused by a loss of function of ywhaz gene during development might affect neurotransmitter 

signalling in adults. We performed HPLC to measure the basal levels of several 

neurotransmitters: DOPAC, DA, 5HIAA and 5-HT, in the brain of ywhaz-/- and WT adult fish. We 

found a significant reduction of DA and 5-HT levels in the hindbrain of ywhaz-/- (p = 0.0063 and 

p = 0.0026 respectively, Figure 5A). No further alterations were found in other areas of the brain 

(Supplementary Figure 10A-C) nor in the breakdown of 5-HT to 5-hydroxyindoleacetic acid 

(5HIAA), or dopamine to homovanillic acid (HVA) and dihydroxyphenolacetic acid (DOPAC) 

(Supplementary Figure 10D-E). 

Effects of loss of ywhaz function on gene expression 

The reduced levels of DA and 5-HT in mutants suggests that ywhaz may influence the synthesis 

of these neurotransmitters. Tyrosine hydroxylase (TH) and Tryptophan hydroxylase (TPH), rate-

limiting enzymes in the biosynthesis of DA, are known to be regulated by 14-3-3 proteins [29]. 

We therefore first measured the expression of genes coding for the DA and 5-HT synthesis 

enzymes TH and TPH in adult fish. There was an increase in tryptophan hydroxylase 2 (tph2) and 

tyrosyne hydroxylase 1 (th1) expression in ywhaz-/- compared to WT, although differences in th1 

did not overcome multiple test corrections. tph1a, tph1b and th2 showed all a low expression in 

both genotypes (Figure 5A). We further examined the transcription of genes coding for proteins 

involved in the dopaminergic neurotransmitter pathway: the dopamine transporter solute 

carrier family 6 member 3 (slc6a3), dopamine receptor 1 (drd1), dopamine receptor 2a (drd2a), 

dopamine receptor 2b (drd2b) and dopamine receptor 4 (drd4). The expression of the two 

isoforms drd2a and drd2b was significantly increased in ywhaz-/- compared to WT (Figure 5A). 
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Figure 5. Alterations in the monoamine neurotransmission in the hindbrain of adult KO. (A) On the left, high 

precision liquid chromatography in the hindbrain of WT and ywhaz-/- adult zebrafish. DA and 5-HT levels are decreased 

in the hindbrain of ywhaz-/- compared to WT. DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; 5-HIAA, 5-

hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine. n = 7 WT, n = 7 ywhaz-/-. In the middle, relative expression 

profile of tyrosine hydroxylase 1 (th1), tyrosine hydroxylase 2 (th2), tryptophan hydroxylase 1a (tph1a), tryptophan 

hydroxylase 1b (tph1b) and tryptophan hydroxylase 2 (tph2), normalised to the reference gene ribosomal protein L13 

(rpl13). ywhaz-/- fish have an increased level of tph2 expression. n = 10 WT, n = 10 ywhaz-/-. On the right, relative 

expression profile of solute carrier family 6 (neurotransmitter transporter), member 3 (slc6a3), dopamine receptor 1 

(drd1), dopamine receptor 2a (drd2a), dopamine receptor 2b (drd2b) and dopamine receptor 4 (drd4), normalised to 

the reference gene elongation factor 1a (elf1a). ywhaz-/- have an increased level of drd2a and drd2b expression. n = 

10 WT, n = 10 ywhaz-/-. Multiple t-tests with Holm-Sidak correction for multiple comparisons. (B) Time spent freezing 

during the first two minutes after the addition of the second group of strangers or marbles in the behavioural setup 

during the second step of the visually mediated social preference test. Strangers: Unpaired t-test with Welch's 

correction; n = 12. Marbles: Mann-Whitney U test; n = 10. (C) Treatment with 5 mg/L fluoxetine and 0.25 mg/L 

quinpirole rescues the freezing phenotype in ywhaz-/-. On the left, time spent freezing after the addition of the second 

group of unfamiliar fish in WT or ywhaz-/- fish treated with 5 mg/L fluoxetine or DMSO. Multiple t-tests with Holm-

Sidak correction for multiple comparisons. n = 5 WT, n = 8 ywhaz-/-. On the right, time spent freezing after the addition 

of the second group of unfamiliar fish in WT or ywhaz-/- fish treated with different concentrations of quinpirole. 

Kruskal-Wallis test with Dunn's multiple comparisons. n = 5 WT and n = 10 ywhaz-/- for Ctrl, 0.25 mg/L and 1 mg/L; 

and n = 5 ywhaz-/- for 4 mg/L. ** p < 0.01, * p < 0.05. Mean ± standard deviation. 
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Pharmacological reversion of ywhaz-/- altered behavioural phenotype 

A battery of behavioural tests was performed in adult WT and ywhaz-/- mutants to characterize 

possible alterations in behaviour due to ywhaz deficiency (Supplementary Figure 11). We only 

found differences between genotypes in the visually-mediated social preference (VMSP) test, 

used to assess social behaviour. During the social preference step, both genotypes spent most 

of the time swimming close to the first group of strangers (p < 0.0001 for both WT and ywhaz-/-

; Supplementary Figure 11D). However, during the preference for social novelty step, WT 

switched preference to the second group of unfamiliar fish (p = 0.0475, Supplementary Figure 

11D) whereas ywhaz-/- fish did not show preference between the two groups of strangers (p = 

0.98, Supplementary Figure 11D). Instead, we found that immediately after the addition of the 

second group of unfamiliar fish, ywhaz-/- mutants froze significantly more than WT (p = 0.0035; 

Figure 5B). To test whether it was the live stimulus that caused this phenotype, we repeated the 

test by adding marbles instead of the second group of unfamiliar fish and observed the same 

freezing behaviour in ywhaz-/- mutants (p = 0.0251, Figure 5B). Contrary to adults, juvenile 

ywhaz-/- fish did not show an altered social behaviour: they did not show any increase in freezing 

behaviour in the VMSP test (p > 0.99, Supplementary Figure 12A-C), nor an altered cluster score 

in the shoaling test for social interaction in a group (Supplementary Figure 12D). 

HPLC and qPCR results suggested that alterations to 5-HT and DA signalling may underlie the 

behavioural phenotype of ywhaz-/-. We therefore used fluoxetine, a selective serotonin reuptake 

inhibitor (SSRI) [30], and quinpirole, a selective D2-like receptor agonist [31] to investigate the 

connection between 5-HT, DA, and the behavioural phenotype observed in ywhaz-/- in the VMSP 

test. Treatment with 5 mg/L fluoxetine and treatment with 0.25 mg/L quinpirole significantly 

decreased the time ywhaz-/- spent freezing after the addition of the second group of unfamiliar 

fish (p = 0.006 and p= 0.0468, respectively, Figure 5C) without affecting WT behaviour. However, 

a higher concentration of quinpirole, 1 or 4 mg/L, did not reverse the freezing behaviour (p > 

0.99 for both concentrations, Figure 5C). 

Several behavioural tests were repeated in a second group of adult fish and an increased 

freezing behaviour was observed in ywhaz-/- fish in all the tests performed (Supplementary 

Figure 13). Additionally, a third batch of behavioural tests was performed in a different setup, 

but strong differences in the WT behaviour of this batch, probably due to environmental effects, 

prevent us from comparing the results obtained in this batch with the previous batches 

(Supplementary Figure 14). 
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DISCUSSION 

Functional and genetic studies had previously suggested a role of YWHAZ gene in 

neurodevelopmental disorders such as ASD or schizophrenia [2, 5, 6, 32]. In this study, we have 

used zebrafish to investigate ywhaz function in neural development and adult behaviour. We 

found that ywhaz deficiency resulted in an altered hindbrain connectivity during larval stages 

and a neurotransmitter imbalance during adulthood leading to alterations in behaviour.  

We observed a pan-neuronal expression of ywhaz in larval stages, which suggests that ywhaz 

may be involved in a wide range of functions during zebrafish neurodevelopment. Indeed, the 

important function of Ywhaz in neurogenesis and neuronal differentiation was previously 

demonstrated in mice KO models [1–5], and disrupted neurogenesis is a known risk factor for 

neurodevelopmental disorders [33]. Although expressed pan-neuronally, ywhaz presents a 

stronger expression in larvae cerebellum, a brain region whose dysfunction has been related to 

neurodevelopmental disorders [34, 35].  Interestingly, a decreased YWHAZ expression was 

reported in the cerebellum of ASD patients [6]. In adults, ywhaz is specifically expressed in 

Purkinje cells (PC) in the cerebellum. Post-mortem studies have shown a reduction in PC density 

in the brain of autistic patients, and Tsc1 mutant mice with a decrease in PC functioning show 

autistic-like behaviours [36, 37]. ywhaz is therefore expressed in brain regions that play a crucial 

role in neurodevelopment and whose dysfunction is related to neurodevelopmental disorders. 

Early spontaneous synchronized burst activity is essential for the correct assembly of neural 

circuits during development [25, 38]. Indeed, neuronal activity controls apoptosis and future 

connectivity in the developing cortex of mice [39], and a recent article reviewed the relevance 

of spontaneous activity in the larval zebrafish optic tectum and its implication in the response 

to sensory information [26]. In addition, magnetic resonance studies have described an altered 

functional connectivity in patients diagnosed with ASD or schizophrenia [40–44]. Here, ywhaz-/- 

larvae present a decreased burst activity and synchronization in the hindbrain, the region where 

ywhaz showed a higher expression in WT animals. We then identified decreased levels of DA 

and 5-HT in the hindbrain of ywhaz-/- adults, suggesting long-term alterations in brain function. 

These findings suggest that ywhaz is involved in establishing brain connectivity during 

development and that this impaired connectivity may contribute to the subsequent 

neurotransmitter alterations found in adults. 

Among all 14-3-3 isoforms, YWHAZ plays the most important role in DA synthesis [45]. Indeed, 

YWHAZ is known to regulate the function of TH and TPH, rate-limiting enzymes in the 

biosynthesis of DA [29].  In a previous work, we demonstrated that a disrupting mutation in 
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YWHAZ produced the loss of affinity of the protein for TH [6]. Therefore, ywhaz deficiency may 

contribute to a decrease in TH activity and a subsequent reduction in DA levels. These results 

are in line with the alterations in DA system previously reported in patients with 

neurodevelopmental disorders such as ASD, ADHD or schizophrenia [46–48]. The increased 

drd2a and drd2b levels we reported in ywhaz mutants may be due to compensatory mechanisms 

to overcome DA depletion. Interestingly, schizophrenia patients have a higher density of DRD2 

receptors and all antipsychotic drugs used today are DRD2 antagonists [49, 50]. In addition, 

upregulation of tph2 may be a mechanism to compensate for the depletion of 5-HT we found in 

the hindbrain of ywhaz-/- adults. In line with these results, altered levels of 5-HT have been 

reported in ASD and schizophrenia patients [51, 52].  

Finally, treatment with fluoxetine, a serotonin reuptake inhibitor, and quinpirole, a selective 

DRD2-like receptor agonist, were able to rescue the abnormal neophobic freezing behaviour 

observed in ywhaz mutants. Similarly, in a previous study, behavioural alterations were rescued 

in Ywhaz-/- mice using the antipsychotic drug clozapine, an antagonist of DA and 5-HT receptors 

used as a medication for schizophrenia [53]. 5-HT and DA are involved in sensory processing and 

social cognition [54, 55], and DA plays an important role in social reward [56]. Given 5-HT and 

DA function in behaviour, we hypothesize that 5-HT and DA alterations in mutant fish are 

responsible for the exaggerated response to novel stimuli present in ywhaz-/- adults.  

Several strengths and limitations of this study should be discussed. First, whole-brain imaging 

experiments were performed in 6 dpf larvae whereas neurotransmitter levels and behaviour 

were investigated in adult fish, due to the impossibility of performing all these experiments at 

the same age. Even though this constitutes a limitation, it brings useful complementary 

information to analyse the effect of ywhaz deficiency at different levels and ages. In addition, 

our whole-brain imaging setup did not permit us to analyse neuronal activity in ventral brain 

regions. Therefore, it would be interesting to perform similar imaging recordings in an adapted 

setup that allows to scan deep brain areas and to analyse brain activity in response to stimuli. 

Finally, the differences observed in the behavioural phenotype between batches of experiments 

may be due to environmental differences (between setups) and to (epi)genetic changes 

between fish generations. Indeed, a previous study reported differences between Ywhaz-/- mice 

with a different genetic background [2], and it is well described that environment plays an 

important role in the onset or phenotypical expression of psychiatric and neurodevelopmental 

disorders. 

In conclusion, our findings highlight the important role of YWHAZ in neurodevelopment and 

shed light on the neurobiological mechanisms underlying its contribution to 
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neurodevelopmental disorders. Pharmacological recovery of altered behaviour of ywhaz-/- fish 

provide some clues for the use of specific treatments to revert the associated symptomatology 

to neuropsychiatric disorders, such as ASD or schizophrenia. 
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1. SUPPLEMENTARY METHODS 

Generation of ywhaz zebrafish knock out using CRISPR/Cas9 

Design of the target sgRNA 

A synthetic guide RNA (sgRNA) was designed using the online available software CHOPCHOP 

[1,2]. We selected a target sequence containing the PAM motif within the third exon of ywhaz 

and we designed the sgRNA based on this sequence: 5’- GGGTGACTATTACCGCTACC -3’ 

(Supplementary Figure 3). 

We extracted genomic DNA from 10 adult zebrafish (5 males and 5 females) and amplified the 

area around the CRISPR target site by PCR (forward (Fw) primer 5’- TGACCTGGTTTCTGAGCTGA 

-3’ and reverse (Rv) primer 5’- TGCTGAACATCAAAGACCATCT -3’). Then, we used the T7 

endonuclease I (T7EI) assay to check if any mutation was present in and around the target site. 

5 μl of PCR product derived from each male was mixed with 5 μl of genomic DNA from each 

female and the samples were diluted to a final volume of 20 μl. We denatured the samples and 

then reanneal them with the addition of 2 μl of NEBuffer 2 (New England Biolabs) using a 

thermocycler and the following protocol (95°C, 5 min; 95-85°C at −2°C/s; 85-25°C at −0.1°C/s; 

hold at 4°C). Hybridized PCR products were then treated with 2 U T7EI at 37°C for 1 hour in a 

reaction volume of 20 μl. The action of the T7EI was visualized by gel electrophoresis and the 

absence of SNPs in this amplified fragment was confirmed. 

Production of sgRNA 

We used the pDR274 vector, a gift from Keith Joung (Addgene plasmid #42250) [3], to generate 

the template for sgRNA transcription. In order to construct a plasmid containing the designed 

sgRNA, the vector was digested with BsaI restriction enzyme (New England Biolabs), 

dephosphorylated using Antarctic phosphatase (New England Biolabs), and purified from a gel. 

Two oligonucleotides 5’- TAGGGTGACTATTACCGCTACC -3’ and 5’- 

AAACGGTAGCGGTAATAGTCAC-3’ were designed to generate sgRNA. Oligonucleotides were 
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phosphorylated using T4 Polynucleotide Kinase (New England Biolabs) and annealed by 

incubation at 95°C for 5 minutes followed by slowly decreasing the temperature. The annealed 

oligonucleotides were then cloned into the vector backbone using the BsaI restriction site. 

The sgRNA was transcribed using the mMESSAGE mMACHINER Kit (Life Technologies) and the 

DraI-digested gRNA expression vector as a template. The sgRNA was DNase treated and 

precipitated with ammonium acetate/ethanol following standard procedures. The RNA 

concentration was quantified, diluted to 100 ng/μl and stored at -80°C. 

Production of Cas9 mRNA 

Cas9 mRNA was transcribed from the pMLM3613 vector (Addgene plasmid #42251, Keith Joung) 

[3] using a mMESSAGE mMACHINER T7 Ultra Kit (Life Technologies). This vector has a unique 

PmeI restriction site positioned 3’ at the end of the Cas9 coding sequence. The Cas9 mRNA was 

DNase treated and precipitated with ammonium acetate/ethanol following standard 

procedures. The RNA concentration was quantified, diluted to 500 ng/μl and stored at -80°C. 

Microinjection of sgRNA/Cas9 in one-cell stage embryos 

Embryos were collected by natural mating of pairs of WT zebrafish. 200-250 one cell stage 

embryos were co-injected with approximately 1 nl total volume of Cas9-encoding mRNA (250 

ng/μl) and sgRNA (25 ng/μl) each. The day after microinjection, ten normally developed 24 hpf 

embryos were selected to check targeting efficiency using T7EI assay 

Embryonic genomic DNA extraction and T7EI assay 

Genomic DNA was extracted from ten 24 hpf injected embryos and every individual sample was 

mixed with WT genomic DNA. For genomic DNA extraction a single embryo was placed into a 

microcentrifuge tube containing 20 μl of base solution (25 mM NaOH and 0.2 mM EDTA) and 

heated to 95°Cfor 30 minutes. The tube was then cooled to 4°C and 20 μl of neutralization buffer 

(40mM Tris-HCl pH 5.0) were added. The sample was centrifuged and the supernatant was used 

directly as template for PCR. We checked the occurrence of mutations and the efficiency of the 

method by using the T7EI assay. Once the positive outcome of the procedure was confirmed, 

the rest of the injected embryos were raised to adulthood to form the F0 generation. 

Screening by amplicon sequencing 

In order to identify a founder carrying a mutation of interest that could be transmitted through 

the germline, we outcrossed a single F0 fish with a WT fish and collected groups of five embryos 

produced by each breeding pair. After the extraction of genomic DNA from these pools of 

embryos (40 μl of base solution were used to cover the embryos and 40 μl of neutralization 
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buffer were subsequently added, as previously described), the samples were analysed by MiSeq 

Illumina sequencing. Specific primers containing a partial Illumina adaptor sequence were 

designed (Fw, 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATCTGCTGGACAAGTTTCTGA-

3’; Rv, 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATAATTGGTGTCCGGGTCAAAC-3’) and 

a region of about 230 bp surrounding the CRISPR target site was amplified by PCR. The quality 

and size of the amplicons produced by PCR were checked by running 5 μl of each PCR product 

on an agarose gel. In case of good quality and right size the rest of the samples were purified 

using a PCR & DNA Cleanup Kit (5 μg) (MonarchR, New England Biolabs). The DNA concentrations 

were quantified using a Qubit spectrophotometer and the amplicons were diluted to 15-25 ng/μl 

prior to analysis. Samples were sequenced using a MiSeq Illumina platform in collaboration with 

Dr Jason Rihel, University College London, UK. The read out of this analysis were FastQ data files, 

which were analysed using Geneious software. Once a F0 fish carrying an interesting indel 

transmitted to the germline was identified, the F1 embryos born from the cross between the 

selected F0 founder and WT were raised to adulthood. F1 fish were then tested with the T7EI 

assay and genotyped. Only F1 carrying the mutation were kept. We tested 40 F1 fish with the 

T7EI assay and found five fish carrying the 7 bp mutation (Supplementary Figure 4B). 

Genotyping 

Genotyping was performed by PCR reaction. To discriminate between WT, ywhaz+/- and ywhaz-

/- fish, we designed specific primers that recognise the presence or the absence of the 7 allele. 

We also designed a pair of control primers to confirm the efficiency of the PCR reaction 

(Supplementary Table 1). To isolate genomic DNA for the PCR reaction from the fin, adult 

zebrafish were previously anesthetized in 0.02% tricaine methanesulfonate. 

Checking for the presence of off-target cleavage sites and generation of a stable mutant line 

To check the absence of any off-target cleavage before crossing F1, we used the CHOPCHOP web 

tool. We found two potential off-target sites for our sgRNA (Supplementary Table 2), that were 

amplified by PCR in our selected F1 fish using the following primers: 5’- 

CCTCTTGTCAGTGGCGTACA -3’ (Fw) and 5’-TTCTCGGAGGACTCAACCAC -3’ (Rv), for the off-target 

site present in ywhag2, and 5’- GCAGAGGAATTACGGATGGA -3’ (Fw) and 5’- 

CGCGTTTATCCTGAGCTTTC -3’ (Rv) for the one in tspan9b. PCR products were purified using a 

PCR & DNA Cleanup Kit (5 μg) (MonarchR, New England Biolabs), and analysed by Sanger 

sequencing. No extra mutations were found in the off-target areas of the gene (data not shown) 

and the selected F1 fish were in-crossed to obtain a final F2 stable mutant line homozygous for 

the mutation of interest. 
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Gene expression analysis using RT-qPCR 

Total RNA was using the GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). 

Samples were DNase treated with TURBOTM DNase (ThermoFisher Scientific) to remove any 

genomic DNA contamination and checked for degradation. First strand cDNA was synthesised 

from 0.25 μg of tRNA using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher 

Scientific). 

RT-qPCR was performed on 10 brains per genotype (WT and ywhaz-/-) with three replicates for 

each brain using a CFX ConnectTM Real-Time System machine (BioRad Laboratories), the 

SensiFASTTM SYBR No-ROX Mix (Bioline), and the following primers: Fw 5’- 

GAGTACCGTGAGAAGATCGAAGC -3’ and Rv 5’- CGGATCAGAAACTTGTCCAGCAG -3’ (NCBI Reference 

Sequence: NM_212757). A melting curve step (50–95°C) was performed to verify that only single 

products had been amplified. No-template and no-reverse transcriptase controls were also 

performed for each primer pair and cDNA, respectively. To assess RT-qPCR efficiency, a 2-fold 

dilution series of cDNA template were processed. For normalization, expression levels of 

ribosomal protein L13a (rpl13) and elongation factor 1a (elf1a) were used as reference. The 

relative expression of the genes and the fold change were calculated using the 2-ddCT comparative 

method [4,5].  

 

In situ hybridization (ISH) 

Preparation of ywhaz mRNA probe 

Total RNA (tRNA) was extracted from whole frozen adult WT zebrafish brains using the TRIzol 

reagent. Complementary DNA (cDNA) was synthesized from 1 μg tRNA using the RevertAid First 

Strand cDNA Synthesis Kit (Thermo Scientific). The ywhaz mRNA sequence was taken from the 

National Center for Biotechnology Information (NCBI) web site (NCBI Reference Sequence: 

NM_212757.2). Primers to amplify the open reading frame (ORF) of the gene were designed as 

follow: forward (Fw) primer 5’- AACCTGCTCTCTGTGGCCTA -3’ and reverse (Rv) primer 5’- 

GCTCAGAAATGGCATCATCA -3’. The 481 bp ywhaz amplicon was generated by PCR reaction and 

cloned into a plasmid using the StrataClone PCR cloning Kit (Agilent). The plasmids were 

collected and purified using GeneJET Plasmid Maxiprep Kit (Thermo Scientific) and the product 

was sequenced by GATC Biotech to check the orientation of the insert in the plasmid and the 

identity of the sequence. The StrataClone PCR Cloning Vector pSCA-Amp/Kan containing the 

ywhaz insert was linearized with NotI restriction enzyme and ywhaz DIG-antisense RNA probe 
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was then generated by in vitro transcription. The product was DNase treated and cleaned using 

sodium acetate/ethanol precipitation. The final ywhaz probe was stored at -20°C. 

Preparation of the samples for ISH 

Embryos were treated with 1-phenyl 2-thiourea (PTU) at 24 hours post fertilization (hpf) to 

prevent pigmentation. Embryos, larvae and dissected brains from adult fish were fixed overnight 

at 4°C in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Specimens were then 

dehydrated with a gradient of methanol/PBS (25%, 50%, 75% and 100% methanol) before being 

stored for at least one hour and up to several months at -20°C. 

ISH protocol 

First day of ISH. Samples were rehydrated with a gradient of methanol/PBS (75%, 50%, 25% and 

0% methanol) and then digested with proteinase K (10 μg/ml in PBS) at room temperature (30 

minutes for a whole adult brain and 9 dpf embryos, 25 minutes for 6 dpf embryos, 15 minutes 

for 3 dpf embryos and 10 minutes for 2 dpf embryos). Samples were then fixed in 4% PFA for 20 

minutes and rinsed in phosphate-buffered saline + 0.1% Tween-20 (PBT). Samples were 

prehybridized at 68°C for at least 2 hours in 300 μl of HYB+ buffer (65% formamide, 5X saline-

sodium citrate (SSC) buffer, 50 μg/ml heparin, 0.5 mg/ml torula RNA, 0.1% Tween-20, 9.2 mM 

citric acid, pH 6.0). HYB+ was then replaced with fresh HYB+ buffer containing the DIG-labelled 

probe (5 ng/μl) and incubated overnight at 68°C.  

Second day of ISH. The HYB+/probe mix was removed and stored at -20°C for future use. Samples 

were washed with a gradient of HYB+/2X SSC (75%, 50%, 25% and 0% HYB) for 10 minutes each, 

and then twice with 0.05X SSC for 30 minutes each. For ISH on sections, adult brains were fixed 

for 20 min with 4% PFA and embedded in 3% agarose dissolved in water. Samples were 

sectioned at 100 μm using a vibratome and sections were collected in PBS. Specimens were 

blocked for one hour at room temperature (RT) in blocking solution (2% normal goat serum, 2 

mg/ml bovine serum albumin in PBT) and then incubated overnight with anti-DIG-AP antibody 

(1:4000 dilution in blocking solution). 

Third day of ISH. Samples were washed several times in PBT and then three times for 10 minutes 

each in Xpho solution (100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl and 0.1% Tween-

20). Xpho solution was replaced with NBT/BCIP solution (225 μg/ml of NBT and 175μg/ml of 

BCIP in Xpho) and the specimens were incubated in the dark to develop the stain. Samples were 

monitored with a dissecting microscope every 30 minutes. The reaction was stopped by several 

washes in PBS and were fixed in 4% PFA for 20 minutes. Embryos were stored in 80% glycerol 

and 20% PBT at 4°C, whereas sections were mounted on slides and covered with Mowiol 
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solution. The NBT/BCIP signal was imaged using a GX microscope, a CMEX 5.0 camera and Image 

focus 4 software. 

 

Immunohistochemistry (IHC) 

Adult brains were rehydrated with a gradient of methanol/PBS (75%, 50%, 25%, 0% methanol) 

and then digested with proteinase K (10 μg/ml in PBS) at room temperature for 30 minutes 

followed by post-fixation in 4% PFA for 20 minutes. Samples were then rinsed in PBT. Specimens 

were embedded in 3% agarose dissolved in water and sectioned at 100 μm using a vibratome. 

Sections from Tg(olig2:egfp)vu12 were blocked for 1 hour at RT with blocking solution and then 

incubated overnight in primary antibody. The day after, samples were washed several times in 

PBT, blocked with blocking solution for an hour at RT and incubated in secondary antibody 

diluted in blocking solution for 1 hour at RT. For ywhaz-/- and Tg(aldoca:gap43-Venus)rk22 the 

Vectastain universal Elite ABC Kit (Vector, #PK-6200) was used. Therefore, the sections were 

blocked for 1 hour at RT with the blocking serum. The blocking serum consists of 1:10 normal 

horse serum in blocking diluent, which is 1%bovine serum albumin (BSA) in PBT. The specimens 

were then exposed overnight to primary antibody, followed by 1 hour incubation in secondary 

antibody, and 3 hours’ incubation with Vectastain Elite ABC Reagent solution. After several 

washes in PBT, peroxidase activity was detected using 3,3ʹ-Diaminobenzidine (DAB, Sigma, 

#D4293) according to the manufacturer’s instruction. For double in situ hybridization/antibody 

labelling, the ISH was performed first (with NBT/BCIP staining) followed by the IHC (with DAB 

staining). 

 

High precision liquid chromatography (HPLC) analysis of monoamines and metabolites 

Samples were weighed, homogenised in 100 μl ice-cold 0.1 N perchloric acid using a pellet pestle 

(Sigma, #Z359971) and centrifuged at 12,000 rcf for 15 min at 4°C. The supernatant was 

collected and stored at -80°C until use.  

Samples (15 μl) were then injected for HPLC analysis using a Spark Triathlon refrigerated 

autosampler and separation was achieved on a Luna C18(2), 5 μm, 100 Å, 100 x 1 mm 

(Phenomenex Ltd) reverse phase column. The mobile phase (75 mM sodium dihydrogen 

phosphate, 1 mM EDTA, 0.6 mM octane sulphonic acid (OSA) in deionised water containing 5% 

methanol, pH 3.7) was delivered by a Rheos 4000 pump (Presearch, UK). Electrochemical 

detection was performed using a glass carbon working electrode set at 700 mV relative to an 
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Ag/AgCl reference electrode, using an Antec Intro detector incorporating a low volume (VT-03) 

flow cell (Antec, Netherlands). 

Samples were quantified by comparison with standard solutions of known concentrations of 

monoamines and metabolites using Chrom Perfect data analysis software (Justice Laboratories, 

NJ). Each sample was run in duplicate and the mean content of monoamine and 

neurotransmitter for sample was calculated and normalised to the weight of tissue. Results are 

expressed as picomoles per milligram of brain tissue. 

 

Whole-brain imaging 

Transgenic zebrafish lines for brain imaging experiments 

Tg(elavl3:GCaMP6s) transgenic zebrafish larvae in the albino background [6,7] were used for 

brain imaging experiments as the WT group. To obtain a transgenic line expressing GCaMP6s 

pan-neuronally, with the albino background and not expressing ywhaz, we performed several 

crosses between the Tg(elavl3:GCaMP6s) and ywhaz-/- lines. First, F0 albino Tg(elavl3:GCaMP6s) 

fish were crossed with F0 ywhaz-/- zebrafish. F1 fish obtained from this breeding were crossed 

with albino Tg(elavl3:GCaMP6s) and F2 fish obtained from this breeding were genotyped to 

select only albino Tg(elavl3:GCaMP6s) ywhaz+/- fish. Protocol used for ywhaz genotyping is 

described above. To select Tg(elavl3:GCaMP6s) fish we performed a specific PCR that amplifies 

selectively a GCaMP6s fragment and fluorescence of larvae was confirmed with a fluorescence 

microscope. Selected F2 fish were in-crossed and F3 fish were genotyped to select albino 

Tg(elavl3:GCaMP6s) ywhaz-/- fish. F3 fish were then in-crossed to obtain a stable transgenic 

mutant line. 

Light-sheet microscope recordings 

Whole-brain imaging was performed using a custom-build Light Sheet Fluorescence Microscopy 

(LSFM) system in a configuration known as inverted Selective Plane Illumination Microscopy 

(iSPIM). To generate the light sheet, the laser beam from an ArKr laser (Innova 70C Spectrum, 

Coherent) passes through an acousto-optic tuneable filter (AOTFnC-400.650-TN, 

AAOptoelectronics) to select the desired wavelength (488nm) and to control the beam power. 

The beam is expanded with a Galilean telescope, until this moment the beam is radially 

symmetrical and, from this moment on, the illumination arm will be explained in the two axis. 

In the “x axis”, the beam is cippling by a slit and passes through the flat part of a cylindrical lens, 

it is reflected by a galvanometric mirror, which only reduces the beam size and changes its 

direction, and focused with a scan lens. In the “y axis”, the beam passes through the cylindrical 
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lens and is focused on the galvanometric mirror, which moves the beam on the “y axis”. Then, 

the beam passes through a scan lens, which collimates the beam and translates the angular 

movement from the galvo mirror to translation movement in the beam  to generate the light 

sheet. Finally, the light sheet passes through a relay lens, formed by the tube lens and the 

microscope objective, and displaces it perpendicularly to its propagation axis. 

The detection path is composed of a 20X Objective (NA=1, WD=2mm, Olympus), a GFP filter 

(Semrock, FF01-525/45-25), two 200 mm tube lens, an electrically tunable lens (Optotune, EL-

16-40-TC-VIS-20D) and an achromatic 100 mm lens, fig 3. The total magnification is 11.1x with 

and a field of view of 600µm and a pixel size of 0.5850µm using a Hamamatsu orca 4 .v3 camera. 

The ETL function enables to change the detection plane synchronously with the light sheet, 

which compensates the illumination displacement and generates focused images in the plane 

of the camera. 

The chamber with the Fluorinated ethylene propylene (FEP) tube (ID=0.7 mm OD=1mm) 

containing the zebrafish embryo was mounted into the setup, on top of a platform connected 

to a xyz motorized stage. The FEP tube capillary was connected, using a screw, to a stepper 

motor (L4018S1204-M6, Nanotec) for sample rotation. The x, y, z, position of the detection 

objective and the sample rotation were manually adjusted. A region of interest (ROI) was 

selected when the whole brain of the larva was visible and the hemispheres were symmetrical 

(indicating a horizontal position of the larva). Once an ROI was selected, the GFP signal was 

recorded for 20 min at a scanning speed of 1 volumes/second and 60 planes/volume and 3ms 

exposure time per frames, every volume had a depth of 300um, with a voxel size of 0.585um x 

0.585um x 5um (x, y, z). 

 

Behavioural tests 

All behavioural experiments were completed between 10:00 and 17:00 and recorded using 

FlyCapture2 2.5.2.3 software and a digital camera from Point Grey Research. Fish were left for 

30 minutes to habituate to the testing room before the experiment. Adult fish were tested for 

social behaviour, anxiety, locomotion and aggression, and juvenile fish were tested for social 

behaviour. For adult fish:  n = 12/genotype (1st batch), n=14 WT and 13 ywhaz-/- (2nd batch) and 

n = 13/genotype (3rd batch).  For juvenile fish: n = 10/genotype. 

Visually-mediated social preference test (VMSP) 

The experiment was performed in two steps as described in Carreño Gutierrez et al., 2019 [8]. 

We used a mixture of size-matched males and females as strangers since they can attract both 
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male and female zebrafish [9]. Time spent in different zones of the tank was quantified using 

Noldus Ethovision XT software. The same procedure was used to test juvenile fish using a similar 

tank with a 1:3 reduction in size. The effect of novel non-social stimuli was also tested using 

marbles instead of the second group of unfamiliar fish in the second step of the test.  

Shoaling test 

The shoaling experiment was performed following the protocol from Parker et al., 2013 [10]. 

We used ViewPoint Life Sciences to measure the nearest neighbour distance (NDD) and the 

inter-individual distance (IID). We also virtually divided the tank into eight equal sections and 

calculated the cluster score [10]. The same procedure was used to test juvenile fish using a 

similar tank with a 1:3 reduction in size. Adult fish:  n = 2 groups of 5 fish/genotype. Juvenile fish: 

n = 4 groups of 5 fish/genotype. 

Novel tank test (NTT) 

The NTT was performed in a standard 1.5 L trapezoid tank [11] and fish were recorded for 5 

minutes. Noldus Ethovision XT software was used to measure the amount of time spent in the 

bottom (geotaxis) and top third of the tank, the time spent freezing, the total distance swum, 

the velocity and the absolute angular velocity. 

Open field test 

The open field test was performed in a large open tank (20.5 cm x 29 cm x 19 cm) and fish were 

recorded from above for 5 minutes. We used Noldus Ethovision XT software to quantify the 

duration of thigmotaxis (time spent swimming at a distance of 2 cm or less from the walls), the 

time spent in the periphery and in the centre, the time spent freezing, the distance swum and 

the velocity. 

Aggression test 

Aggression was measured using the mirror-induced stimulation protocol [12,13]. Fish were 

placed in holding tanks with walls covered in white paper on the night before the experiment to 

habituate them to the setup. Single fish were recorded for 5 minutes. The time spent in agonistic 

interaction was manually quantified using LabWatcher software from ViewPoint Life Sciences. 

Black and white test 

The black and white test was performed in a rectangular tank (24 cm x 12 cm) divided into two 

equal areas, a black area and a white area. Fish were placed in the centre of the tank and 

recorded for 5 minutes. The time spent in each area was manually quantified. 
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2. SUPPLEMENTARY TABLES 

Supplementary Table 1. ywhaz genotyping primers designed to discriminate between WT, ywhaz +/- and 

ywhaz -/- fish. 

Specific primers of 7 allele ywhaz forward (5’3’) TGACCTGGTTTCTGAGCTGA 

Mutant reverse (5’-3’) TGTAGCGACTTCTAGCGGT 

Specific primers of WT allele ywhaz forward (5’3’) TGACCTGGTTTCTGAGCTGA 

WT reverse (5’-3’) TAGCGACTTCTGCCAGGTAG 

Internal control primers Control forward (5’-3’) TGTACAAGTGCAGAAACCCAC 

Control reverse (5’-3’) TATCCGAATCAAGGCCAGGA 

 

Supplementary Table 2. Off-target sequences determined by CHOPCHOP. 

Number of 

mismatches 
Off-target sequences 

Alignment between CRISPR 

target sequence and off-target 

sequences 

Position 
Gene 

name 

2 GGGAGATTATTACCGCTACCTGG 
 

Exonic ywhag2 

4 GGGGGCCTATTACGGCTCCCGGG 
 

Intronic tspan9b 

 

Supplementary table 3. Pimary and secondary antibody concentration used for the IHC assays. 

Primary antibody Secondary antibody Genotype 

Anti-GFP 

(Amsbio, #TP401) 

dilution 1:500 

Peroxidase Anti-rabbit igG (H+L) (Vector, #PI-

1000), dilution 1:1000 
Tg(olig2:egfp)vu12 

Anti-parvalbumin 

(Millipore, #MAB1572) 

dilution 1:1000 

Biotinylated Universal antibody anti-mouse 

and rabbit IgG (H+L) (Vectastain universal Elite 

ABC Kit, Vector) 

ywhaz-/- 

Anti-GFP 

(Amsbio, #TP401) 

dilution 1:500 

Biotinylated Universal antibody anti-mouse 

and rabbit IgG (H+L) (Vectastain universal Elite 

ABC Kit, Vector) 

Tg(aldoca:gap43-Venus)rk22 
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3. SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Co-staining of the Tg(aldoca:gap43-Venus) cerebellum with anti-GFP antibody 

and ywhaz riboprobe. (a) ywhaz riboprobe staining (purple) performed by ISH on a sagittal section of WT 

cerebellum. (b) Anti-GFP antibody staining (brown) performed by IHC on a sagittal section of 

Tg(aldoca:gap43-Venus) cerebellum. (c) Co-staining of the Tg(aldoca:gap43-Venus) cerebellum with 

ywhaz riboprobe (purple), and anti-GFP antibody (brown) on a sagittal section of Tg(aldoca:gap43-Venus) 

cerebellum. The overlap between the two staining (black arrows) indicates that ywhaz is localised within 

Purkinje cells. 

 

Supplementary Figure 2. Co-staining of the Tg(olig2:egfp)vu12 cerebellum with a ywhaz riboprobe 

(purple staining) and anti-GFP antibody (brown staining) in a sagittal section. The absence of overlap 

between the two stainings shows that ywhaz is not localized in Eurydendroid cells. 
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Supplementary Figure 3. Design of target sequence and sgRNA for ywhaz using the CHOPCHOP web 

tool. (a) All the possible target sequences in ywhaz (arrowhead) found by CHOPCHOP are shown above 

every exon (blue bars). Introns are represented as red lines in between exons. (b) The target sequence 

selected (black bar) within the third exon (blue bar) is represented here in greater details. Figures are 

taken and adapted from http://chopchop.cbu.uib.no. 

 

 

Supplementary Figure 4. CRISPR/Cas9-mediated deletions of 6 and 7 bp in ywhaz. (a) Read out of the 

MiSeq Illumina analyisis indicating the deletions of 6 and 7 bp in ywhaz caused by the microinjection of 

Cas9 mRNA and sgRNA. The grey arrow represents the ywhaz target DNA sequence, and the red rectangle 

the PAM sequence. MiSeq reads (yellow) are paired and aligned to the gene-specific reference sequence 

(purple). Dashed lines represent deletions. (b) Top, reference sequence containing the CRISPR target 

sequence and PAM motif within the third exon of ywhaz aligned with the correspondent sequence 

carrying the 7 bp deletion, indicated in red. Below, Sanger sequencing showing the frameshift introduced 

by the 7 bp deletion. 
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Supplementary Figure 5. Effects of the selected 7bp deletion on ywhaz gene expression. Relative 

expression profile of ywhaz normalised to the reference gene elongation factor 1a (elf1a). ywhaz-/- have 

a significantly decreased level of ywhaz expression compared to WT (p < 0.0001, Mann-Whitney unpaired 

t-test, n=10 WT, n=10 ywhaz-/-). **** p<0.0001. Mean ± SEM. 

 

 

Supplementary Figure 6. Single-cell activity analysis performed in the five defined brain areas. n= 10 WT 

and 9 ywhaz-/-. Unpaired t-tests, each single point represents an individual, the central line represents the 

mean, the darker bar the 95% confidence interval and the lighter bar the standard deviation. YWHAZ, 

ywhaz-/- larvae; WT, wild-type larvae. * p < 0.05 
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Supplementary Figure 7. Collective bursts activity analysis performed in the five defined brain areas. n= 

10 WT and 9 ywhaz-/-. Unpaired t-tests, each single point represents an individual, the central line 

represents the mean, the darker bar the 95% confidence interval and the lighter bar the standard 

deviation. YWHAZ, ywhaz-/- larvae; WT, wild-type larvae. * p < 0.05, ** p < 0.01. 

 

Supplementary Figure 8. Principal component analysis of neuronal activity performed in cerebellum, 

thalamus, tectum and tegmentum. n= 10 WT and 9 ywhaz-/-. The central line represents the mean and 

the coloured shadow represents the 95% confidence interval. YWHAZ, ywhaz-/- larvae; WT, wild-type 

larvae. 
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Supplementary Figure 9. Connectivity analysis performed in the five defined brain areas and neuronal 

connectivity distribution in the optic tectum. On the left, unpaired t-tests of connectivity parameters, 

each single point represents an individual, the central line represents the mean, the darker bar the 95% 

confidence interval and the lighter bar the standard deviation. On the right, connectivity distribution in 

the tectum of WT and ywhaz-/- larvae. The central line represents the mean and the coloured shadow 

represents the 95% confidence interval. n= 10 WT and 9 ywhaz-/-. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Supplementary Figure 10. Analysis of the effect of ywhaz loss-of-function on monoamines and their 

metabolites levels in different areas of WT and ywhaz-/- adult brains by high precision liquid 

chromatography (HPLC). No significant difference of monoamine levels was found in (a) telencephalon, 

(b) diencephalon and (c) optic tectum. There was also no significant difference in the breakdown of (d) 

DOPAC/DA and (e) 5HIAA/5-HT in any of the brain areas. Multiple t-tests with Holm-Sidak correction for 

multiple comparisons. Abbreviations: DA, dopamine; Di, diencephalon; DOPAC, 3,4-

dihydroxyphenylacetic acid; Hb, hindbrain; Tel, telencephalon; TeO, optic tectum; 5-HIAA, 5-

hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine. n = 7 WT, n = 7 ywhaz-/-. Mean ± SEM. 
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Supplementary Figure 11. Behavioural tests performed in adult fish. (a) Shoaling behaviour. Adult ywhaz-/- 

display normal shoaling. Nearest neighbour distance (p = 0.66), inter-individual distance (p = 0.91), cluster score 

(p = 0.93), polarization (p = 0.53) and velocity (p = 0.53). n = 2 groups of 5 wild-type (WT), n = 2 groups of 5 

ywhaz-/-. (b) Novel tank test. ywhaz-/- exhibit normal anxiety-like behaviour. Time spent at the bottom (p = 

0.41), at the top (p = 0.50), and freezing (p = 0.13) in a novel tank. n = 15 WT, n = 15 ywhaz-/-. Mann-Whitney U 

test. Locomotion (p = 0.31), velocity (p = 0.19) and angular velocity (p = 0.22) in a novel tank. n = 15 WT, n = 15 

ywhaz-/-. Unpaired t-test with Welch's correction. (c) Open field test. ywhaz-/- behave similarly to WT in the 

open field test. Time at the side of the tank (p = 0.42), in the periphery (p = 0.24), in the centre of the tank (p = 

0.19) and time spent freezing (p = 0.70). n = 15 WT, n = 15 ywhaz-/-. Unpaired t-test with Welch's correction. 

Locomotion (p = 0.057). n = 15 WT, n = 15 ywhaz-/-. Mann-Whitney U test. Velocity (p = 0.16) is not affected in 

the open field test. n = 15 WT, n = 15 ywhaz-/-. Unpaired t-test with Welch's correction. (d) Visually-mediated 

social preference test. On the top, social preference step: both WT and ywhaz-/- show a significant preference 

to spend time near a group of unfamiliar fish (1st strangers; p < 0.0001 for both WT and ywhaz-/-, two-way 

ANOVA with Tukey’s post hoc comparisons, n = 12). On the bottom, preference for social novelty step: WT 

switch preference and spend more time close to the second group of unfamiliar fish (2nd strangers; p = 0.048). 

ywhaz-/- spend an equal amount of time near both groups of unfamiliar fish (1st and 2nd strangers; p = 0.98). 

Two-way ANOVA with Tukey’s post hoc comparisons, n = 12. (e) Mirror-induced aggression test. No difference 

in aggression levels between WT and ywhaz-/- (p = 0.72). n = 15 WT, n = 15 ywhaz-/-. Mann-Whitney unpaired t-

test. Mean ± SEM. 
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Supplementary Figure 12. Visually-mediated social preference test and shoaling test with juvenile fish. 

(a) Social preference step. Similar to adults, both WT and ywhaz-/- juvenile fish show a significant 

preference to spend time near a group of unfamiliar fish (1st strangers; p < 0.001 for both WT and ywhaz-

/-). (b) Preference for social novelty step. WT and ywhaz-/- juveniles spend equal time close both groups of 

unfamiliar fish (2nd strangers; p = 0.077 and p = 0.63 respectively). Two-way ANOVA with Tukey’s post hoc 

comparisons. n = 10. (c) Time spent freezing during the first two minutes after the addition of the second 

group of unfamiliar fish in the behavioural tank. Neither WT nor ywhaz-/- juveniles show any freezing 

reaction (p > 0.99). Mann-Whitney U test. n = 10. Mean ± SEM. (d) Shoaling behaviour is normal in juvenile 

fish, with equal cluster score between genotypes (p = 0.33). n = 4 groups of 5 WT, n = 4 groups of 5 ywhaz-

/-. Unpaired t-tests with Welch's correction. *** p < 0.001. Mean ± SEM. 
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Supplementary Figure 13. Behavioural tests repeated in a second batch of adult fish. Open field test. 

Total distance travelled is significantly lower in ywhaz-/- compared to WT (p = 0.0040, Unpaired t-test with 

Welch's correction) due to an increased freezing observed in mutant fish Visually-mediated social 

preference test. ywhaz-/- behave similarly to WT in the preference for social novelty step and show 

preference for the first group of strangers (Time spent in the area: 1st strangers vs 2nd strangers; p < 

0.0001; ywhaz -/- p < 0.0001; Two way ANOVA, no RM, followed by Sidak’s post hoc test). However, ywhaz-

/- present a freezing behaviour, reflected in the lower distance travelled by mutant fish (Total distance, p 

= 0.0002; Distance travelled in the 1st strangers area, p = 0.0126). Unpaired t-tests with Welch's correction. 

Black and white test. ywhaz-/- spend less time in the white chamber than WT fish (p= 0.0199, Mann-

Whitney U test). Indeed, they spend more time freezing in the black chamber. Mirror-induced aggression 

test. ywhaz-/- spend less time performing an aggressive behaviour (p < 0.0001, Mann-Whitney U test), as 

they spend most of the time freezing. Novel tank diving test. ywhaz-/- exhibit a higher anxiety-like 

behaviour: they spend more time than WT fish at the bottom area (p < 0.0001), and less time at the middle 

(p < 0.0001) and at the top (p = 0.0.63) areas of the novel tank. ywhaz-/- travel less distance at the middle 

(p < 0.0001) and top (p = 0.0050) areas of the novel tank. Mann-Whitney U tests. For all the experiments, 

n= 14 WT, n = 13 ywhaz-/-. Mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p<0.0001. 
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Supplementary Figure 14. Behavioural tests repeated in a third batch of adult fish in a different setup. 

Open field test. ywhaz-/- behave similarly to WT in the open field test although they spend more time in 

the centre of the arena (p=0.016, Mann-Whitney U test). Time freezing (p = 0.83, Mann-Whitney U test), 

total distance travelled (p = 0.19, Unpaired t-test with Welch's correction) and median of speed (p = 0.27, 

Unpaired t-test with Welch's correction). Black and white test. Although no significant statistical 

differences (p = 0.12, Mann-Whitney U test), WT fish seem to be more anxious, as they spend almost the 

whole time in the black area while ywhaz-/- fish show no preference for any area. Visually-mediated 

social preference test. On the top, social preference step: both WT and ywhaz-/- show a significant 

preference to spend time near a group of unfamiliar fish (1st strangers vs opposite area: WT p = 0.0035, 

ywhaz-/- p < 0.0001; Two way ANOVA, no RM, followed by Sidak’s post hoc test) and freeze a similar 

amount of time (p = 0.99, Mann-Whitney U test). On the bottom, preference for social novelty step: WT 

fish spend an equal amount of time near both groups of unfamiliar fish and ywhaz-/- spend more time 

close to the first group of strangers (1st strangers vs 2nd strangers: WT p = 0.814, ywhaz-/- p = 0.011; Two 

way ANOVA, no RM, followed by Sidak’s post hoc test)  Mirror-induced aggression test. No difference in 

aggression levels between WT and ywhaz-/- (p = 0.16, Unpaired t-test with Welch's correction). For all the 

experiments, n= 13 WT, n = 13 ywhaz-/-. Mean ± SD. * p < 0.05; ** p < 0.01; **** p<0.0001. 
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Article 3. One gene to rule them all: RBFOX1 and mental disorders 

 

Summary in Spanish: “Un gen para gobernarlos a todos: RBFOX1 y trastornos 

psiquiátricos” 

Estudios previos han sugerido que variantes comunes en el gen RBFOX1 contribuyen al desarrollo de 

trastornos psiquiátricos mientras que variantes raras en este gen se han relacionado con el trastorno 

del espectro autista (TEA). En este estudio demostramos que existen asociaciones genéticas entre 

polimorfismos de nucleótido único situados en RBFOX1 y el trastorno depresivo mayor, la tolerancia 

al riesgo y la esquizofrenia. Además, las variaciones en el número de copias que abarcan RBFOX1 son 

más frecuentes en pacientes con TEA que en controles, pacientes que presentan una expresión 

disminuida de RBFOX1 en corteza cerebral postmortem. Mediante estudios funcionales 

demostramos que portadores de un genotipo común de RBFOX1 presentan una reactividad 

aumentada a estímulos emocionales, una menor eficiencia en el procesamiento prefrontal durante 

tareas que requieren control cognitivo y un aumento de la expresión del miedo tras un experimento 

de condicionamiento. Todo esto acompañado de un aumento del comportamiento de evasión. 

Además, un modelo murino genoanulado para Rbfox1 presenta hiperactividad, estereotipias, 

problemas en el procesamiento del miedo, una disminución del interés social y una falta de 

agresividad, lo que valida este ratón genoanulado como modelo del TEA. En conjunto, estos 

resultados demuestran que variantes comunes en RBFOX1 contribuyen a una amplia variedad de 

trastornos psiquiátricos mientras que variantes raras en RBFOX1 con un mayor efecto están 

asociadas con un fenotipo autista. Por tanto, estos resultados evidencian a RBFOX1 como gen de 

riesgo implicado en un amplio abanico de trastornos psiquiátricos 
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ABSTRACT 

Common variation in the gene encoding the neuron-specific RNA splicing factor RNA 

Binding Fox-1 Homolog 1 (RBFOX1) has been suggested to contribute to several psychiatric 

conditions, while rare genetic variants have been found in autism spectrum disorders (ASD). 

Here we further mapped the genetic landscape of RBFOX1 risk by demonstrating gene- and 

genome-wide association of RBFOX1 single nucleotide variants with major depressive disorder, 

risk tolerance and schizophrenia. Moreover, copy number variants were more frequent in ASD 

cases than in controls. In line, RBFOX1 expression was significantly decreased in postmortem 

cortical regions from patients suffering from ASD. Functional studies demonstrated that carriers 

of a common RBFOX1 genotype display increased reactivity to emotional stimuli, less efficient 

prefrontal processing during cognitive control and enhanced fear expression after fear 

conditioning. This went along with increased avoidance behavior. These intermediate neural 

phenotypes were further specified by investigating neuronal-specific Rbfox1 knockout (KO) 

mice. These are characterized by pronounced hyperactivity, stereotyped behaviour, 

impairments in fear acquisition and extinction, less social interest, and lack of aggression, and 

hence feature excellent construct and face validity as an animal model of ASD. The above 

evidence shows that common variants in RBFOX1 lead to several psychiatric phenotypes, and 

rare genetic variations with large effect sizes are associated with increasing disorder severity. 

Therefore, our findings highlight RBFOX1 as a prime risk gene across numerous mental disorders.   

mailto:aet.oleary@kgu.de
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MAIN ARTICLE 

Mental disorders are characterized by substantial heritability of complex genetic architecture, 

with many variants of individual small effects interacting with rare variants of intermediate or 

large effects 1. A high degree of comorbidity and shared heritability, along with evidence of 

substantial genetic correlations among psychiatric diseases, point to a role for pleiotropic 

effects. Also, genetic pleiotropy takes place in that loss-of-function variants cause rare severe 

genetic syndromes, while common regulatory variations are often associated with milder but 

more frequent forms of the disease. In the most recent Psychiatric Genomics Consortium (PGC) 

cross-disorder genome-wide association studies (GWAS) meta-analysis 2,3, RNA Binding Fox-1 

Homolog 1 (RBFOX1) was the second most pleiotropic locus and was found associated with all, 

but one disorder. This is corroborated by further GWAS on mood and anxiety disorders as well 

as aggression 4-8. Beyond these studies on common genetic variation, rare genetic variants in 

RBFOX1 such as copy number variants (CNVs) or loss-of-function mutations have been related 

to autism spectrum disorders (ASD) 9-13. RBFOX1 encodes for a splicing factor that regulates the 

splicing and expression of large networks of genes involved in brain development31-33. These 

data collectively implicate RBFOX1 as one of the most relevant risk genes for psychopathology, 

however, neither the specific behavioural domains nor the neural circuits which are involved 

have yet been identified.  

To delineate the genetic contribution of RBFOX1 to mental disorders, we comprehensively data-

mined and synthesized large-scale datasets on common and rare genetic variation in psychiatric 

disorders and traits (Supplementary Table 1). Genome-wide associations between single SNPs 

in RBFOX1 and major depressive disorder (MDD; 38 SNPs), risk tolerance (RT; 4 SNPs) and the 

cross-disorder meta-analysis (CD-MA; 42 SNPs) were found in these studies (Supplementary 

Table 2). At the gene level, RBFOX1 was found associated with several psychiatric conditions, 

obtaining again gene-wide significance for MDD (p = 8.62e-17), RT (p = 5.6e-12), and CD-MA (p 

= 1.2e-10), but this time also for schizophrenia (SCZ; p = 7.2e-08), (Figure 1A). Interestingly, 

genes associated with these disorders were significantly enriched for RBFOX1 targets (MDD, p = 

0.016; SCZ, p = 0.042; RT, p = 0.010; CD-MA, p = 0.019) (Supplementary Table 3), as it was 

previously shown for aggression (p = 3.4e−05) 14. The above evidence therefore highlights 

RBFOX1 as a robust, replicated cross-disorder risk gene with pleiotropic effects. Next, we 

browsed CNVs spanning RBFOX1 reported in patients with psychiatric conditions, identifying 

CNVs for seven disorders/traits (in total 124 losses and 34 gains). The vast majority of CNVs were 

found in patients suffering from ASD (112 CNVs), but also in patients suffering from SCZ (24 

CNVs) (Figure 1B, Supplementary Figure 1 and Supplementary Table 4), probably due to the 
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larger number of CNV studies for these disorders. Across all disorders, CNVs were 2.3 times more 

frequent in cases than in controls, with a notable enrichment in ASD (ratio = 5:1) (Supplementary 

Table 5). A significant burden of CNVs was observed in two studies on ADHD and ASD 

(Supplementary Table 5).  

 



RESULTS . Chapter 2 . Article 3 

 
136 

 Figure 1. Genetic risk variants in RBFOX1 in different psychiatric conditions and traits. a) Common single-nucleotide 

variants in RBFOX1 showed a gene-based association with the majority of disorders and traits. b) Copy number 

variants (CNVs) identified in ASD and SCZ patients. Top panel, copy number gains identified in ASD and SCZ patients. 

Bottom panel, CN loss identified in ASD and SCZ patients. Each bar represents a CNV. ADHD, attention-

deficit/hyperactivity disorder; AGG, aggression; ANO, anorexia; ANX, anxiety; ASD, autism spectrum disorder; BIP, 

bipolar disorder; MDD, major depressive disorder; OCD, obsessive-compulsive disorder; RT, risk tolerance behavior; 

SCZ, schizophrenia; TS, Tourette’s syndrome; CD, cross-disorder meta-analysis. p-val, p-value.  

 

These CNVs probably affect RBFOX1 function in distinct ways; while half of them span particular 

exons or even the whole gene, affecting the coding sequence, many CNVs in introns overlap 

regions with transcription factors binding activity (intron 2 in gains, and intron 3 in losses) 

containing putative regulatory elements and potentially altering RBFOX1 expression (Figure 1B, 

Supplementary Figures 1, 2 and Supplementary Table 4, 6). In line with this strong evidence that 

genetically driven variation of RBFOX1 expression is associated with mental disorders, decreased 

RBFOX1 mRNA levels was found in ASD and SCZ patients in cortical regions of postmortem brains 

(Supplementary Table 7). These brain regions converge with those where the expression of 

RBFOX1 is highest (Supplementary Figures 3, 4). Taken together, common genetic variation in 

RBFOX1 is robustly associated with a variety of mental disorders, while rare genetic variation is 

especially linked to ASD, where RBFOX1 expression is found to be decreased in postmortem 

cortical brain tissue. 

We then studied the influence of genetic variation in RBFOX1 on human neural circuits to 

uncover their functional consequences. To do so, we focused on common genetic variants since 

rare CNVs cannot be examined using neuroimaging or other functional methods with sufficient 

statistical power. Based on a previous study on aggression, describing an association of RBFOX1 

SNPs with anger, conduct disorder, and aggression 8, we investigated the effect of the most 

promising SNP (rs6500744; aggression risk allele: C) to circuits underlying emotion processing, 

fear conditioning, and executive functioning using functional magnetic imaging (fMRI), and the 

Behavioral Avoidance Task (BAT15). Given the role of the anterior cingulate cortex (ACC) in 

integrating cognition with emotion 16-18, its link with mental disorders 19, and the high level of 

RBFOX1 expression in this brain area (Supplementary Figure 3), we assessed the effects of 

rs6500744 on ACC activation during executive functioning and implicit emotion processing. 

Region-of-interest (ROI)-analyses in 313 healthy volunteers showed an increased response of 

the dorsal ACC for matching fearful as well as angry faces (compared to matching geometric 

forms) for C-allele carriers compared to T/T carriers (Figure 2B), suggesting increased reactivity 

to emotional stimuli in the target brain area. No other brain area showed a significant genotype 
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effect during implicit emotion processing at a stringent whole-brain significance threshold 

(peak-voxel family-wise error-corrected p < 0.05). In 324 healthy controls, ROI-analyses did not 

reveal any significant effect of rs6500744 on ACC activation during executive functioning as 

measured with the Flanker/Go-Nogo task. However, whole-brain analyses revealed that C-allele 

carriers compared to T/T carriers showed a reduced left dorsolateral prefrontal cortex (DLPFC) 

response during conditions of cognitive control (contrast [incongruent & nogo] < [congruent & 

neutral]) (Figure 2A). This reduced DLPFC activation during executive functioning suggests less 

efficient prefrontal processing during cognitive and impulse control 20,21 that might contribute 

to both mood disorders and increased impulsivity. Our findings converge with an intermediate 

DLPFC phenotype related to compromised executive functioning and implicit emotion 

processing in aggression 22,23. Altered brain activation during implicit emotion processing and 

executive functioning as influenced by the effects of RBFOX1 rs6500744 genotype may therefore 

underlie the increased risk for psychiatric disorders characterized by increased emotional 

reactivity (e.g., MDD), impaired impulse control (e.g., ADHD, ASD, risk tolerance), and 

aggression, all of which are associated with RBFOX1. 

In an independent dataset, analysed to translate findings from Rbfox1 knockout mice (see 

below), we tested whether rs6500744 influences the neural activation in the ACC and amygdala 

during fear conditioning (Figure 2C) in a sample of 47 panic disorder and agoraphobia (PD/AG) 

patients, again using fMRI. Compared to T/T carriers, C/C carriers revealed a significant 

activation enhancement in the ACC (Figure 2C and Supplementary Table 10) for simple fear 

learning, and a significant activation reduction in the dorsal ACC for CS+ after fear extinction 

(Figure 2C and Supplementary Table 10). ROI analyses with a threshold of p <0.001 within the 

amygdala did not find any significant genotype differences. Since the dorsal ACC is crucial for 

fear appraisal 24 and expression 25-27, our findings suggest that rs6500744 C/C genotype carriers 

display enhanced fear expression after fear conditioning and more fear reduction after 

extinction training. Notably, these patients also had significantly increased depression (BDI-II) 

and anxiety (ASI) scores (Supplementary Table 9). In contrast, T-allele carriers fail to 

demonstrate fear conditioning- and extinction-related changes in neural processing. 
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Figure 2: Effects of the rs6500744 RBFOX1 genotype on brain responses during executive functioning, implicit 

emotion processing in healthy adults, and on fear learning in patients with panic disorder and agoraphobia. a, left 

panel: Schematic overview of the face matching task. Participants had to select either one of the two faces or forms 

shown at the bottom of the screen that was identical to the target stimulus shown at the top of the screen. a, right 

panel: C-allele carrier (C/C and C/T) showed increased brain responses in the dorsal anterior cingulate cortex (dACC) 

compared to T/T carrier during matching faces vs. forms (faces>forms; MNI coordinate: x=15, y=23, z=27, peak-voxel 

family-wise error-corrected [FWE] p = 0.010, T = 3.9 within bilateral ACC). b, left panel: Schematic overview of the 

Flanker/Go-Nogo task. Participants had to respond to the direction of the arrow shown in the center (red box for 

illustration purposes only). b, right panel: C-allele carrier (C/C and C/T) showed reduced brain responses in the left 
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dorso-lateral prefrontal cortex (L dlPFC) compared to T/T carrier during executive functioning (contrast: [incongruent 

& nogo] > [congruent & neutral]; MNI coordinates: x=-54, y=32, z=21, peak-voxel pFWE-corrected=0.039, T = 4.55, 

across the whole-brain). Brain maps were thresholded at p < 0.001 uncorrected for display purposes.  Error bars 

indicate ± 1 standard error. c, left panel: Schematic overview of the fear conditioning and extinction task. During the 

acquisition phase, 50% of CS+ was paired pseudo-randomly with the US and 50% were not. Only those trials in which 

no US was delivered were analyzed during acquisition to avoid overlap with neuronal activation directly related to 

the presentation of the US. c, right panel: Using ROI analysis within the ACC, homozygote risk allele carrier (C/C) 

compared to T/T carrier revealed increased activation in the dorsal ACC for CS+ after fear acquisition (CS+ in the late 

acquisition > CS+ in the late familiarization; cluster size = 160; pFWE-corrected = 0.009), and activation reduction for CS+  

after fear extinction (CS+ in the late acquisition > CS+ in the late extinction; cluster size = 64; pFWE-corrected = 0.04).  Brain 

maps were thresholded at p < 0.001 uncorrected for display purposes.  Error bars indicate ± 1 standard error. 

 

To further investigate the effect of the rs6500744 genotype on fear behaviour, we examined its 

effect on avoidance during the BAT, where a behavioural and autonomous response to a fear-

inducing situation is measured, in 333 PD/AG patients. The rs6500744 C-allele was significantly 

and dose-dependently associated with the frequency of avoidance behavior (T/T: 13/58 

patients, 22.4%; T/C: 39/156 patients, 25.0%; C/C: 44/75 patients, 37.0%; linear trend: p = 

0.022). This result was concurrent with observed differences between genotypes according to 

everyday life avoidance behaviour, assessed by clinical expert ratings (Clinical Global Index): 

again, avoidance increased linearly with the number of C-alleles (T/T: m=4.31, SD=1.29; T/C: 

m=4.59, SD=1.10; C/C: m=4.65, SD=1.03; linear trend: p = 0.04). In those 106 BAT non-avoiding 

patients with at least moderate fear during the task, the heart rate during both anticipation and 

exposure phase significantly increased relative to recovery phase with an increasing number of 

C-alleles (linear trend BAT phase × genotype: p = 0.031, Supplementary table 12) indicating 

increasing autonomic threat processing. Importantly, T-allele homozygotes did not show any 

heart rate modulation during the BAT. Together with the fMRI data, this suggests that rs6500744 

C-allele carriers show more avoidance behaviour due to better fear learning and stimulus 

discrimination.  

The molecular consequences of the SNPs and CNVs in RBFOX1 are yet unknown, although a 

numerically, but not statistically significant decrease of RBFOX1 protein in rs6500744 T-allele 

carriers (Supplementary Figure 5) was found in human postmortem frontal cortical tissue. 

However, given the decreased expression of RBFOX1 observed in postmortem studies of ASD 

and SCZ patients, and the over-abundance of RBFOX1 CNV-deletions in mental disorders, we 

reasoned that loss of RBFOX1 function might underly the observed associations and generated 

a neuron-specific Rbfox1 knockout (KO) mouse line to determine the behavioural consequences 

of decreased Rbfox1 expression. In line with the human CNV studies, we observed pronounced 
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hyperactivity in the KO mice, which was observed in the open field, light dark box (Figure 3A-C) 

and marble burying tests (Supplementary Figure 6A). Interestingly, this was coupled with 

thigmotaxis and stereotypic-like behaviour, as the KO spend double the time adjacent to the 

maze walls (Figure 3A). These behaviours confound the typical measures of anxiety in these 

tests, as KOs spent three times longer investigating a novel object placed in the centre of the OF 

(Figure 3B). While KO mice showed a deficit in the acoustic startle response (Figure 3D), 

sensorimotor gating was not impaired.  

Next, we moved to more cognitively demanding tests, such as the ones performed in the human 

cohorts. Here we found evidence for gene-dose dissociation, as both heterozygous (HET) as well 

as KO mice had impairments in fear acquisition and extinction in the auditory cued fear 

conditioning test (Figure 3F). In contrast, compared to KO, HET mice could acquire fear 

conditioning similar to littermate controls, but they were unable to retain fear memory. This 

deficit was specific for cued fear learning, as neither associative reward learning in a touchscreen 

pairwise visual discrimination task (Figure 3G; Supplementary Figure 6B) nor spatial learning 

(spontaneous alternations in the Y-maze) were impaired (Figure 3E).  

Finally, given the strong genetic association of RBFOX1 with ASD and aggression, we assessed 

social interaction as well as male-male aggression. Supporting genetic evidence, we observed 

significantly less social interest in the KO mice (Figure 3H) which also manifested in a lack of 

aggressive behaviour (Figure 3I). Thus, neuron-specific Rbfox1 depletion in mice leads to 

hallmark features of ASD, namely, repetitive-stereotyped hyperactive locomotor behaviour, 

abnormalities in the fear circuitry, and impaired social interactions 28. Such pronounced effects 

of neuron-specific loss of Rbfox1 might thus also occur in human carriers of rare loss-of-function 

variants with high penetrance, underscoring the relevance of this gene for neurodevelopment.  

Collectively, the evidence from genetic studies accrued here suggest that common genetic 

variation of RBFOX1 goes along with a wide spectrum of psychiatric phenotypes, while rare CNVs 

in this gene contribute especially to ASD, although this might be biased by the low number of 

studies investigating CNVs in other psychiatric disorders. The molecular-cellular effects of 

common genetic variation in RBFOX1 are however yet elusive and likely include the affectation 

of regulated gene networks. This may be operative only in certain cell types or developmental 

stages, as the some of the major roles of RBFOX1 occur during early brain maturation 29, where 

it orchestrates downstream genetic networks implicated in neuronal development 30 via direct 

regulation of post-transcriptional programs . These gene networks are markedly inter-

connected and enriched for genes relevant for cortical development and autism 31 as well as 

MDD and SCZ (Supplementary Table 3) susceptibility. On target transcripts, RBFOX1 regulates 
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alternative splicing of tissue-specific exons 32 by binding to mRNA GCAUG motifs in the nucleus 

and affecting mRNA stability in the soma, and thus has different roles in those intracellular 

compartments. Importantly, it promotes interneuron-specific connectivity in the developing 

neocortex 33 by regulating cell-type-specific splicing (parvalbumin [PV] vs. somatostatin [SST] 

interneurons). Loss of RBFOX1 in inhibitory interneurons causes significantly reduced synaptic 

transmission 34, by affecting membrane excitation and neurotransmission 35, resulting in reduced 

inhibition of the postsynaptic neuron and leading to excitatory/inhibitory (E/I) imbalance, a key 

feature of ASD. As PV+ interneurons are regulators of E/I balance 36, this might link dysregulation 

of RBFOX1 to E/I dysbalance to ASD susceptibility. 
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Figure 3. Effects of neuronal-specific Rbfox1 deletion on behavioural measures in male mice. a, open field test: 

Rbfox1-KO mice displayed hyperactivity and thigmotaxis in the open field test; b, open field test and novel object 

exploration in aged mice: KO mice spent longer investigating a novel object placed into the open field; c, light-dark 

box test: KO mice again were hyperactive and spent less time in the light zone; d, pre-pulse inhibition test: KO mice 

had markedly reduced startle amplitude; e, spontaneous alternation: the number of spontaneous alternations was 

not changed in KO although the distance travelled during the test was significantly higher; f, auditory fear 

conditioning: fear acquisition and extinction was impaired in the KO mice, and HET mice displayed impaired fear 

retention; g, touchscreen visual pairwise discrimination task: acquisition of the task was similar in CTRL and KO; h, 

social interaction: KO spent significantly less time investigating unfamiliar stimulus mice; i, escalated aggression 

paradigm: while aggressive behaviour increased during repeated sessions in CTRL, KO remained non-aggressive 
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throughout testing. Data is presented as means ± S.E.M. * p < 0.05; ** p < 0.01; *** p < 0.001 vs CTRL; # p < 0.05; ## 

p < 0.01; ### p < 0.001 vs HET.  

 

With respect to common genetic variation, RBFOX1 is associated with all disorders combined, 

SCZ, MDD, and RT. Our neuroimaging data however argues for an effect of RBFOX1 genetic 

variation on the networks controlling fear learning, executive functioning, and emotional 

processing. rs6500744 risk genotype carriers display higher reactivity to emotional stimuli and 

reduced DLPFC activation during cognitive control, which are both linked to these mental 

disorders. Increased aggression found in C-allele carriers 8 is thus likely to be interpreted as 

reactive-impulsive, but not proactive, aggression. It must be considered that genetic variants in 

RBFOX1 with small effect sizes in a polygenic scenario interact with many other variants to 

increase the risk towards mental disorders in a quasi-stochastic manner, probably explaining the 

broad psychopathological phenotype. In contrast, more penetrant CNVs with presumably 

stronger molecular effects may result in a more specific chronic neurodevelopmental 

behavioural syndrome. 

While we cannot yet finally determine the functional consequences of RBFOX1 genetic variation 

in humans, combined data from human and rodent experiments would rather postulate an 

increase in expression in MDD, anxiety and (reactive) aggression. Up- and downregulation of 

RBFOX1 however might have different effects on the regulated gene networks 37, and human 

postmortem data argues for reduced RBFOX1 expression at least in ASD and SCZ. In line with this 

hypothesis, the remarkable behavioural phenotype of neuron-specific Rbfox1 knockout mice 

suggests that loss-of-function of RBFOX1 causes a behavioural syndrome characterized by 

hyperactivity, stereotypies and specific cognitive and social impairments typical for ASD. We 

propose that the clinical phenotype in human RBFOX1 CNV carriers, extending beyond “pure” 

ASD, is additionally shaped by genetic background and environmental factors. Given the 

excellent construct and face validity of our Rbfox1 KO mouse, we consider it as an excellent 

animal model for ASD with an unprecedent robust behavioural phenotype. 

Such differential consequences of common and rare genetic variation may be a general principle 

in psychiatric genetics, where common variation might underly more unspecific vulnerability, 

while rare, highly penetrant variation causes more specific phenotypes. In either case, it 

becomes clear that current diagnostic boundaries do not adequately reflect corresponding 

biological disease types. Given that approaches to modify RBFOX1 expression are already at 

hand, which might be used in the sense of personalized mental health, this calls for mechanistic 

rather than atheoretical, operationalized definitions of mental disorders. 
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MATERIAL AND METHODS 

Common and rare genetic risk variants in RBFOX1 in psychiatric phenotypes 

The contribution of common variants (MAF > 0.01) in the RBFOX1 gene to psychiatric disorders 

or related behavioural traits was assessed through SNP-based and gene-based association 

studies using GWAS summary statistics from previous studies (Supplementary Table 1). In total, 

eleven psychiatric conditions or traits were investigated: attention deficit-hyperactivity disorder 

(ADHD), aggression (AGG), anorexia (ANO), anxiety (ANX), autism spectrum disorder (ASD), 

bipolar disorder (BIP), major depressive disorder (MDD), obsessive-compulsive disorder (OCD), 

risk tolerance (RT), schizophrenia (SCZ) and Tourette’s syndrome (TS), and the cross-disorder 

meta-analysis of eight of them (CD-MA). 

For SNP-based analysis of RBFOX1 (NM_018723: chr16:6,069,132-7,763,340, GRCh37/hg19 

UCSC RefSeq), we included a flanking region of 10 kb at 5’ and 5 kb at 3’ of the gene and retrieved 

information of all suggestive associated SNPs (p < 1e-05) from each summary statistics dataset. 

Gene-based association studies were performed on MAGMA v1.06 using the SNP-wise mean 

model without window around the gene, and the 1000 Genomes Project Phase 3 (European data 

only) as a reference panel. The enrichment of RBFOX1 target genes was assessed by a 

hypergeometric test. 

For copy number variants (CNVs) in RBFOX1, we collected publicly available data from the above 

disorders or traits (in patients and in controls when reported), either in published papers (until 

April 2020) or databases (DECIPHER, https://decipher.sanger.ac.uk; ClinVar, 

https://www.ncbi.nlm.nih.gov/clinvar; ISCA, http://dbsearch.clinicalgenome.org/search/). To 

inspect overlap between CNVs identified in patients and putative cis-regulatory elements we 

used epigenetic data from ENCODE (https://www.encodeproject.org/) from seven neural 

tissues and brain-related Hi-C data from 3DIV to identify interactions with the first distal 

promoter. We performed burden analysis for RBFOX1 CNVs in 18 out of 34 studies where 

information in controls was available using PLINK v.1.07 considering CN loss and CN gains 

separately as well as both together.  

 

Expression of RBFOX1 in brain samples of ASD and SCZ patients 

Alterations in the expression of RBFOX1 in the brain was assessed using transcriptomic data from 

post-mortem brain samples of ASD and SCZ patients, compared to controls, using publicly 

available human datasets, either in GEO (http://www.ncbi.nlm.nih.gov/geo) or published 
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articles (Supplementary Table 7). RBFOX1 expression was explored in different brain areas, 

including hippocampus, cerebellum or cortex, depending on the dataset. 

 

RBFOX1 rs6500744 effect on RBFOX1 protein expression in post-mortem tissue samples 

Human post-mortem tissue samples were obtained from the NeuroBioBank of the National 

Institute of Health (NIH NBB; Request ID #613) in accordance with institutional and ethical 

guidelines. Age-matched samples from the dorsolateral prefrontal cortex (DLPFC) of 

psychiatrically healthy male and female subjects from five biorepositories were genotyped for 

the RBFOX1 rs6500744 using Kompetitive Allele-Specific PCR (KASP) (Supplementary Tables 14 

and 15). Equal amounts of protein from the tissue lysates were subjected to Western blotting to 

detect RBFOX1 expression.  

 

RBFOX1 rs6500744 in functional MRI  

Genotyping 

DNA was extracted from whole blood according to standard procedures for all participants. 

Then, genome-wide SNP (single nucleotide polymorphism) genotyping was performed using a 

standard GWAS chip (PsychChip XY; Illumina Human610-Quad BeadChip [Illumina, Inc., San 

Diego]). Based on this genome-wide chip, genotype information for the rs6500744 RBFOX1 SNP 

was retrieved for each individual using plink (http://zzz.bwh.harvard.edu/plink/). The observed 

genotype distribution of rs6500744 did not deviate from the Hardy-Weinberg equilibrium 

(Flanker/Go-Nogo: p = 0.826 [C/C carrier: n = 71, C/T carrier: n = 158, T/T carrier: n = 95]; Face 

matching: p = 0.821 [C/C carrier: n = 70, C/T carrier: n = 154, T/T carrier: n = 89]; computed based 

on the CRAN R-package, https://cran.r-project.org/web/packages /Hardy-Weinberg 

/index.html;). Analogous to previous imaging genetic studies on common genetic risk variants 

for psychiatric disorders (e.g., 38,39-41), we compared brain activation for risk-allele carrier (C/C 

and C/T) to no-risk allele carrier (T/T carrier) of rs6500744 (as proposed by Fernandez-Castillo et 

al 2020). 

Flanker/Go-NoGo and Face matching tasks 

Sample: We included the data of 324 (Flanker/Go-Nogo task) and 313 (Face matching task) 

healthy adults of European ancestry who have been recruited as healthy controls within the 

framework of a multi-site imaging genetics study assessing the intermediate phenotypes of 

http://zzz.bwh.harvard.edu/plink/
https://cran.r-project.org/web/packages%20/Hardy-Weinberg%20/index.html
https://cran.r-project.org/web/packages%20/Hardy-Weinberg%20/index.html
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psychiatric disorders such as depression, schizophrenia, and bipolar disorder (for previous work, 

see 39,42,43-46). Data collection was carried out at the Central Institute of Mental Health in 

Mannheim, at the Medical Faculty of the University of Bonn, and the Charité University Medicine 

in Berlin. All participants provided a whole-blood sample for DNA extraction and underwent a 

well-established implicit emotion processing paradigm (face matching task 47) and a Flanker/Go-

Nogo task 48 during fMRI. All participants provided written informed consent for study protocols 

approved by the Ethics committees of the Medical Faculty of Mannheim at the Ruprecht-Karls-

University in Heidelberg, the Medical Faculty of the University of Bonn, and the Charité 

University Medicine in Berlin. General exclusion criteria for the healthy controls were a lifetime 

history of significant general medical, psychiatric, or neurological disorders, a family history of 

psychiatric disorders, current or past psychotropic pharmacological treatment, drug or alcohol 

use as well as head trauma (compare also, 39,46). 

Task procedures: In each trial of the Flanker/Go-NoGo task, participants saw an array of five 

stimuli that included a central target arrow pointing left or right, flanked by two stimuli (arrows, 

boxes, or Xs, see Figure 2a, left panel) on either side. Participants were instructed to press a 

button corresponding to the direction of the central target arrow as fast and accurately as 

possible. In the “conflict monitoring” condition, the flanking arrows pointed either in the same 

direction (congruence, n=41 trials) or the opposite direction of the central arrow (incongruence, 

n=40 trials); the incongruence condition has been shown to slow down response times and 

indicates attentional capability to resolve conflict. In the “neutral“ condition (n=31 trials), the 

central arrow was flanked by boxes, measuring response execution without any conflict. In the 

“nogo” condition (n=33 trials), the central arrow was flanked by “Xs” which indicated that the 

participants had to withhold their response. The nogo condition is an established method to 

measure response inhibition. Each stimulus combination was presented for 800 milliseconds 

(ms) followed by a variable inter-trial interval of 2200–5200ms in which a fixation cross was 

shown in the centre of the screen. Task performance was examined by the accuracy for each 

condition (% correct) and the reaction time (RT in ms) for congruent, incongruent and neutral 

conditions. All participants included in the current data analysis had an accuracy >60% for each 

condition. For each participant, brain activation was estimated for each task condition by 

computing a general linear model using SPM8 including regressors for the congruent, 

incongruent, nogo and neutral conditions as well as six realignment parameters (3 translation, 

3 rotation). We convolved a stick function representing the onsets of trials with the SPM8 

canonical hemodynamic response function.  
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For the Face-matching task, participants in each trial viewed either a trio of angry or fearful faces 

or neutral geometric forms (see Figure 2b, left panel). They were instructed to select one of the 

two faces or forms presented at the bottom of the screen that was identical to the target 

stimulus presented at the top of the screen. In total, there were eight blocks with six images that 

were presented sequentially for 5 seconds, either three faces of each target affect (angry or 

fearful) and gender or six neutral forms. Task performance was assessed as a percentage of 

correctly answered trials for the face and form matching condition. For each participant, brain 

activation was estimated for each task condition by computing a general linear model using 

SPM8 including regressors for the face matching and the form matching blocks as well as six 

realignment parameters (3 translation, 3 rotation). We convolved a boxcar function 

representing the duration of blocks with the SPM8 canonical hemodynamic response function. 

fMRI 

Functional MRI data were acquired on three comparable 3T TrioTim MRI scanners (Siemens, 

Erlangen, Germany) in Mannheim, Bonn and Berlin using a gradient-recalled echo-planar 

imaging sequence (GRE-EPI) with the following MR parameters: 28 axial slices per volume, 4 mm 

slice thickness, 1 mm gap, TR = 2000 ms, TE = 30 ms, field of view (FOV) = 192 mm, flip angle = 

80°, acquired in descending order. We acquired 135 volumes for the face matching task and 306 

volumes for the Flanker/Go-Nogo task. Additionally, high-resolution T1 structural data were 

acquired using a 3D magnetization-prepared rapid gradient-echo (MP-RAGE) sequence with the 

following sequence parameters: 176 sagittal slices, 1 mm slice thickness, TR = 1570 ms, TE = 2.75 

ms, TI = 800 ms, FOV = 256 mm, flip angle = 15°. Preprocessing and estimation of functional task-

dependent brain activation at the subject level were carried out using the MATLAB-based 

statistical parametric mapping software (version SPM8, Wellcome Trust Centre for 

Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm/). Functional images were 

preprocessed for each participant. fMRI data were slice time corrected, realigned to the first 

image of the time series, spatially normalized to the Montreal Neurological Institute (MNI) 

template, resampled to 3 mm isotropic voxels, and smoothed with a 9 mm full-width at half-

maximum (FWHM) Gaussian filter. Second-level analyses testing for genotype effects across 

participants were carried out using SPM12. 

Individual brain activation maps were subjected to separate 3 (rs6500744 genotype: C-carrier, 

T/T carrier) x 2 (sex: men, women) full-factorial models including age and imaging site as 

regressors of no interest using SPM12 to test for the effects of rs6500744 on brain responses 

during response inhibition (“nogo > neutral” contrast), conflict monitoring (“incongruent > 

http://www.fil.ion.ucl.ac.uk/spm/
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congruent” contrast), overall executive functioning (combined contrast: [nogo & incongruent] > 

[neutral & congruent]), and implicit emotion processing (“faces > forms”) for second level fMRI 

analyses. Sex was included as a between-subject factor into the full-factorial model to identify 

potential genotype x sex interactions in imaging space due to significant main effects of sex and 

sex by genotype interactions on behavioural performance for both tasks and previously reported 

sex by genotype effects for comparable intermediate phenotypes for genetic variation of the 

MAOA gene 48. Given that altered ACC functioning during executive functioning measured with 

the Flanker/Go-Nogo task and during implicit emotion processing measured with the face 

matching task has previously been associated with different psychiatric risk genotypes (e.g., 

MAOA, 5-HTTLPR, BDNF Val66MET) 38,39,48, we tested genotype effects in an a priori defined 

standard anatomical mask of the ACC derived from the Automated Anatomical Labeling (AAL) 

atlas 49. The ACC AAL mask covers the dorsal cognitive and rostral-ventral affective divisions of 

the ACC including the areas 24 a-c, 25, 32, 33, and parts of the areas 24a’-c’ and 32’ (located 

below z=31) as defined by Bush and colleagues 50, or the areas adACC (below z=31), pgACC and 

sgACC according to Etkin and colleagues 24 (total mask volume: 22.032 mm3, maximum 

extensions in MNI space: x = -16 to 19, y = -4 to 55, z = -10 to 30). The significance level was set 

to P  0.05 family-wise error (FWE) corrected for multiple comparisons across all voxels within 

the ACC AAL mask. Outside this pre-hypothesized ROI, findings were considered significant if 

they passed a significance threshold of P  0.05 FWE corrected for multiple comparisons across 

the whole brain. 

Fear conditioning and extinction 

The MAC multicenter psychotherapy study recruited in total 369 patients of Caucasian origin 

met DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition) criteria for 

PD/AG, as assessed by the Composite International Diagnostic Interview. An overview of the 

number of participants for every substudy (genetic data, psychophysiological assessment, and 

functional magnetic resonance imaging (fMRI)) is given in Supplementary Table 9. The study with 

all of its subprojects was approved by the respective local ethical committees and informed 

consent was obtained. 

A total of 47 patients with valid fMRI data sets were sequenced regarding their RBFOX1 SNP 

rs6500744. The distribution of CC, CT and TT genotype is 15, 21 and 11, respectively. A 

differential fear conditioning procedure was applied to probe neural correlates of fear 

acquisition. Differential fear conditioning task during fMRI scanning consisted of three phases 

[Familiarization (F) with 16 trials; acquisition (A) with 32 trials and extinction (E) with 16 trials of 
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each conditioned stimulus (CS)+ and CS– (coloured geometrical forms); presentation time: 2,000 

ms with a variable inter-trial interval (ITI) of 4.785–7.250 s]. Unconditioned stimulus (US), an 

aversive tone (100 ms white noise between 70 to 105 dB), was firstly familiarized (16 trials of 

isolated presentation), then pseudo-randomly paired with one of the CSs (counterbalanced 

between subjects; partial reinforcement rate of 50 %) during acquisition, resulting in equal 

proportions of CS+paired and CS+unpaired trials. Detailed information on the fMRI task, data 

acquisition, analysis pathway and data quality control is provided elsewhere 51,52 and in the 

online resource. For all analyses, voxels with a significance level of p < 0.005 uncorrected 

belonging to clusters with at least 142 voxels are reported. 

Behavioural avoidance task 

The BAT (behavioural avoidance task) assessment was part of two study waves of the German 

national research network PANIC-NET. Genotyping for rs6500744 was available for a total of 333 

participating patients (n(CC)=119; n(TC)=156; n(TT)=58) with a primary DSM-IV-TR diagnosis of 

panic disorder with agoraphobia with at least moderate disorder severity (238 females; mean 

age: m=35.50 years, SD=10.72; no significant differences between genotype groups). Criteria of 

inclusion and exclusion and patient recruitment procedure are described in detail elsewhere 53. 

Diagnosis of PD/AG was established by a standardized computer-administered face-to-face 

Computer Assisted Personal Interview-World Health Organization-Composite International 

Diagnostic Interview (CAPI-WHO-CIDI) by trained and certified interviewers. All patients were 

free from psychotropic medication. Patients gave written informed consent after receiving a 

detailed description of the study. The study was approved by the Ethics Committee of the 

Medical Faculty of the Technical University of Dresden, which was valid for all participating 

centres. The highly standardized BAT procedure is described in detail elsewhere 15. Briefly, after 

an anticipatory phase (sitting in front of the open test chamber) patients were asked to stay in 

a small, closed and dark test chamber for a maximum of 10 minutes (unknown for the patients). 

During BAT exposure the patients could refuse or end the test prematurely (passive and active 

avoidance behaviour, respectively) at any time. After BAT exposure a recovery phase followed 

(again sitting in front of the open test chamber). Reported fear was assessed immediately after 

each period (Likert scale ranging from 1 to 10). Heart rate was calculated from a continuously 

recorded electrocardiogram. Due to technical failures, heart rate was available only in a 

subsample of patients. To test for a significant association between rs6500744 genotype and 

BAT avoidance behaviour a chi-square test was conducted. The genotype effect on heart rate 

response was tested applying a mixed model of variance including genotype as a between-

subject factor and BAT phase as within-subject factor. 
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Animals 

Male Rbfox1fl/fl (Rbfox1tm1.1Dblk/J; JAX strain 014089) and Synapsin1-Cre (B6.Cg-Tg(Syn1-

cre)671Jxm/J; JAX strain 003966) mice were maintained on a C57Bl/6J background and housed 

in groups of 2-5 in standard individually ventilated cages on a 12 h light/dark cycle (lights on at 

7:00) under controlled ambient conditions (21±1°C, 55±5% humidity). Food and water were 

available ad libitum unless specified otherwise. To generate mice with neuronal-specific deletion 

of Rbfox1 (Rbfox1-KO), Rbfox1fl/fl mice were crossed to mice carrying Cre-recombinase under the 

direction of the rat Synapsin I promoter (Synapsin1-Cre). The resulting heterozygous 

Rbfox1fl/+/Synapsin1-Cre+/- (HET) female mice were crossed to Rbfox1fl/fl (CTRL) males to produce 

homozygous Rbfox1fl/fl/Synapsin1-Cre+/- (KO) offspring. Rbfox1fl/fl/ and RBFOX1fl/+/ Synapsin-Cre-

/- mice were used as controls. Male C57Bl/6J mice were used as social stimuli in the social 

interaction test and intruders in the aggression testing paradigm. All breeding and experimental 

procedures were conducted in accordance with the Directive of the European Communities 

Council of 24 November 1986 (86/609/EEC) and German animal welfare laws (TierSchG and 

TSchV) and were approved by the Darmstadt regional council (approval ID: FK/1126). 

 

Behavioural experiments. 

For habituation purposes, mice were transported to the behavioural testing room at least 45 

min before testing. Experiments were performed between 9:00 – 14:00. Behavioural 

apparatuses were cleaned before testing and between animals using Aerodesin 2000 (Lysoform 

Dr Hans Rosemann GmbH, Berlin, Germany). 

Open field test (OF) and novel object investigation. The OF apparatus (Stoelting Europe, Dublin, 

Ireland) consisted of a 40 cm x 40 cm grey arena surrounded by black perspex walls (height: 35 

cm) and a USB camera (The Imaging Source Europe, Bremen, Germany) was fixed on a metal 

arm above it. Each mouse was placed into the centre of the OF and allowed to explore freely for 

3 min. The arena was virtually divided into a 15 cm x 15 cm centre area and a 10 cm wide 

periphery. Distance travelled and time spent in the centre was automatically quantified using 

ANY-maze automated tracking software (Stoelting Europe, Dublin, Ireland). Each mouse was 

initially tested in the OF at the age of 10-12 weeks. At the age of 8-9 months, the same animals 

were re-assessed in the OF. After a 5-minute OF exposure, a small glass jar was placed into the 

centre of the OF, and visits to the object zone (ca 2 cm radius around the glass jar) were 

quantified using ANY-maze.  
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Light-dark box (LDB). The LDB apparatus (Stoelting Europe, Dublin, Ireland) consisted of an 

enclosure (W: 40 cm x L: 40 cm x H: 35 cm) divided equally into two 20 x 40 cm compartments: 

a brightly lit clear acrylic glass compartment (illumination level: ~400 lux) and a dark IR-

transparent black perspex compartment (illumination level: ~3 lux by an infrared light source) 

which were connected by an opening in the centre wall. Mice were individually placed into the 

light area and allowed to freely explore for 5 min. Distance travelled and time spent in each area, 

transitions between the compartments, and latencies to exit from and re-enter the light area 

were recorded using an IR-sensitive USB camera (The Imaging Source Europe, Bremen, 

Germany) and automatically tracked using ANY-maze software (Stoelting Europe, Dublin, 

Ireland).  

Touchscreen pairwise visual discrimination and reversal learning task. Pairwise visual 

discrimination task and reversal learning were conducted in four operant chambers (Campden 

Instruments Ltd, Loughborough, UK) fitted with touchscreens that displayed the visual stimuli 

controlled by ABET II Software (Lafayette, IN, USA). The chambers were also equipped with liquid 

reward (strawberry milk, Müllermilch Erdbeer, Müller, Aretsried, Germany) dispensers, light and 

sound generators, and USB cameras, and were housed in sound-attenuated ventilated cubicles. 

Before the start of the experiments, mice were placed on mild food restriction for one week to 

obtain a weight reduction of 5-10 % of their free-feeding weight. Pre-training consisted of 

several steps to gradually shape the required behaviours to perform the task (habituation to the 

test chambers, screen-touching, receiving the reward, initiating trials).  Visual discrimination was 

performed as described previously 54. Briefly, the task consisted of pairwise discrimination of a 

rewarded (S+, “fan”) and unrewarded (S-, “marbles”) black and white images. The location of 

the S+ presentation was pseudo randomised. Touching the S+ triggered reward delivery while 

responding to the S- started a 5-s timeout with the house light on and no reward delivery. 

Sessions lasted until the animal completed 30 trials or after 60 min, whichever occurred earlier. 

The criterion for task acquisition was ≥ 80% accuracy (correct responses at S+) during the trial 

for two consecutive sessions.  

Spontaneous alternation in the Y-maze. Spontaneous alternation was assessed in an apparatus 

(Stoelting Europe, Dublin, Ireland) which consisted of three identical arms (35 cm x 5 cm with 10 

cm high walls) mounted in the shape of ‘Y’. Each mouse was placed into one of the arms and 

allowed to explore each of the three arms freely for 5 min. A spontaneous alternation occurred 

when a mouse visited different arms on each of the last three arm entries. The total number of 

arm entries and spontaneous alternations as well as total distance travelled in the Y-maze were 
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recorded via a USB camera and quantified using ANY-maze. The percentage of spontaneous 

alternations of all arm entries was calculated according to the following formula:  

𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛 (%) = 100 ×
𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑚 𝑒𝑛𝑡𝑟𝑖𝑒𝑠 − 2
 

Prepulse inhibition (PPI) of the acoustic startle response (ASR). PPI of the ASR was measured in 

the SR-LAB™ startle response system (San Diego Instruments, Inc., USA). Briefly, after 5 min 

acclimation to the background noise (65 dB white noise), mice were exposed to six startle pulse 

trials (120 dB broadband noise for 40 ms, 10 s inter-trial interval [ITI]). Then, mice were 

presented with 10 x no-stimulus, 10 x startle pulse, 10 x each prepulse (4, 8, 12, 16 dB above 

background = 69, 73, 77, 81 dB for 20 ms) followed after 80 ms by a startle pulse, 10 x prepulse 

only (81 dB) in pseudorandomized order with a variable ITI (20-30 s). The test session ended 

with six startle pulse trials separated by 10 s ITIs. The overall duration of this protocol was ca 35 

min. The magnitude of the ASR (whole body reflex) to pulse only trials was averaged for each 

mouse and defined as startle amplitude. Percentage of PPI was calculated as described in Esen-

Sehir et al. (2019) using the following formula: 

 𝑃𝑃𝐼(%) = 100 ×
𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑡𝑟𝑖𝑎𝑙𝑠−𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑝𝑟𝑒𝑝𝑢𝑙𝑠𝑒+𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑡𝑟𝑖𝑎𝑙𝑠

𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠𝑡𝑎𝑟𝑡𝑙𝑒 𝑡𝑟𝑖𝑎𝑙𝑠
  

Cued fear conditioning and extinction. Fear conditioning was conducted in the Ugo Basile fear 

conditioning system (Ugo Basile S.R.L, Gemonio, Italy) over three consecutive days. On day 1, 

for the acquisition of conditioned fear, mice were placed into a chamber with transparent walls 

and an electrified grid floor inside a sound-attenuated ventilated cubicle and allowed to 

habituate for 3 min. Fear conditioning was conducted with three pairings of a 30-s 80-dB 1000-

Hz sound (conditioned stimulus, CS) terminating with a 2-s 0.4-mA scrambling footshock (inter-

trial interval: 2 min). 24 hours later, on day 2, the conditioning chamber was transformed with 

black and white cardboard panels on the walls and a grey opaque perspex floor panel covering 

the electric grid. For the fear extinction test, mice were individually placed into the chamber and 

allowed to habituate for 3 min, followed by 16 30-s CS presentations with 5-s intervals. Another 

24 hours later, fear extinction recall was assessed. The conditioning chamber was set up 

identically to that of the day before. Mice were individually placed into the chamber, allowed to 

habituate for 3 min, and exposed to three 30-s CS with 5-s intervals. As an index of conditioned 

fear, freezing behaviour (defined as inhibition of all movement except breathing) was recorded 

via a USB camera and automatically quantified using ANY-maze freezing detection module 

(threshold: 1000 ms).   
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Marble burying. 18 glass marbles (with a diameter of 15 mm) were evenly placed onto the clean 

bedding material in a clean cage. Each mouse was placed into the cage with marbles and allowed 

to explore for 30 min. Every 5 minutes, the number of buried marbles (more than 2/3 covered 

by bedding) was counted.  

Resident-intruder test. Aggressive behaviour was assessed using the escalated aggression 

paradigm of repeated daily resident-intruder tests. To increase the territoriality of the residents 

(the experimental animals), mice were pair-housed with an 8-week-old C57Bl/6J female mouse 

for one week before the aggression testing. The cages were not cleaned until after the 

aggression testing was finished. Before the daily testing, the female and any nesting material 

were removed from the cage. A juvenile intruder (5-week-old male C57Bl/6J) mouse was placed 

into the home cage of the resident and aggressive behaviour (attack latency and attack 

frequency) of the resident towards the intruder was manually scored for 5 min after the first 

attack. If no attack occurred within the first 5 min, the test was ended. Resident-intruder tests 

were conducted for five consecutive days. 

Social interaction test. The social interaction test was conducted in clean home cages. Briefly, 

mice were individually placed into a clean cage and left to habituate for 15 min. Then, a social 

stimulus mouse (5-week-old male C57Bl/6J) was placed into the cage and the experimental 

mouse was allowed to investigate the stimulus mouse for 10 min. The duration of aspects of 

social behaviour: head sniffs, anogenital sniffs, and chasing the stimulus mouse were manually 

scored by an experienced experimenter. Additionally, the duration of grooming was scored. 

Data analysis: Mouse behavioural data were analysed using GraphPad Prism 8.0 (GraphPad 

Software, San Diego, USA). Unless described otherwise, data were analysed using one- or two-

way ANOVA, with repeated measures were appropriate, followed by LSD post hoc tests.  
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1. SUPPLEMENTARY FIGURES 

 

 

Supplementary Figure 1. Copy number variants in RBFOX1 identified in A) patients with other 

psychiatric disorders, B) controls described in the 18 papers used for the burden test analysis.  
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Supplementary Figure 2. Distribution of non-coding copy number variants (CNVs) in RBFOX1 

in patients with psychiatric conditions and overlap with transcriptional regulatory elements. a) 

Distribution of non-coding CNVs in RBFOX1 in patients. Peak regions enriched in CNVs are 

highlighted in blue. Gp, gain peak, corresponds to the region where more CN gains are 

concentrated; Lp, loss peak, corresponds to the region where more CN losses are concentrated. b) 

Distribution of ChIP-seq signatures from ENCODE present in the Lp region. c) Distribution of 

ChIP-seq signatures from ENCODE present in the Gp region. 
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Supplementary Figure 3. RBFOX1 expression in different tissues from human samples (GTEx 

database). 

 

 

 

Supplementary Figure 4. RBFOX1 gene expression in different brain regions of the human brain 

(FL, frontal lobe; Ins, Insula; CgG, Cingulate Gyrus; HiF, Hippocampal Formation; PHG, 

parahippocampal gyrus; Br, piriform cortex; OL, occipital lobe; PL, parietal lobe; TL, temporal 

lobe; Amg, amygdala; BF, basal forebrain; GP, globus pallidus; Str, striatum; Cl, claustrum; ET, 

epithalamus; Hy, hypothalamus; SbT, subthalamus; DT, dorsal thalamus; VT, ventral thalamus; 

MES, mesencephalon; CbCx, cerebellar cortex; CbN, cerebellar nuclei; Bpons, basal part of pons; 

PTg, pontine tegmentum; MY, myencephalon; WM, white matter; SS, sulci & spaces). Data was 

obtained from the Allen Human Brain Atlas (http://human.brain-map.org/) (Hawrylycz et al. 

2012) and depicted as the average from two different probes.  
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Supplementary Figure 5. Relative RBFOX1 protein expression in human post-mortem frontal 

cortex in rs6500744 CC genotype vs T-allele carriers.  
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Supplementary Figure 6. Behavioural effects of neuron-specific deletion of Rbfox1 in mice. A, 

Rbfox1-KO buried more marbles than CTRL in the marble-burying test but this appeared to be 

due to excessive digging and displacement of bedding rather than anxiety (Supplementary Video 

1). B, there were no differences between CTRL and KO in the acquisition of the touchscreen 

pairwise discrimination task (as measured by the number of sessions completed before reaching 

the criterion); additionally, similar response latencies to stimuli and reward retrieval suggest that 

CTRL and KO did not differ in motivation to perform the task.  
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2. SUPPLEMANTARY TABLES ( 

Supplementary Table 1. Description of samples used for analyses of common genetic variants 

(summary statistics from GWAS meta-analysis) 

GWAS Abbreviation Participants Reference 

Attention-Deficit Hyperactivity 

Disorder 
ADHD 19,099 Ca + 34,194 Co Demontis et al., 2019 

Aggression AGG 87,485 individuals Ip et al., 2019 (Biorxvs) 

Autism Spectrum Disorder ASD 18,382 Ca + 27,969 Co Grove et al., 2019 

Anorexia ANO 16,992 Ca + 55,525 Co Watson et al., 2019 

Anxiety ANX 12,655 Ca + 19,255 Co Meier et al., 2019 

Bipolar Disorder BIP 20,352 Ca + 31,358 Co Stahl et al., 2019 

Major Depressive Disorder MDD 135,458 Ca + 344,901 Co Wray et al., 2018 

Obsessive-Compulsive 

Disorder 
OCD 

1,773 Ca + 6,122 Co + 915 

trios 
Arnold et al., 2018 

Risk tolerance behavior RT 975,353 individuals Linner et al., 2019 

Schizophrenia SCZ 67,280 Ca + 86,912 Co 

Schizophrenia Working 

Group of the Psychiatric 

Genomics Consortium, 

2020 

Tourette’s Syndrome TS 4,819 Ca + 9,488 Co Yu et al., 2019 

Cross-Disorder meta-analysis CD-MA 232,964 Ca + 494,162 Co Lee et al. 2019 

Ca = Cases; Co = controls. Summary statistics from these GWAS meta-analyses were obtained from the 

Psychiatric Genomics Consortium (PGC; https://www.med.unc.edu/pgc/download-results/), Integrative 

Psychiatric Research Consortium (iPSYCH; https://ipsych.dk/en/research/downloads/), UK Biobank 

(https://www.ukbiobank.ac.uk/) and 23andMe (https://research.23andme.com/) or authors’ request. 
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Supplementary Table 2. Common genetic risk variants (SNPs) in RBFOX1 gene showing 

suggestive associations with psychiatric conditions 

Disorder SNP P 

SCZ rs8056990 6.50E-06 

SCZ rs1906061 6.80E-06 

SCZ rs12448737m 7.39E-06 

SCZ rs8050094 8.59E-06 

SCZ rs8049954 8.64E-06 

SCZ rs6500742 8.71E-06 

RT rs4479249 1.77E-08 

RT rs6500948 2.13E-08 

RT rs4350587 2.96E-08 

RT rs4786996 4.75E-08 

RT rs8046401 5.36E-08 

RT rs9940929 6.18E-08 

RT rs4238877 1.09E-07 

RT rs4337311 1.15E-07 

RT rs4290489 1.35E-07 

RT rs2178721 1.54E-07 

RT rs7200150 1.84E-07 

RT rs4787000 1.85E-07 

RT rs12925090 2.34E-07 

RT rs12925403 2.53E-07 

RT rs4494563 3.31E-07 

RT rs6500947 7.23E-07 

RT rs2191131 1.14E-06 

RT rs2191130 1.15E-06 

RT rs7204945 1.64E-06 

RT rs7202295 1.73E-06 

RT rs6500946 1.96E-06 

RT rs4511555 2.25E-06 

RT rs4473206 2.30E-06 

RT rs5009028 2.30E-06 

RT rs4786997 2.32E-06 

RT rs34857835 2.35E-06 

RT rs35378747 2.40E-06 

RT rs59271741 2.49E-06 

RT rs4786998 2.51E-06 

RT rs4411517 2.67E-06 

RT rs4497710 2.78E-06 

RT rs12445831 2.87E-06 

RT rs4360957 2.93E-06 

RT rs4381618 2.99E-06 

RT rs12447663 3.05E-06 

RT rs11862622 3.13E-06 

RT rs12445208 3.19E-06 

RT rs11866790 3.20E-06 

RT rs11862619 3.22E-06 

RT rs17562208 3.29E-06 

RT rs11861673 3.32E-06 

RT rs5009029 3.43E-06 

RT rs11861497 3.49E-06 

RT rs4787050 3.51E-06 
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RT rs17143433 3.56E-06 

RT rs4787048 3.90E-06 

RT rs3785232 3.93E-06 

RT rs7189741 4.17E-06 

RT rs7185128 4.19E-06 

RT rs4786995 4.20E-06 

RT rs11645478 5.11E-06 

RT rs12924980 5.23E-06 

RT rs11077169 6.18E-06 

RT rs4787008 6.70E-06 

RT rs1935397 7.75E-06 

RT rs2534760 8.49E-06 

CD-MA rs7193263 1.37E-12 

CD-MA rs8063603 1.88E-12 

CD-MA rs10852676 1.02E-11 

CD-MA rs6500768 2.94E-11 

CD-MA rs716508 4.42E-11 

CD-MA rs7188257 4.96E-11 

CD-MA rs61547418 9.83E-11 

CD-MA rs6500770 1.12E-10 

CD-MA rs4786850 1.15E-10 

CD-MA rs1861188 1.31E-10 

CD-MA rs113726301 1.33E-10 

CD-MA rs12448420 1.50E-10 

CD-MA rs72778205 1.50E-10 

CD-MA rs57035629 1.81E-10 

CD-MA rs111429920 2.10E-10 

CD-MA rs113039090 2.21E-10 

CD-MA rs60856919 2.64E-10 

CD-MA rs7187481 2.87E-10 

CD-MA rs111841592 3.06E-10 

CD-MA rs188088642 3.15E-10 

CD-MA rs7188476 3.46E-10 

CD-MA rs11077022 3.61E-10 

CD-MA rs60148766 4.99E-10 

CD-MA rs10852675 5.26E-10 

CD-MA rs8050261 9.77E-10 

CD-MA rs8051084 1.03E-09 

CD-MA rs8050918 1.08E-09 

CD-MA rs10852673 1.11E-09 

CD-MA rs12448139 3.26E-09 

CD-MA rs17139688 3.58E-09 

CD-MA rs10500337 3.91E-09 

CD-MA rs12927291 4.18E-09 

CD-MA rs12928387 4.87E-09 

CD-MA rs56354361 5.13E-09 

CD-MA rs8054572 5.26E-09 

CD-MA rs10500338 6.64E-09 

CD-MA rs6500765 9.96E-09 

CD-MA rs1420025 1.14E-08 

CD-MA rs6500769 1.44E-08 

CD-MA rs8049123 1.88E-08 

CD-MA rs11077204 4.59E-08 

CD-MA rs3785236 4.63E-08 



Article 3 . Chapter 2 . RESULTS 

  
165 

CD-MA rs13338644 9.04E-08 

CD-MA rs7202627 9.37E-08 

CD-MA rs7199065 9.79E-08 

CD-MA rs3785234 1.05E-07 

CD-MA rs11077024 1.10E-07 

CD-MA rs17221054 1.12E-07 

CD-MA rs11077206 1.17E-07 

CD-MA rs7198928 1.49E-07 

CD-MA rs35851985 1.66E-07 

CD-MA rs57256407 1.67E-07 

CD-MA rs11077203 1.80E-07 

CD-MA rs9925434 2.08E-07 

CD-MA rs58330268 2.15E-07 

CD-MA rs4786091 2.23E-07 

CD-MA rs7186816 2.26E-07 

CD-MA rs11640652 2.27E-07 

CD-MA rs7204695 2.54E-07 

CD-MA rs1978314 2.65E-07 

CD-MA rs4274443 2.85E-07 

CD-MA rs3785235 2.89E-07 

CD-MA rs57621245 2.92E-07 

CD-MA rs1362318 2.93E-07 

CD-MA rs17221152 3.02E-07 

CD-MA rs1420036 3.05E-07 

CD-MA rs7192025 3.20E-07 

CD-MA rs17139767 3.22E-07 

CD-MA rs933479 3.22E-07 

CD-MA rs55997507 3.25E-07 

CD-MA rs1978316 3.31E-07 

CD-MA rs7202054 3.36E-07 

CD-MA rs4255786 3.53E-07 

CD-MA rs4255787 3.53E-07 

CD-MA rs55680138 3.59E-07 

CD-MA rs67861918 3.65E-07 

CD-MA rs7191889 3.65E-07 

CD-MA rs17220445 3.70E-07 

CD-MA rs7191200 3.78E-07 

CD-MA rs17220529 3.93E-07 

CD-MA rs1344470 4.18E-07 

CD-MA rs4786848 4.23E-07 

CD-MA rs113752785 4.32E-07 

CD-MA rs11863506 4.33E-07 

CD-MA rs2880916 4.39E-07 

CD-MA rs66495252 4.44E-07 

CD-MA rs1344471 4.46E-07 

CD-MA rs7190951 4.48E-07 

CD-MA rs1344472 4.50E-07 

CD-MA rs67162703 4.66E-07 

CD-MA rs17220612 4.78E-07 

CD-MA rs73521157 4.84E-07 

CD-MA rs72776497 4.86E-07 

CD-MA rs11867043 5.02E-07 

CD-MA rs716509 5.03E-07 

CD-MA rs1420037 5.13E-07 
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CD-MA rs73521156 5.24E-07 

CD-MA rs67023896 5.36E-07 

CD-MA rs4786092 5.42E-07 

CD-MA rs111420470 5.54E-07 

CD-MA rs3785238 5.66E-07 

CD-MA rs17819872 5.76E-07 

CD-MA rs13336122 5.89E-07 

CD-MA rs62016049 5.95E-07 

CD-MA rs17219976 6.50E-07 

CD-MA rs4786841 6.64E-07 

CD-MA rs17819914 6.72E-07 

CD-MA rs66589142 6.93E-07 

CD-MA rs11077016 6.95E-07 

CD-MA rs1978317 7.02E-07 

CD-MA rs67962445 7.03E-07 

CD-MA rs7196688 7.15E-07 

CD-MA rs68116725 7.19E-07 

CD-MA rs73521144 7.90E-07 

CD-MA rs9935068 8.35E-07 

CD-MA rs56193200 8.35E-07 

CD-MA rs1344469 8.55E-07 

CD-MA rs72776482 8.59E-07 

CD-MA rs73521143 8.86E-07 

CD-MA rs67239940 8.97E-07 

CD-MA rs72776495 8.98E-07 

CD-MA rs1547539 9.01E-07 

CD-MA rs62016050 9.48E-07 

CD-MA rs17819962 9.53E-07 

CD-MA rs72776485 9.61E-07 

CD-MA rs12446403 1.09E-06 

CD-MA rs17219189 1.21E-06 

CD-MA rs67577697 1.26E-06 

CD-MA rs67347747 1.32E-06 

CD-MA rs12446113 1.39E-06 

CD-MA rs9929993 1.39E-06 

CD-MA rs1978315 1.48E-06 

CD-MA rs72776412 1.58E-06 

CD-MA rs67517937 1.84E-06 

CD-MA rs67896120 1.85E-06 

CD-MA rs7187868 1.88E-06 

CD-MA rs2534753 1.98E-06 

CD-MA rs10500339 2.00E-06 

CD-MA rs72776415 2.01E-06 

CD-MA rs61563561 2.07E-06 

CD-MA rs77752707 2.36E-06 

CD-MA rs11077202 2.36E-06 

CD-MA rs67607023 2.64E-06 

CD-MA rs12444690 2.85E-06 

CD-MA rs2160166 3.46E-06 

CD-MA rs4787049 3.61E-06 

CD-MA rs56308757 3.73E-06 

CD-MA rs9935836 4.35E-06 

CD-MA rs55793113 6.11E-06 

CD-MA rs4616299 6.13E-06 
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CD-MA rs11640969 6.42E-06 

CD-MA rs78150755 6.55E-06 

CD-MA rs77630439 6.55E-06 

CD-MA rs11640647 6.73E-06 

CD-MA rs1640880 8.10E-06 

MDD rs7198928 4.45E-11 

MDD rs11077206 4.45E-11 

MDD rs3785234 4.45E-11 

MDD rs9925434 4.45E-11 

MDD rs3785235 6.44E-11 

MDD rs11077203 7.74E-11 

MDD rs35851985 9.29E-11 

MDD rs3785238 1.22E-10 

MDD rs7192025 1.34E-10 

MDD rs55997507 2.74E-10 

MDD rs7193263 4.33E-10 

MDD rs8063603 6.04E-10 

MDD rs11640652 9.37E-10 

MDD rs7202054 9.37E-10 

MDD rs7191889 1.11E-09 

MDD rs7191200 1.32E-09 

MDD rs7190951 1.32E-09 

MDD rs9929993 1.35E-09 

MDD rs7196688 2.61E-09 

MDD rs3785232 2.61E-09 

MDD rs2191130 3.06E-09 

MDD rs2191131 3.06E-09 

MDD rs10852687 4.15E-09 

MDD rs7204945 4.20E-09 

MDD rs3785236 8.38E-09 

MDD rs4787050 9.17E-09 

MDD rs11077204 9.67E-09 

MDD rs7184911 1.16E-08 

MDD rs11646221 2.19E-08 

MDD rs10852673 2.90E-08 

MDD rs7195278 3.01E-08 

MDD rs4787048 3.58E-08 

MDD rs1861188 3.58E-08 

MDD rs10852676 3.58E-08 

MDD rs716508 3.58E-08 

MDD rs11640647 4.12E-08 

MDD rs11640969 4.12E-08 

MDD rs6500768 4.81E-08 

MDD rs9935836 5.12E-08 

MDD rs7188257 5.17E-08 

MDD rs716983 5.62E-08 

MDD rs4787049 5.79E-08 

MDD rs12444690 6.55E-08 

MDD rs11077022 7.46E-08 

MDD rs7186834 1.04E-07 

MDD rs8051084 1.05E-07 

MDD rs8050918 1.21E-07 

MDD rs3785237 1.34E-07 

MDD rs8050261 1.39E-07 
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MDD rs8054572 1.44E-07 

MDD rs12927291 1.65E-07 

MDD rs6500769 1.71E-07 

MDD rs2191129 2.12E-07 

MDD rs12928387 2.16E-07 

MDD rs10500338 2.16E-07 

MDD rs12448139 2.16E-07 

MDD rs13338644 2.33E-07 

MDD rs1547539 2.54E-07 

MDD rs7187481 2.75E-07 

MDD rs11077207 2.87E-07 

MDD rs10852675 3.08E-07 

MDD rs4786850 3.14E-07 

MDD rs10500337 3.21E-07 

MDD rs10492762 3.33E-07 

MDD rs58775805 3.57E-07 

MDD rs17139688 3.66E-07 

MDD rs11641267 3.87E-07 

MDD rs3785229 3.87E-07 

MDD rs6500770 4.11E-07 

MDD rs56354361 4.17E-07 

MDD rs11640510 4.49E-07 

MDD rs8049123 4.74E-07 

MDD rs17685565 5.20E-07 

MDD rs34518736 5.20E-07 

MDD rs6500765 5.40E-07 

MDD rs12923556 6.03E-07 

MDD rs7188476 6.12E-07 

MDD rs12923795 9.33E-07 

MDD rs1420025 1.16E-06 

MDD rs1857952 1.22E-06 

MDD rs61547418 1.43E-06 

MDD rs113726301 1.61E-06 

MDD rs111429920 2.29E-06 

MDD rs111841592 2.58E-06 

MDD rs188088642 2.58E-06 

MDD rs113039090 2.89E-06 

MDD rs4616299 3.18E-06 

MDD rs72778205 4.56E-06 

MDD rs10492829 4.64E-06 

MDD rs78728828 4.64E-06 

MDD rs72762903 5.10E-06 

MDD rs60148766 5.11E-06 

MDD rs4786872 5.57E-06 

MDD rs60856919 5.72E-06 

MDD rs17140337 6.41E-06 

MDD rs57035629 8.42E-06 

SNP, single nucleotide polymorphism; CD-MA, cross-disorder meta-analysis; MDD, major depressive disorder; 

SCZ, schizophrenia; RT, risk tolerance behavior. In bold, SNPs reaching genome-wide significance (p<5.0E-08). 
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Supplementary table 3. Enrichment of RBFOX1 target genes among the significant genes associated for each psychiatric condition 

  ADHD AGG ANO ANX ASD BIP MDD OCD RT TS SCZ  
CD-

MA 

Number of associated genes  

in the gene-based analysis* 
20 3 41 2 13 1 262 1 279 2 438  266 

Number of RBFOX1 target genes 

among the gene-based  

associated genes 

4 1 8 1 1 0 42 0 46 1 60  42 

p-value of the hypergeometric test 0.140 0.287 0.069 0.219 0.327 N/A 0.016 N/A 0.010 0.219 0.042  0.019 

               

* Number of genes associated in the GWAS of each psychiatric condition overcoming gene-wide significance (Bonferroni correction; p = 20000/0.05 

= 2.5E-06). ADHD, attention-deficit and hyperactivity disorder; AGG, childhood aggression; ANO, anorexia nervosa; ANX, anxiety; ASB, antisocial 

behaviour; ASD, autism spectrum disorder; BP, bipolar disorder; CD-MA, cross-disorder meta-analysis; MDD, major depressive disorder; OCD, 

obsessive-compulsive disorder; SCZ, schizophrenia; RT, risk tolerance; TS, Tourette syndrome. Total number of genes in the genome: 20000 genes; 

2499 RBFOX1 target genes (Lee et al. 2016). 
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Supplementary Table 4. CNVs found in RBFOX1 in patients with psychiatric conditions 

Mutation, 

change 
Inher. Individual Sex 

Coordinates 

(hg19 build) 

Size (bp) 
Exonic/Intro

nic/UTR 
Exons and introns affected 

Disorder / 

comorbidity 
Family Study (PMID) 

Copy 

number loss 

P 

 
130_358_3 N/A chr16:6132598-6843831 711,234 

UTR, exonic, 

intronic 

introns 1-3, exons 2-3 

(NM_018723) / UTR, intron 1 
(NM_01142334) 

ADHD 

father likely meets 

criteria for adulthood 
ADHD (ASRS) 

Elia et al., 2010 

(19546859) 

Copy 

number loss 
N/A S182 N/A chr16:6269342-6451865 182,523 

exonic, 

intronic 
introns 1-2, exon 2 (NM_018723) ADHD N/A 

Jarick et al., 2014 

(23164820) 

Copy 

number loss 
N/A S180 N/A chr16:6648152-6660935 12783 intronic intron 2 (NM_018723) ADHD N/A 

Jarick et al., 2014 

(23164820) 

Copy 

number loss 
N/A S169 N/A chr16:6855937-7001231 145294 intronic 

intron 3 (NM_018723) / intron 1 
(NM_01142334) 

ADHD N/A 
Jarick et al., 2014 

(23164820) 

Copy 

number loss 
N/A 19764.3 F chr16:6868721-6928434 59,714 intronic 

intron 3  (NM_018723) / intron 1 

(NM_01142334) 
ADHD N/A 

Lionel et al.. 2011 

(21832240) 

Copy 

number loss 
N/A 44307 M chr16:6637427-6661127 23,701 intronic intron 2 (NM_018723) ASD N/A 

Prasad et al., 2012 

(23275889) 

Copy 

number loss 
N/A 68257 M chr16:6870651-6926527 55,877 intronic 

intron 1 (NM_001142334) / 
intron 3 (NM_018723) 

ASD N/A 
Prasad et al., 2012 

(23275889) 

Copy 

number loss 
N/A 107204L M chr16:7213159-7241549 28,391 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD N/A 

Prasad et al., 2012 

(23275889) 

Copy 

number loss 
M AB74 N/A chr16:6666748-6700500 33,752 intronic intron 2 (NM_018723) ASD N/A 

Bacchelli et al., 2020 

(32081867) 

Copy 

number loss 
M AB86 N/A chr16:6816914-6929536 112,622 

UTR, exonic, 

intronic 

UTR exon 1, intron 1 
(NM_001142334) / intron 3 

(NM_018723) 

ASD N/A 
Bacchelli et al., 2020 

(32081867) 

Copy 

number loss 
P 6264_3 M chr16:6626430-6669592 43,163 intronic intron 2 (NM_018723) ASD Simplex 

Pinto et al., 2010 

(20531469) 
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Copy 

number loss 
Ml 6317_5 M chr16:6864528-6927242 62,715 intronic 

intron 1 (NM_001142334) / 

intron 3 (NM_018723) 
ASD Simplex 

Pinto et al., 2010 

(20531469) 

Copy 

number loss 
M 5244_3 M chr16:6870628-6929560 58,933 

exonic, 
intronic 

intron 1 (NM_001142334) / 
intron 3 (NM_018723) 

ASD Simplex 
Pinto et al., 2010 

(20531469) 

Copy 

number loss 
M 

14146_244
0 

F chr16:7040830-7126732 85,903 
UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, exons 1-2, UTR 

(NM_001142334) 

ASD Simplex 
Pinto et al., 2010 

(20531469) 

Copy 

number loss 
P N/A M chr16:6296188-6309514 13,326 intronic intron 1 (NM_018723) 

ASD, developmental 

hemiparesis 

Simplex, father 

diagnosed with anxiety 

Davis et al., 2012 

(22678932) 

Copy 

number loss 

de 

novo 
AU077504 F chr16:6052835-6260815 207,982 

exonic, 

intronic 

UTR, exon 1 , intron 1 

(NM_018723) 

ASD, epilepsy, 

mental retardation 
Simplex 

Sebat et al., 2007 
(17363630); Martin et 

al., 2007 (17503474) 

Copy 

number loss 
P 7636 M chr16:6926261-7102997 176,736 

UTR, exonic, 

intronic 

exon 4, introns 3-4 (NM_018723) 

/ introns 3-4, UTR, exons 1-2 
(NM_001142334) 

ASD 
Multiplex, 2 siblings 

affected 

Griswold et al., 2012 

(22543975) 

Copy 

number loss 
P 7851 N/A chr16:6926261-7102997 176,736 

UTR, exonic, 

intronic 

exon 4, introns 3-4 (NM_018723) 

/ introns 3-4, UTR, exons 1-2 
(NM_001142334) 

ASD Simplex 
Griswold et al., 2012 

(22543975) 

Copy 

number loss 
P 17855 N/A chr16:6926261-7102997 176,736 

UTR, exonic, 
intronic 

exon 4, introns 3-4 (NM_018723) 

/ introns 3-4, UTR, exons 1-2 

(NM_001142334) 

ASD Simplex 
Griswold et al., 2012 

(22543975) 

Copy 

number loss 
M 37350 N/A chr16:6926261-7102997 176,736 

UTR, exonic, 

intronic 

exon 4, introns 3-4 (NM_018723) 

/ introns 3-4, UTR, exons 1-2 
(NM_001142334) 

ASD 

Unaffected sibling 
with CNV has a 

questionable autism 

diagnosis. 

Griswold et al., 2012 

(22543975) 

Copy 

number loss 
M 

AU139330

1 
N/A chr16:6986112-7147772 16,166 

exonic, 

intronic 

introns 1-2, UTR, exon 2 
(NM_018723) / exon 2, introns 

3-4  (NM_001142334) 

ASD N/A 
Girirajan et al., 2013 

(23375656) 

Copy 

number loss 
M AU015903 N/A chr16:7109350-7211262 101,912 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD N/A 

Girirajan et al., 2013 

(23375656) 

https://www.ncbi.nlm.nih.gov/nuccore/AU077504
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Copy 

number loss 
M 11464.p1 N/A chr16:6805493-6906683 101,190 

UTR, exonic, 

intronic 

UTR exon 1, intron 1 

(NM_001142334) / intron 3 
(NM_018723) 

ASD N/A 
Girirajan et al., 2013 

(23375656) 

Copy 

number loss 
M 13861.p1 N/A chr16:7566550-7652705 86,155 

exonic, 

intronic 

exons 2-6, introns 1-6 

(NM_145892) / exons 3-7, 

introns 2-7 (NM_001142334) / 
exons 5-9, introns 4-9 

(NM_018723) 

ASD N/A 
Girirajan et al., 2013 

(23375656) 

Copy 

number loss 
M 14073.p1 N/A chr16:7104795-7126957 22,162 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD N/A 

Girirajan et al., 2013 

(23375656) 

Copy 

number loss 
M 13414.p1 N/A chr16:6366866-6388848 21,982 

exonic, 
intronic 

introns 1-2, exon 2 (NM_018723) ASD N/A 
Girirajan et al., 2013 

(23375656) 

Copy 

number loss 
N/A Case 2 M chr16:6458587-6477166 18,579 intronic intron 2 (NM_018723) 

ASD, GDD, 

macroencephaly,  
(hypothyroid at 

birth, history of 

lactic acidosis) 

N/A Zhao 2013 (23822903) 

Copy 

number loss 
N/A ASD0976 M chr16:6819005-6849571 30,567 

UTR, exonic, 
intronic 

intron 3 (NM_018723) / UTR 
exon 1, intron 1 (NM_01142334) 

ASD N/A 
Kushima 2018 et al., 

(30208311) 

Copy 

number loss 
N/A ASD1001 F chr16:6819005-6849571 30,567 

UTR, exonic, 

intronic 

intron 3 (NM_018723) / UTR 

exon 1, intron 1 (NM_01142334) 
ASD N/A 

Kushima 2018 et al., 

(30208311) 

Copy 

number loss 
M 1199_3 M chr16:6131347-6139749 8,403 intronic intron 1 (NM_018723) ASD Multiplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 

14330_444
0 

M chr16:6884746-6963770 79,025 intronic 
intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 
(24768552) 

Copy 

number loss 
P 

14162_266

0 
M chr16:6905072-6920592 15,521 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 

16041_157
1054001 

M chr16:6593516-6633080 39,565 intronic intron 2 (NM_018723) ASD Simplex 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 1948_301 M chr16:7213392-7238774 25,383 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD Multiplex 

Pinto et al., 2014 

(24768552) 
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Copy 

number loss 
P 

20068_132

4001 
M chr16:7106360-7130492 24,133 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 3200_3 M chr16:6107421-6131347 23,927 intronic intron 1 (NM_018723) ASD Multiplex 

Pinto et al., 2014 
(24768552) 

Copy 

number loss 
P 3512_3 M chr16:7130492-7156382 25,891 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD N/A 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 3621_4 F chr16:6865181-7046258 181,078 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Multiplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 4182_1 M chr16:6869312-6927242 57,931 intronic 

intron 3 (NM_018723) / intron 1 
(NM_001142334) 

ASD Simplex 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 4210_1 M chr16:6780569-7089819 309,251 

UTR, exonic, 

intronic 

intron 3 (NM_018723) / UTR 

exon 1, intron 1 (NM_01142334) 
ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 

Inherit
ed 

4234_1 M chr16:7213392-7238774 25,383 intronic 
intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 
(24768552) 

Copy 

number loss 
P 4305_1 M chr16:6926261-7102997 176,737 

exonic, 
intronic 

intron 3, exon 4 (NM_018723) / 

intron 1, UTR, exon 2 

(NM_001142334) 

ASD Multiplex 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 4418_1 M chr16:7126629-7199460 72,832 intronic 

intron 4 (NM_018723) / intron 2  
(NM_001142334) 

ASD N/A 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 4461_1 M chr16:6862011-6966553 104,543 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Multiplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 4518_1 M chr16:6868286-6915483 47,198 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 4541_1 M chr16:6824823-6876984 52,162 intronic 

intron 3 (NM_018723) / intron 1 
(NM_001142334) 

ASD Simplex 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 5204_5 M chr16:6640396-6662435 22,040 intronic intron 2 (NM_018723) ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
P 5297_3 M chr16:6356187-6369513 13,327 

exonic, 

intronic 
introns 1-2, exon 2 (NM_018723) ASD N/A 

Pinto et al., 2014 

(24768552) 
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Copy 

number loss 

Inherit

ed 
5355_3 M chr16:6873788-6879217 5,430 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 5424_3 M chr16:7213392-7238774 25,383 intronic 

intron 4 (NM_018723) / intron 2  
(NM_001142334) 

ASD Simplex 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 6408_3 M chr16:6850714-6892619 41,906 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD Simplex 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 8642_201 M chr16:7062445-7082045 19,601 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD N/A 

Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 8649_201 M chr16:6435694-6464810 29,117 intronic intron 2 (NM_018723) ASD N/A 

Pinto et al., 2014 
(24768552) 

Copy 

number loss 

Inherit
ed 

20000_101
0002 

F chr16:7405611-7452970 47,360 intronic 

intron 4 (NM_145892) / intron 2 

(NM_001142334) / intron 1 

(NM_018723) 

ASD Simplex 
Pinto et al., 2014 

(24768552) 

Copy 

number loss 
M 284819 F chr16:7087824-7326867 239,040 exonic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, exon 2  

(NM_001142334) 

ASD, moderate 
GDD 

N/A DECIPHER 

Copy 

number loss 
P 290094 N/A chr16:6218528-6453034 234,510 exonic introns 1-2, exon 2 (NM_018723) ASD, ID mild N/A DECIPHER 

Copy 

number loss 

de 
novo 

mosaic 

396533 M chr16:60001-16792499 
16,730,0

00 
whole gene whole gene 

ASD, delayed 

speach and language 

development, ID, 
premature birth 

N/A DECIPHER 

Copy 

number loss 
N/A 332117 M chr16:6819602-6869428 49,830 

UTR, exonic, 
intronic 

intron 3 (NM_018723) / UTR 

exon 1, intron 1 

(NM_001142334) 

ASD N/A DECIPHER 

Copy 

number loss 
N/A 359240 M chr16:7070630-7382963 312,330 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 
/ introns 1-2, UTR, exon 2  

(NM_001142334) / UTR, exon 1 

(NM_145892) 

ASD N/A DECIPHER 

Copy 

number loss 
N/A 331617 M chr16:6951071-7454813 503,740 exonic 

introns 3-4, exon 4 (NM_018723) 
/ introns 1-2, exon 2  

(NM_001142334) / UTR, exon 1, 

intron 1 (NM_145892) 

ASD, overgrowth N/A DECIPHER 
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Copy 

number loss 

Inherit

ed 
257433 M chr16:6885122-7036209 151,090 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD, ID 

Unaffected carrier 

parent 
DECIPHER 

Copy 

number loss 
N/A 385049 M chr16:5874625-8221258 

2,350,00
0 

whole gene whole gene ASD, ID N/A DECIPHER 

Copy 

number loss 
N/A 295208 M chr16:6707318-6895960 188,640 

UTR, exonic, 
intronic 

intron 3 (NM_018723) / UTR 

exon 1, intron 1 

(NM_001142334) 

ASD, hypertelorism N/A DECIPHER 

Copy 

number loss 

Inherit

ed 
258954 M chr16:7376320-749386 117,670 

UTR, exonic, 

intronic 

intron 4 (NM_018723) / intron 2  
(NM_001142334) / UTR, exon 1, 

intron 1 (NM_145892) 

ASD, generalized 
tonic-clonic 

seizures, ID 

N/A DECIPHER 

Copy 

number loss 

Inherit

ed 
256704 M chr16:69998726-7046219 47,490 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 

ASD, delayed 

speach and language 
development, ID 

N/A DECIPHER 

Copy 

number loss 
N/A 249576 N/A chr16:3352432-6399846 

3,050,00
0 

whole gene whole gene 

ASD, behavioural 

abnormality, 
morphological 

abnormalities 

N/A DECIPHER 

Copy 

number loss 
N/A 380335 M chr16:6889408-7112742 223,340 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2  
(NM_001142334) 

ASD with high 

cognitive abilities, 
tics 

N/A DECIPHER 

Copy 

number loss 
M 276630 M chr16:6191542-6388677 197,140 

exonic, 

intronic 
introns 1-2, exon 2 (NM_018723) ASD N/A DECIPHER 

Copy 

number loss 
N/A 250901 M chr16:6554252-6673352 119,100 intronic intron 2 (NM_018723) 

ASD, morphological 
abnormalities 

N/A DECIPHER 

Copy 

number loss 
M 13122.p1 N/A chr16:6908075-7079700 171,625 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD N/A 

Turner et al., 2016 

(26749308) 

Copy 

number loss 
N/A 

12-4425-

001 
N/A chr16:7032320-7138711 106,392 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 

(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
N/A 

12-4425-

003 
N/A chr16:7032320-7143879 111,560 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 
(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 
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Copy 

number loss 
N/A 

12-4425-

004 
N/A chr16:7032320-7138711 106,392 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 
(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
N/A 

12-4425-
005 

N/A chr16:7032320-7143879 111,560 
UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 

(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
N/A 

12-4425-

006 
N/A chr16:7032320-7143879 111,560 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 
/ introns 1-2, UTR, exon 2 

(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
N/A 

12-4425-

007 
N/A chr16:7032320-7143879 111,560 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 
(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
N/A 

14-0260-
003 

N/A chr16:7101376-7131548 30,173 
UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 
(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
N/A 7-0213-004 F chr16:6291019-6394434 103,416 

exonic, 

intronic 
introns 1-2, exon 2(NM_018723) ASD N/A 

Zarrei et al., 2019 

(31602316) 

Copy 

number loss 

De 

Novo 
AU077504 F chr16:6044487-6259852 215,365 

exonic, 

intronic 

UTR, exon 1 , intron 1 

(NM_018723) 
ASD sibship 

Leppa et al., 2016 

(27569545) 

Copy 

number loss 
M 

AU385830

2_HI10595 
M chr16:6295074-6396948 101,874 

exonic, 

intronic 
intron 1-2, exon 2 (NM_018723) ASD Trio 

Leppa et al., 2016 

(27569545) 

Copy 

number loss 
M AU036204 M chr16:6337314-6614263 276,949 

exonic, 
intronic 

intron 1-2, exon 2 (NM_018723) ASD Trio 
Leppa et al., 2016 

(27569545) 

Copy 

number loss 
M AU036203 M chr16:6343042-6605213 262,171 

exonic, 

intronic 
intron 1-2, exon 2 (NM_018723) ASD Trio 

Leppa et al., 2016 

(27569545) 

Copy 

number loss 
M 

AU139330

1 
M chr16:6988411-7151333 162,922 

exonic, 

intronic 

introns 1-2, UTR, exon 2 

(NM_018723) / exon 2, introns 

3-4  (NM_001142334) 

ASD Quad 
Leppa et al., 2016 

(27569545) 

Copy 

number loss 
M 

AU139330
3 

M chr16:6988411-7151333 162,922 
UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 

(NM_001142334) 

ASD Quad 
Leppa et al., 2016 

(27569545) 
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Copy 

number loss 
M 

AU139330

6 
M chr16:6988411-7152865 164,454 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 
(NM_001142334) 

ASD Quad 
Leppa et al., 2016 

(27569545) 

Copy 

number loss 
M AU015903 M chr16:7109009-7211975 102,966 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD Trio 

Leppa et al., 2016 

(27569545) 

Copy 

number loss 
N/A 

nssv57754

2 
N/A chr16:6295159-6377303 82,15 

exonic, 

intronic 

introns 1-2, exon 

2b(NM_018723) 
ASD, GDD N/A ISCA database 

Copy 

number loss 
N/A 

nssv57754

4 
N/A chr16:6377244-7245430 868,19 

UTR, exonic, 

intronic 

introns 2-4, exons 3-4 
(NM_018723) / introns 1-2, 

UTR, exons 1-2 

(NM_001142334) 

ASD N/A ISCA database 

Copy 

number loss 
N/A 

nssv58278
2 

N/A chr16:6149327-6434200 284,87 
exonic, 
intronic 

introns 1-2, exon 2 (NM_018723) ASD N/A ISCA database 

Copy 

number loss 
N/A 

nssv16027

98 
N/A chr16:6972285-7004363 32,08 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD N/A ISCA database 

Copy 

number loss 
N/A 

nssv16028
05 

N/A chr16:6920984-6951130 30,15 intronic 
intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD N/A ISCA database 

Copy 

number loss 
N/A 

nssv16037

68 
N/A chr16:6972285-7026424 54,14 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD N/A ISCA database 

Copy 

number loss 
N/A 

nssv16045

41 
N/A chr16:6889302-6964113 74,81 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
ASD, GDD N/A ISCA database 

Copy 

number loss 
N/A 

nssv16050

19 
N/A chr16:7338230-7405379 67,15 intronic 

intron 4 (NM_018723) / intron 2 

(NM_001142334) 

ASD, GDD, high-
arched palate, 

muscular hypotonia 

N/A ISCA database 

Copy 

number loss 
N/A 6046 N/A chr16:7102997-7126732 24 intronic 

intron 4 (NM_018723) / intron 2 

(NM_001142334) 
BIP N/A 

Noor et al., 2014 

(24700553) 

Copy 

number loss 
N/A 210 N/A chr16:7106360-7126732 20.373 intronic 

intron 4 (NM_018723) / intron 2 
(NM_001142334) 

BIP N/A 
Noor et al., 2014 

(24700553) 

Copy 

number loss 
N/A 6198-1 N/A chr16:6891681-6922307 30.626 intronic 

intron 3 (NM_018723) / intron 1 

(NM_001142334) 
BIP N/A 

Georgieva et al 2014 

(25055870) 

http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6295159-6377303&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6377244-7245430&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6149327-6434200&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6972285-7004363&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6920984-6951130&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6972285-7026424&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6889302-6964113&spliceVariants=0
http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:7338230-7405379&spliceVariants=0
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Copy 

number loss 
M N/A N/A chr16:6747759-6781695 33.937 intronic 

intron 4 (NM_018723) / intron 2 

(NM_001142334) 
BIP N/A 

Malhotra et al 2011 

(22196331) 

Copy 

number loss 
M 

902504000
1 

F chr16:6294808–6394343 100 
exonic, 
intronic 

introns 1-2, exon 2  
(NM_018723) 

OCD N/A 
Grünblatt et al., 2017 

(29179725) 

Copy 

number loss 
N/A SCZ0613 F chr16:6691946-7089166 397,221 

UTR, exonic, 
intronic 

introns 2-3, exon 3  

(NM_018723) / UTR exon 1, 

intron 1 (NM_01142334) 

SCZ N/A 
Kushima et al., 2018 

(30208311) 

Copy 

number loss 
N/A SCZ1786 M chr16:6682569-6780407 97,839 

exonic, 
intronic 

introns 2-3, exon 3 (NM_018723) SCZ N/A 
Kushima et al., 2018 

(30208311) 

Copy 

number loss 
N/A SCZ2138 M chr16:6833908-7038066 204,159 intronic 

intron 3 (NM_018723) / intron 1 

(NM_01142334) 
SCZ N/A 

Kushima et al., 2018 

(30208311) 

Copy 

number loss 
N/A SCZ2452 M chr16:6415715-6997801 582,087 

UTR, exonic, 

intronic 

introns 2-3, exon 3 (NM_018723) 

/ UTR exon 1, intron 1 
(NM_01142334) 

SCZ N/A 
Kushima et al., 2018 

(30208311) 

Copy 

number loss 
N/A SCZ2653 F chr16:6420350-6642206 221,857 intronic intron 2  (NM_018723) SCZ N/A 

Kushima et al., 2018 

(30208311) 

Copy 

number loss 
N/A SCZ0839 F chr16:6714641-6792836 78,196 intronic intron 3 (NM_018723) 

SCZ, reference and 

persecutory 

delusions, negative 

symptoms 

N/A 
Kushima et al., 2017 

(27240532) 

Copy 

number loss 
N/A case54 M chr16:6231252-6263633 32,382 intronic intron 1  (NM_018723) SCZ N/A 

Costain et al., 2013 
(23813976) 

Copy 

number loss 
N/A case85 M chr16:6814459-6865108 50,650 

UTR, exonic, 

intronic 

intron 3 (NM_018723) / UTR 

exon 1, intron 1 (NM_01142334) 
SCZ N/A 

Costain et al., 2013 

(23813976) 

Copy 

number loss 
N/A case86 M chr16:6826600-6835885 9,285 intronic 

intron 3 (NM_018723) / intron 1 

(NM_01142334) 
SCZ N/A 

Costain et al., 2013 

(23813976) 

Copy 

number loss 
N/A case87 M chr16:7033748-7138711 104,964 

exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 
/ introns 1-2, exon 2 

(NM_01142334) 

SCZ N/A 
Costain et al., 2013 

(23813976) 
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Copy 

number loss 
N/A case62 M chr16:7052359-7196111 143,753 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 
(NM_01142334) 

SCZ N/A 
Costain et al., 2013 

(23813976) 

Copy 

number loss 
N/A case202 M chr16:7107356-7130974 23,619 intronic 

intron 4 (NM_018723) / intron 2 

(NM_01142334) 
SCZ N/A 

Costain et al., 2013 

(23813976) 

Copy 

number loss 
N/A case332 M chr16:6625422-6670858 45,437 intronic intron 2 (NM_018723) SCZ N/A 

Costain et al., 2013 

(23813976) 

Copy 

number loss 
N/A N/A N/A chr16:6636120-6735137 99,017 intronic 

intron 3 (NM_018723) / intron 1 
(NM_01142334) 

deficit SCZ N/A 
Vrijenhoek et al., 2008 

(18940311) 

Copy 

number loss 
M N/A N/A chr16:6220199-6231993 11795 intronic 

intron 3 (NM_018723) / intron 1 

(NM_01142334) 
SCZ N/A 

Malhotra et al., 2011 

(22196331) 

Copy 

number loss 
M N/A N/A chr16:6531107-6547308 16202 intronic 

intron 3 (NM_018723) / intron 1 

(NM_01142334) 
SCZ N/A 

Malhotra et al., 2011 

(22196331) 

Copy 

number loss 
N/A 188856 N/A chr16:7052373-7197334 144,962 

UTR, exonic, 
intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, UTR, exon 2 

(NM_01142334) 

SCZ N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number loss 
M N/A F chr16:6248324–6525864 277.540 

exonic, 

intronic 
introns 1-2, exon 2 (NM_018723) 

Tourette-like 

syndrome, mild 
dysmorphic features 

unaffected mother, 

brother with GAD and 

vocal tics (not 

genotyped) 

Murgai et al., 2018 

(30746397) 

Copy 

number loss 
N/A TS1_0731 F chr16:6732433-7048405 315.973 

exonic, 

intronic 

intron 3  (NM_018723) / UTR 
exon 1, intron 1 

(NM_001142334) 

Tourette syndrome N/A 
Huang et al 2018 

(28641109) 

Copy 

number loss 
N/A TS2_1873 M chr16:6565650-6817375 251.726 

exonic, 

intronic 
introns 2-3, exon 3 (NM_018723) Tourette syndrome N/A 

Huang et al 2018 

(28641109) 

Copy 

number loss 
N/A 

415959607
4_B 

F chr16:6859492-6876984 17.492 intronic 
intron 3  (NM_018723) / intron 1 

(NM_001142334) 
Tourette syndrome N/A 

Fernandez et al 2012 
(22169095) 

Copy 

number loss 
M Patient 3 M chr16:6218640-6294160 76,000 intronic intron 1 (NM_018723) 

ASD, ADHD, 

oppositional defiant 

disorder and anxiety 

mother with ADHD 
and dyslexia 

Kamien et al., 2014 
(24664471) 
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Copy 

number loss 
P Patient 2 M chr16:6972277-7053842 82,000 intronic 

intron 3 (NM_018723) / intron 1 

(NM_01142334) 

ASD, anxiety, 

sensory issues 

unaffected father but 

relatives with ASD 
and learning 

difficulties (no 

genotype data) 

Kamien et al., 2014 

(24664471) 

Copy 

number loss 

inherit

ed 
SCZ0076 F chr16:7089166-7159642 70,477 exonic 

introns 3-4, exon 4 (NM_018723) 
/ introns 1-2, UTR, exon 2 

(NM_01142334) 

SCZ, bizarre speech 
and behavior, 

irritability, anxiety 

affected relatives (not 

details) 

Kushima et al., 2018 

(30208311) 

Copy 

number loss 
N/A TS2_0758 M chr16:6813912-6901513 87.602 

UTR, exonic, 
intronic 

intron 3 (NM_018723) / UTR 
exon 1, intron 1 (NM_01142334) 

Tourette syndrome, 
OCD ADHD 

N/A 
Huang et al 2018 

(28641109) 

Copy 

number loss 
N/A TS2_0926 F chr16:6255416-6525983 270.568 

exonic, 

intronic 
introns 1-2, exon 2 (NM_018723) 

Tourette syndrome, 

OCD 
N/A 

Huang et al 2018 

(28641109) 

Copy 

number loss 
N/A TS2_1130 F chr16:6811163-7016549 205.387 

UTR, exonic, 

intronic 

intron 3 (NM_018723) / UTR 

exon 1, intron 1 (NM_01142334) 

Tourette syndrome, 

OCD ADHD 
N/A 

Huang et al 2018 

(28641109) 

Copy 

number loss 
N/A TS2_1641 F chr16:7091954-7232272 140.319 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 
/ introns 1-2, UTR, exon 2 

(NM_01142334) 

Tourette syndrome, 

OCD, ADHD 
N/A 

Huang et al 2018 

(28641109) 

Copy 

number gain 
P 130_089_3 N/A chr16:6813259-6901513 88,255 

UTR, exonic, 

intronic 

intron 3  (NM_018723) / UTR 

exon 1, intron 1 (NM_01142334) 
ADHD unaffected father 

Elia et al., 2010 

(19546859) 

Copy 

number gain 
M 130_214_3 N/A chr16:7283180-7330338 47,159 intronic 

intron 4 (NM_018723) /  intron 2 

(NM_01142334) 
ADHD 

mother meets criteria 

for adulthood ADHD 
(ASRS) 

Elia et al., 2010 

(19546859) 

Copy 

number gain 
N/A S299 N/A chr16:6664674-6683075 18401 intronic intron 2 (NM_018723) ADHD N/A 

Jarick et al., 2014 

(23164820) 

Copy 

number gain 
P 1912 N/A chr16:7757373-7776124 18,752 

UTR, exonic, 

intronic 

introns 14-15, exons 15-16, UTR  

(NM_018723) / introns 12-13, 
exons 13-14, UTR 

(NM_001142334) / introns 11-

12, exons 12-13, UTR 
(NM_145892) 

ASD N/A 
Kanduri et al., 2016 

(26052927) 

Copy 

number gain 
P Patient 1 F chr16:6149356-6348681 199,000 intronic intron 1 (NM_018723) ASD 

father with mild 

learning difficulties 

Kamien et al., 2014 

(24664471) 
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Copy 

number gain 
P 3395_004 M chr16:6654691-6689092 34,402 intronic intron 2 (NM_018723) ASD N/A 

Pinto et al., 2010 

(20531469) 

Copy 

number gain 
P 3097_004 F chr16:6657305-6689092 31,788 intronic intron 2 (NM_018723) ASD N/A 

Pinto et al., 2010 
(20531469) 

Copy 

number gain 
P 

14158_258

0 
M chr16:6657305-6689092 31,788 intronic intron 2 (NM_018723) ASD Simplex 

Pinto et al., 2010 

(20531469) 

Copy 

number gain 
M 3095_003 F chr16:6657305-6689092 31,788 intronic intron 2 (NM_018723) ASD N/A 

Pinto et al., 2010 

(20531469) 

Copy 

number gain 
M 

14229_363
0 

M chr16:6657305-6689092 31,788 intronic intron 2 (NM_018723) ASD Simplex 
Pinto et al., 2010 

(20531469) 

Copy 

number gain 
M 18100_302 M chr16:6657851-6689092 31,242 intronic intron 2 (NM_018723) ASD Multiplex 

Pinto et al., 2014 

(24768552) 

Copy 

number gain 
M 3095_3 F chr16:6657305-6689092 31,788 intronic intron 2 (NM_018723) ASD Multiplex 

Pinto et al., 2014 
(24768552) 

Copy 

number gain 
P 3097_4 F chr16:6657305-6689092 31,788 intronic intron 2 (NM_018723) ASD Multiplex 

Pinto et al., 2014 

(24768552) 

Copy 

number gain 
P 3395_4 M chr16:6654691-6689092 34,402 intronic intron 2 (NM_018723) ASD Multiplex 

Pinto et al., 2014 

(24768552) 

Copy 

number gain 
P 4532_1 M chr16:7133248-7196046 62,799 intronic 

intron 4 (NM_018723) / intron 2  
(NM_001142334) 

ASD Simplex 
Pinto et al., 2014 

(24768552) 

Copy 

number gain 

de 

novo 
5442_3 M chr16:7304904-7325683 20,780 intronic 

intron 4 (NM_018723) / intron 2  

(NM_001142334) 
ASD N/A 

Pinto et al., 2014 

(24768552) 

Copy 

number gain 
M U-2015 M chr16:5942659-7000800 1,058 

UTR, exonic, 

intronic 

UTR, introns 1-3, exons 1-3 

(NM_018723) / UTR, intron 1 
(NM_001142334) 

ASD N/A 
Chen et al., 2017 

(28931914) 

Copy 

number gain 
N/A 1-0794-003 M chr16:6749974-7122769 372,796 

UTR, exonic, 
intronic 

exon 4, intron 3-4 (NM_018723) 

/ UTR, exon 1-2, intron 1-2  

(NM_001142334) 

ASD N/A 
Zarrei et al., 2019 

(31602316) 

Copy 

number gain 
N/A 1-0965-003 M chr16:6677327-6719038 41,712 

exonic, 
intronic 

intron 2-3, exon 3 (NM_018723) ASD N/A 
Zarrei et al., 2019 

(31602316) 

https://www.ncbi.nlm.nih.gov/nuccore/AU077504
https://www.ncbi.nlm.nih.gov/nuccore/AU077504


RESULTS . Chapter 2 . Article 3 

 182 

Copy 

number gain 
P 

AU353130

1_HI9803 
F chr16:5783316-6887689 1,104 

UTR, exonic, 

intronic 

introns 1-3, UTR, exons 1-3 

(NM_018723) / UTR, exon 1-2, 
intron 1-2  (NM_001142334) 

ASD Trio 
Leppa et al., 2016 

(27569545) 

Copy 

number gain 
M 

AU109130

6 
M chr16:6104118-6257542 153,424 intronic intron 1 (NM_018723) ASD Quad 

Leppa et al., 2016 

(27569545) 

Copy 

number gain 
P 

AU348230

3_HI9700 
M chr16:6750250-7122374 372,124 

UTR, exonic, 

intronic 

introns 3-4, exon 4 (NM_018723) 

/ introns 1-2, exons 1-2, UTR 
(NM_001142334) 

ASD Trio 
Leppa et al., 2016 

(27569545) 

Copy 

number gain 
N/A 

nssv16025

32 
N/A chr16:6660795-6685821 25,03 intronic intron 2 (NM_018723) ASD N/A ISCA database 

Copy 

number gain 
N/A 385 N/A chr16:5803924-6425752 621.829 

UTR, exonic, 

intronic 

introns 1-2, UTR, exons 1-2 

(NM_018723) 
BIP N/A 

Noor et al., 2014 

(24700553) 

Copy 

number gain 
N/A N/A N/A chr16:7194151-7416598 222,447 

UTR, exonic, 
intronic 

intron 4 (NM_018723) / intron 2 
(NM_001142334) / UTR, exon 1 

(NM_145892) 

BIP N/A 
Grozeva et al 2010 

(20368508) 

Copy 

number gain 
N/A N/A N/A chr16:6550400-6914358 363,958 

exonic, 
intronic 

exon 3, introns 2-3 BIP N/A 
Grozeva et al 2010 

(20368508) 

Copy 

number gain 
M 2058 M chr16:6641118-6688103 46985 intronic intron 2 (NM_018723) SCZ unaffected mother 

Melhem et al., 2011 

(21982423) 

Copy 

number gain 
N/A 17615 M chr16:6642792-6688103 45,311 intronic intron 2 (NM_018723) SCZ unaffected sibling 

Melhem et al., 2011 

(21982423) 

Copy 

number gain 
P 19800 M chr16:6642792-6688103 45,311 intronic intron 2 (NM_018723) SCZ unaffected father 

Melhem et al., 2011 
(21982423) 

Copy 

number gain 
P* 20248 M chr16:6642792-6705571 62,779 intronic intron 2 (NM_018723) SCZ N/A 

Melhem et al., 2011 

(21982423) 

Copy 

number gain 

de 

novo 
N/A M chr16:6948175-6978875 30,700 intronic 

intron 3 (NM_018723) / intron 1 

(NM_01142334) 

SCZ, learning 

disability 
N/A 

Xu et al., 2008 

(18511947) 

Copy 

number gain 
N/A 

lrr_baf_bat

ch2.txt_49
3 1 

N/A chr16:5536965-7209601 1672.636 
UTR, exonic, 

intronic 

introns 1-4, exons 1-4, UTR 
(NM_018723) / introns 1-2, 

UTR, exons 1-2, UTR 

(NM_01142334) 

Tourette syndrome N/A 
McGrath et al 2015 

(25062598) 

http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg19&hgt.customText=http://www.iscaconsortium.org/isca/ucsc/hg19/BEDFiles/BigBED/allCustomTracksBigBed.txt&position=chr16:6660795-6685821&spliceVariants=0
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Copy 

number gain 
N/A 

192204022

5_B 
M chr16:6624363-6681184 56.821 intronic intron 2 (NM_018723) Tourette syndrome N/A 

Fernandez et al 2012 

(22169095) 

Copy 

number gain 
N/A TS2_1886 F chr16:7756087-7812131 56045 

UTR, exonic, 
intronic 

intron 14-15, exon 15-16 
(NM_018723) / introns 12-13, 

exons 13-14 (NM_01142334) / 

introns 11-12, exons 12-13 
(NM_145892) 

Tourette, ADHD N/A 
Huang et al 2018 

(28641109) 

Copy 

number gain 

de 

novo 
395669 M chr16:60001-16792499 

16,730,0

00 
whole gene whole gene 

ASD, aggressive 

behaviour, ID, 

morphological 
abnormalities 

N/A DECIPHER 

Copy 

number gain 
M 22415 M chr16:6641118-6692980 51862 intronic intron 2 (NM_018723) 

schizoaphective 

bipolar 
unaffected mother 

Melhem et al., 2011 

(21982423) 

F, female; M, male ; N/A, data not available. ADHD, attention-deficit hyperactivity disorder; ASD, autism spectrum disorder; BIP, bipolar disorder; GDD, general developmental disorder; ID, intellectual disability; 

SCZ, schizophrenia. 
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Supplementary Table 5. CNVs in RBFOX1 identified in studies including cases and controls, frequencies and burden analyses. 

Study (PMID) Disorder 

Total 

number 

of cases 

Total 

number 

of 

controls 

Cases 

with 

RBFOX1 

CN gain 

Freq. 

RBFOX1 

CN gain in 

cases 

Controls 

with 

RBFOX1 

CN gain 

Freq 

RBFOX1 

CN gain in 

controls 

Cases 

with 

RBFOX1 

CN loss 

Freq. 

RBFOX1 

CN loss in 

cases 

Controls 

with 

RBFOX1 

CN loss 

Freq. 

RBFOX1 

CN loss in 

controls 

Ratio 

RBFOX1 

CNVs in 

cases vs 

controls 

Burden 

Test all 

CNVs 

Burden 

Test CN 

gain 

Burden 

Test CN 

loss 

Elia et al., 2010 

(19546859) 
ADHD 335 2026 2 0.60% 0 0.00% 1 0.30% 0 0.00% - 0.004 0.151 0.019 

Lionel et al.. 2011 

(21832240) 
ADHD 248 2357 0 0.00% 0 0.00% 1 0.40% 0 0.00% - 0.096 - 0.096 

Jarik et al., 2014 
(23164820) 

ADHD 489 1285 1 0.20% 8 0.62% 3 0.61% 4 0.31% 0.9 : 1 1 1 0.296 

TOTAL ADHD 1072 5668 3 0.28% 8 0.14% 5 0.47% 4 0.07% 3.5 : 1 - - - 

Prasad et al., 2012 

(23275889) 
ASD 676 5139 0 0.00% 0 0.00% 3 0.44% 0 0.00% - 0.001 - 0.002 

Bacchelli et al., 2020 
(32081867) 

ASD 128 363 0 0.00% 0 0.00% 2 1.56% 2 0.55% 2.8 : 1 0.278 - 0.287 

Sebat et al., 2007 
(17363630 ); Martin et 

al., 2007 (17503474) 

ASD 195 196 0 0.00% 0 0.00% 1 0.51% 0 0.00% - 0.497 - 0.495 

Griswold et al., 2012 
(22543975) 

ASD 813 592 0 0.00% 0 0.00% 4 0.49% 0 0.00% - 0.108 - 0.109 

Girirajan et al., 2013 
(23375656) 

ASD 2588 580 0 0.00% 0 0.00% 6 0.23% 0 0.00% - 0.298 - 0.298 

Kushima et al., 2018  

(30208311) 
ASD 1108 2095 0 0.00% 0 0.00% 2 0.18% 3 0.14% 1.3 : 1 0.552 - 0.568 

Kanduri et al., 2016 

(26052927) 
ASD 80 269 1 1.25% 0 0.00% 0 0.00% 2 0.74% 1.7 : 1 0.542 - 1 

Chen et al., 2017 

(28931914) 
ASD 335 1093 1 0.30% 0 0.00% 0 0.00% 0 0.00% - 0.231 0.234 - 

TOTAL ASD 5923 10327 2 0.03% 0 0.00% 18 0.30% 7 0.07% 5.0 : 1 - - - 
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This table includes only 18 studies out of 34 (from Supplementary Table 4) for which information about CNVs in controls was available. ADHD, attention deficit hyperactivity disorder; ASD, 

autism spectrum disorder; BIP, bipolar disorder; CN, copy number; CNVs, copy number variants; Freq., frequency; OCD, obsessive-compulsive disorder; PMID, PubMed ID; SCZ, 

schizophrenia. Burden analysis performed using PLINK v.1.07. Underlined values correspond to p-values <0.05 

 

Grozeva et al 2010 
(20368508) 

BIP 1697 2806 2 0.12% 0 0.00% 0 0.00% 0 0.00%  0.142 0.150 - 

TOTAL BIP 1697 2806 2 0.12% 0 0.00% 0 0.00% 0 0.00% - - - - 

Grünblatt et al., 2017 
(29179725) 

OCD 121 124 0 0.00% 0 0.00% 1 0.83% 0 0.00% - 0.503 - 0.498 

TOTAL OCD 121 124 0 0.00% 0 0.00% 1 0.83% 0 0.00% - - - - 

Kushima et al., 2018 

(30208311) 
SCZ 2458 2095 0 0.00% 0 0.00% 6 0.24% 3 0.14% 1.7 : 1 0.340 - 0.333 

Kushima et al., 2017 
(27240532) 

SCZ 1699 824 0 0.00% 0 0.00% 3 0.18% 1 0.12% 1.4 : 1 0.610 - 0.607 

Costain et al., 2013 
(23813976) 

SCZ 454 416 0 0.00% 0 0.00% 7 1.54% 5 1.20% 1.3 : 1 0.444 - 0.452 

TOTAL SCZ 4611 3335 0 0.00% 0 0.00% 16 0.35% 9 0.27% 1.3 : 1 - - - 

Huang et al., 2018 

(28641109) 

Tourette 

syndrome 
2434 4093 1 0.04% 1 0.02% 6 0.25% 7 0.17% 1.5 : 1 0.304 0.601 0.344 

Fernandez et al., 2012 

(22169095) 

Tourette 

syndrome 
460 1131 1 0.22% 3 0.27% 1 0.22% 2 0.18% 1.0 : 1 1 1 0.642 

McGrath et al., 2015 
(25062598) 

Tourette 
syndrome 

1086 1789 1 0.09% 0 0.00% 0 0.00% 0 0.00% 1 0.370 0.387 - 

TOTAL 
Tourette 

syndrome 
3980 7013 3 0.08% 4 0.06% 7 0.18% 9 0.13% 1.4 : 1 - - - 

TOTAL ALL 17404 29273 10 0.06% 12 0.04% 47 0.27% 29 0.10% 2.3 : 1 - - - 
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Supplementary Table 6. Number of regulatory elements, H3K4me1 and H3K27ac peaks (data 

from ENCODE), detected in intronic CNVs in patients. 

Patient H3K4me1 peaks H3K27ac peaks 

107204L 0 0 

1199_3 1 1 

13122.p1 25 25 

14073.p1 1 0 

14162_2660 2 4 

14330_4440 10 9 

16041_1571054001 14 2 

1948_301 0 0 

19764.3 3 5 

20000_1010002 13 34 

20068_1324001 2 0 

210 1 0 

250901 25 8 

256704 140 141 

257433 22 21 

3200_3 4 4 

3512_3 9 E 

3621_4 22 22 

4159596074_B 0 0 

4182_1 3 5 

4234_1 0 0 

4418_1 16 4 

44307 1 1 

4461_1 10 10 

4518_1 3 4 

4541_1 15 11 

5204_5 1 1 

5355_3 0 1 

5424_3 0 0 

6046 1 0 

6198-1 3 4 

6264_3 6 3 

6317_5 3 5 

6408_3 14 8 

68257 3 5 

8642_201 5 7 

8649_201 0 1 

AB74 5 3 

AU015903 18 4 
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Case 2 1 0 

N/A_1 6 2 

N/A_2 5 23 

N/A_3 0 0 

Patient 2 11 11 

Patient 3 16 5 

S169 14 19 

S180 1 0 

SCZ0839 12 29 

SCZ2138 36 32 

case202 2 0 

case332 7 3 

case54 10 4 

case86 1 1 

nssv1602798 3 8 

nssv1602805 7 5 

nssv1603768 9 11 

nssv1604541 10 9 

130_214_3 2 4 

14158_2580 6 3 

14229_3630 6 3 

17615 7 4 

18100_302 6 3 

1922040225_B 10 4 

19800 7 4 

20248 7 4 

2058 7 4 

22415 7 4 

3095_003 6 3 

3095_3 6 3 

3097_004 6 3 

3097_4 6 3 

3395_004 6 3 

3395_4 6 3 

4532_1 15 4 

5442_3 0 1 

AU1091306 27 16 

N/A 5 5 

Patient_1 36 15 

S299 6 3 

nssv1602532 6 3 
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Supplementary Table 7. Altered expression of RBOX1 in brain regions of individuals with 

SCZ or ASD 

Gene 

Symbol / 

Transcript 

symbol 

Disorder FC p-value FDR Probe 

Brain region 

(post mortem) 

Study (PMID) or 

GEO ID 

Sample, cases 

vs. controls 

RBFOX1 ASD -1.20 7.11E-03 0.068 N/A 

frontal and 

temporal cortex 

Parikshak et al., 

2016 (27919067) 

48 ASD vs. 49 

control 

RBFOX1 ASD -1.41 2.20E-02 N/A 

ILMN_ 

1814316 temporal cortex 

Schwede et al., 

2018 (29859039) 

15 ASD vs. 16 

control 

RBFOX1 ASD -1.40 3.12E-02 N/A 

ILMN_ 

2359168 temporal cortex 

Schwede et al., 

2018 (29859039) 

15 ASD vs. 16 

control 

RBFOX1 ASD -1.39 1.59E-02 N/A 

ILMN_ 

1731507 temporal cortex 

Schwede et al., 

2018 (29859039) 

15 ASD vs. 16 

control 

RBFOX1 ASD -1.32 N/A 0.043 

ILMN_ 

1731507 

prefrontal and 

temporal cortex 

Schwede et al., 

2018 (29859039) 

15 ASD vs. 16 

control 

RBFOX1 ASD -1.10 9.07E-04 0.025 N/A 

frontal and 

temporal cortex 

Gandal et al., 2018 

(30545856) 

51 ASD vs. 936 

control 

RBFOX1-002 ASD -1.14 8.69E-06 0.006 N/A 

frontal and 

temporal cortex 

Gandal et al., 2018 

(30545856) 

51 ASD vs. 936 

control 

RBFOX1-017 ASD 1.17 3.06E-02 0.369 N/A 

frontal and 

temporal cortex 

Gandal et al., 2018 

(30545856) 

51 ASD vs. 936 

control 

RBFOX1-016 ASD 1.35 2.26E-02 0.325 N/A 

frontal and 

temporal cortex 

Gandal et al., 2018 

(30545856) 

51 ASD vs. 936 

control 

RBFOX1-002 SCZ -1.02 1.55E-02 0.170 N/A 

frontal and 

temporal cortex 

Gandal et al., 2018 

(30545856) 

559 SCZ vs. 936 

control 

RBFOX1 SCZ 1.10 3.47E-02 0.278 

221217 

_s_at prefrontal cortex GSE21138 

30 SCZ vs. 29 

control 

RBFOX1 SCZ -1.26 4.89E-02 0.328 

1553422 

_s_at striatum GSE53987 

18 SCZ vs. 18 

control 

RBFOX1 SCZ -1.17 4.60E-04 0.094 

221217 

_s_at prefrontal cortex GSE53987 

15 SCZ vs. 19 

control 

RBFOX1 SCZ -1.18 2.38E-02 0.129 

221217 

_s_at hippocampus GSE53987 

15 SCZ vs. 18 

control 

RBFOX1 SCZ -1.04 4.33E-02 0.327 7993083 cerebellum GSE35978 

44 SCZ vs. 50 

control 

RBFOX1 SCZ -1.04 4.33E-02 0.327 7993083 cerebellum GSE35974 

44 SCZ vs. 50 

control 

N/A, data not available; FC, fold change; FDR, False Discovery Rate; SCZ, schizophrenia; ASD, autism 

spectrum disorder. In bold, overcoming multiple testing corrections at 10% FDR. 
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Supplementary Table 8. Sample characteristics and behavioral performance for the 

Flanker/Go-nogo and face matching task (human imaging genetics sample) 

  
Flanker/Go-Nogo 

(n=324) 
 

Face matching 

(n=313) 
 

  C-carrier T/T carrier Test-statistic 
C-

carrier 

T/T 

carrier 

Test-

statistic 

Demographics       

 
Age, mean +/- 

SD 
32,9 ±9,7 33,0 ±10,1 

t(322)=0,100, 

p=0,920 
33,7 ±9,8 

33,5 

±10,04 

t(311)=-

0,111, 

p=0,912 

 
Sex 

(males/females) 
119/134 36/35 

Χ2=0,299, 

p=0,584 
114/129 36/34 

Χ2=0,444, 

p=0,505 

 
Education 

(years), mean 

+/- SD 

15,4 ±2,4 15,1 ±2,6 

t(322)=-

0,960, 

p=0,338 

15,5 ±2,5 15,3 ±2,7 

t(311)=-

0,640, 

p=0,523 

 
Site 

(Berlin/Mannhe

im/ Bonn) 

72/80/101 16/24/31 
Χ2=0,989, 

p=0,610 

73/69/10

1 
16/24/30 

Χ2=1,643, 

p=0,440 

 
Handedness 

(right/left/both) 
230/16/6 62/8/1 n/a* 220/16/6 61/8/1 n/a* 

fMRI task 

performance 
      

 
Incongruent (% 

correct), mean 

±SD 

97,85 ±3,76 97,36 ±4,14 
F(1,317)=1,0

89, p=0,30a,d 
   

 
Congruent (% 

correct), mean 

±SD 

99,42 ±2,44 98,42 ±4,68 
F(1,317)=5,7

4, p=0,017 
   

 
Neutral (% 

correct), mean 

±SD 

99,07 ±3,12 98,73 ±4,51 
F(1,317)=0,5

4, p=0,46 
   

 

Nogo (% 

correct, no 

response), mean 

±SD 

91,65 ±6,4 91,55 ±5,75 
F(1,317)=0,0

2, p=0,90 
   

 
Incongruent, 

RT (ms), mean 

±SD 

632,78 

±117,07 

623,60 

±96,71 

F(1,317)=0,6

2, p=0,41a,b,c 
   

 
Congruent, RT 

(ms), mean ±SD 

576,19 

±112,00 

571,44 

±94,93 

F(1,317)=0,2

3, p=0,63a,b,c 
   

 
Neutral, RT 

(ms), mean ±SD 

608,33 

±113,65 

597,40 

±94,94 

F(1,317)=0,8

7, p=0,35a,b,c 
   

 
Faces (% 

correct) 
   

98,58 

±3,46 

98,45 

±3,11 

F(1,306)=0,

02, p=0,90 

 
Forms (% 

correct) 
   

97,39 

±3,93 

95,89 

±4,68 

F(1,306)=7,

04, 

p=0,008b 

        
Type of statistical test for group comparisons: Normally distributed variables  independent t-tests or univariate ANOVAs 

including genotype and sex (between-subjects factors), and age and site (covariates of no interest), dichotomous variables  χ² test. 

Besides genotype effects univariate ANOVAs showed significant effects of asex, bage, csite, dgenotype x sex interaction. #statistical 

test not possible due to low number of “both” handedness. Please note: We controlled all second-level SPM12 analyses for the 
effects of sex, age, site, and behavioral covariates corresponding to the fMRI contrast of interest (see methods for details). 

Abbreviations: ms = milliseconds, RT = reaction time, SD = standard deviation. 
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Supplementary Table 9. Fear conditioning: Sociodemographic and psychological characteristics of 

panic disorder patients with C/C, C/T and T/T RBFOX1 rs6500744 SNP genotypes 

 C/C (n=15) C/T (n=21) T/T (n=11) F/Chi2 Post-hoc tests 

Age in years 40.67±8.00 38.14±10.70 31.45±9.77 2.98  

Female gender 11 (73%) 15 (71%) 7 (64%) 0.31  

Years of education    1.05  

           ≤ 8       1 2 1   

           9 ─ 11 8 11 4   

           ≥ 12 6 8 6   

Study Center    1.20  

          Center 1 4 7 4   

          Center 2 1 1 0   

          Center 3 3 5 2   

          Center 4 7 8 5   

Digit span forward 7.60±2.20 7.95±1.69 7.45±2.77 0.23  

Digit span 

backward 
7.00±2.10 7.00±2.05 7.18±2.04 0.03  

TMT-A 25.60±5.17 27.50±9.99 21.54±4.12 2.22  

TMT-B 58.27±18.40 56.29±18.71 54.18±16.41 0.16  

CGI 5.53±0.74 5.43±0.60 5.36±0.51 0.25  

SIGH-A 25.67±6.02 23.33±4.48 24.09±5.67 0.86  

MI alone 2.90±0.91 2.34±1.22 2.45±0.91 1.29  

PAS 29.83±7.35 24.61±8.62 27.18±10.95 1.53  

ASI 37.00±7.31 27.95±9.64 29.45±10.02 4.63* C/C>C/T 

BDI-II 23.67±9.08 14.48±4.91 12.91±7.85 9.62*** 
C/C>C/T, 

C/C>T/T 

ASI: Anxiety Sensitivity Index; BDI-II: Beck Depression Inventory-II; BSI: Brief Symptom Inventory; CGI: 

Clinical Global Impression; MI: Mobility Inventory; PAS: Panic and Agoraphobia-Scale; SIGH-A: Structured 

Interview Guide for the Hamilton Anxiety Scale; TMT: Trail Making Test; *: p < 0.05; ***: p < 0.001 
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Supplementary Table 10. Behavioural performance in the fear conditioning task in panic 

disorder patients 

 C/C (n=19) T/C (n=34) T/T (n=12) 

 Mean SD Mean SD Mean SD 

Aversiveness US 8.00 1.15 7.91 1.74 7.08 2.99 

Fam.: Valence CS+ 3.16 0.83 3.09 1.08 3.00 0.95 

Fam.: Arousal CS+ 2.21 0.71 2.09 1.08 2.58 1.00 

Fam.: Valence CS- 3.11 0.94 2.94 1.28 3.42 1.08 

Fam.: Arousal CS- 2.21 0.85 2.03 1.14 2.25 1.06 

Acq.: Valence CS+ 3.05 1.08 2.94 1.18 2.92 0.90 

Acq.: Arousal CS+ 2.37 0.90 2.21 1.25 2.25 0.97 

Acq.: Valence CS- 3.16 1.01 3.00 1.39 3.42 1.00 

Acq.: Arousal CS- 2.16 1.12 1.97 1.14 2.17 1.03 

Ext.: Valence CS+ 3.53 0.77 2.94 1.15 3.25 0.87 

Ext.: Arousal CS+ 1.95 0.91 1.94 1.07 1.92 1.38 

Ext.: Valence CS- 3.42 0.96 3.06 1.25 3.50 1.09 

Ext.: Arousal CS- 2.16 1.07 1.91 1.19 1.92 1.24 

Acq.: acquisition phase; CS: conditioned stimulus; Ext.: extinction phase; Fam.: familiarization phase; 

US: unconditioned stimulus. 

  



RESULTS . Chapter 2 . Article 3  

 
192 

Supplementary Table 11. Neural correlates of rs6500744 SNP genotype differences in fear 

conditioning and extinction 

   Coordinates   

Anatomical region Cluster extension BA x y z 

t-

val

ue 

no. 

voxels 

C/C >T/T in simple fear conditioning (Contrast: CS+ in late familiarization < CS+ in late acquisition)  

Right MFG Bilateral dmPFC, dACC, SFG, 

right IFG 

9,10,24

,32,46 

44 50 20 4.80 3931 

Right MTG Right STG, insula, precentral gyrus, 

rolandic operculum, SMG 

21,22,3

9,41 

34 -16 42 4.34 6093 

Occipital visual 

cortex 

 17,18 -36 -88 12 4.29 791 

Left postcentral 

gyrus 

Left STG, MTG, IPL 3,39,41

,42 

-50 -18 52 4.18 2604 

Left Insula Left thalamus, MTG, putamen  8 -30 -14 4.17 2219 

Right lingual gyrus Right calcarine gyrus, fusiform 

gyrus 

17,18,1

9 

18 -84 4 4.14 1539 

Precuneus PCC, paracentral lobule 31 -8 -48 42 3.71 1150 

Left precentral 

gyrus 

 9 -44 14 32 3.60 306 

Left Amygdala 

(ROI) 

  -26 -2 -14 2.83 20 

C/C >T/T in differential fear conditioning (Contrast: CS+ in late acquisition > CS- in late 

acquisition)  

PCC Precuneus 7,31 -14 -50 40 4.32 1436 

Right angular gyurs Right STG, MTG 22,40 48 -58 40 3.90 852 

dmPFC SMA 8 10 24 48 3.74 298 

Left angular gyrus Left IPL 40 -52 -62 44 3.69 464 

Lingual gyrus Calcarine gyrus 18 10 -78 0 3.49 478 

STG  22 -48 -42 14 3.27 185 

Cuneus  19 16 -80 30 3.04 157 

C/C >T/T in fear extinction (Contrast: CS+ in late acquisition > CS+ in late extinction) 

dmPFC dACC, SFG,  6,8,9,3

2 

4 66 14 4.47 3207 

Precentral gyrus  6 -36 -2 44 3.55 261 

Right IFG MFG 45 38 22 24 3.30 637 

Participants are patients with panic disorder. Neuroimage Coordinates are listed in MNI space. ROI: 

region of interest analysis was performed within bilateral amygdala. Significance level: uncorrected p < 

0.005, cluster with at least 141 voxels. BA: brodmann areas; dACC; Dorsal anterior cingulate cortex; 

dmPFC: dorsomedial prefrontal cortex; IFG: Inferior frontal gyrus; IPL: Inferior parietal lobule; MFG: 

Middle frontal gyrus; MTG: Middle temporal gyrus; PCC; Posterior cingulate cortex; SFG: Superior 

frontal gyrus; SMA: Supplementary motor cortex; STG: Superior temporal gyrus. 
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Supplementary table 12. Table/Figure BAT_1 (hrt1ages = anticipation phase; hrt1eges = 

exposure phase; hrt1pges = recovery phase; heart rate in bpm) 

 

 

Supplementary table 13. Increase of heart rate from last minute of anticipation phase to first 

minute of exposure phase (delta bpm) 

 

 

Supplementary Table 14. Information about the custom-made KASP assay (LGC Genomics), 

used for SNP-specific genotyping.  
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Supplementary Table 15. RBFOX1 rs6500744 effect on RBFOX1 gene expression in post-

mortem tissue samples: Sample characteristics.  

 
aCohorts represent biorepositories from the brain bank network. MTS = Mount Sinai Brain Bank; 

HBS = Human Brain and Spinal Fluid Resource Center; PIT = Brain Tissue Donation Program at the 

University of Pittsburgh; HRV = Harvard Brain Tissue Resource Center; MIA = University of Miami Brain 

Endowment Bank. 
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Article 4. Pleiotropic contribution of rbfox1 to psychiatric and 

neurodevelopmental phenotypes in a zebrafish model 

 

Summary in Spanish: “Contribución pleiotrópica de rbfox1 a fenotipos psiquiátricos 

en un modelo de pez cebra” 

Estudios recientes han señalado a RBFOX1 como un gen altamente pleiotrópico que contribuye al 

desarrollo de diferentes trastornos psiquiátricos y del neurodesarrollo. De hecho, variantes comunes 

y raras en RBFOX1 se han relacionado con trastornos mentales. En este estudio demostramos que 

en pez cebra rbfox1 presenta una expresión pan-neuronal durante el desarrollo, lo que sugiere un 

papel importante de este gen en el neurodesarrollo, y una expresión restringida en el cerebro 

anterior, más concretamente en el telencéfalo, hipotálamo y tálamo, regiones que están implicadas 

en el procesamiento de información sensorial y en el comportamiento. Para investigar el efecto de 

la deficiencia de rbfox1 en el comportamiento utilizamos la línea rbfox1sa15940 genoanulada. 

Demostramos que los mutantes rbfox1sa15940 presentan hiperactividad, ansiedad, una disminución 

del freezing, altos niveles de agresividad y un comportamiento social alterado. Repetimos estos 

experimentos con otra línea genoanulada, rbfox1del19, con un trasfondo genético diferente y 

demostramos que los mutantes rbfox1del19 tienen un comportamiento de tigmotaxis similar a los 

mutantes rbfox1sa15940 pero no son agresivos, presentan alteraciones mayores en el comportamiento 

social y niveles menores de hiperactividad. En conjunto, estos resultados sugieren que una 

deficiencia de rbfox1 produce cambios en el comportamiento asimilables a los que presentan 

pacientes con trastornos psiquiátricos, lo que valida estas dos líneas genoanuladas como modelos 

de trastornos psiquiátricos. Además, demostramos que el trasfondo genético puede modular los 

efectos de mutaciones en rbfox1 en el comportamiento y realzamos el efecto pleiotrópico de rbfox1 

en trastornos psiquiátricos. 

 

Reference: 

Antón-Galindo E, Adel M, López-Blanch L, Norton WHJ, Fernàndez-Castillo N, Bru Cormand B. 

Pleiotropic contribution of rbfox1 to psychiatric and neurodevelopmental phenotypes in a 

zebrafish model. To be submitted. 
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ABSTRACT 

Recent research highlighted RBFOX1 as a highly pleiotropic gene contributing to several 

psychiatric and neurodevelopmental disorders. Indeed, both rare and common variants in 

RBFOX1 have been associated with psychiatric conditions, but the mechanisms underlying the 

pleiotropic effects of RBFOX1 are not yet understood. Here we found that in zebrafish, rbfox1 

presents a pan-neuronal expression during developmental stages, suggesting a major role of this 

gene in neurodevelopment, and a restricted expression in adult forebrain areas, including 

telencephalon, hypothalamus and thalamus, regions with an important role in receiving and 

processing sensory information and in directing behaviour. Then, to investigate the effect of 

rbfox1 deficiency in behaviour, we used rbfox1sa15940, an rbfox1 knockout line. We found that 

rbfox1sa15940 mutants present hyperactivity, anxiety-like behaviour, a decreased freezing 

behaviour, higher levels of aggression and an altered social behaviour. We repeated these 

behavioural tests in a different rbfox1 knockout line, rbfox1del19, with a different genetic 

background, and found that rbfox1 deficiency affects behaviour differently. rbfox1del19 mutants 

present a similar thigmotaxis behaviour, but stronger alterations in social behaviour and lower 

levels of hyperactivity than rbfox1sa15940 fish. Contrary to rbfox1sa15940, rbfox1del19 mutants do not 

show an aggressive behaviour. Taken together, these results suggest that rbfox1 deficiency leads 

to changes in behaviour in zebrafish that can be assimilated to phenotypical alterations present 

in patients with different psychiatric conditions, which validates these rbfox1 KO zebrafish lines 
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as models for psychiatric disorders. Importantly, we show that the genetic background can 

modulate the effect of rbfox1 knockout mutations on the behavioural phenotype and we 

highlight the pleiotropic effects of rbfox1 on psychiatric disorders. 

 

INTRODUCTION 

RNA Binding Fox-1 Homolog 1 (RBFOX1, also referred to as A2BP1 or FOX1) encodes a RNA 

splicing factor, specifically expressed in brain, heart and muscle in humans (GTEX, 

www.gtexportal.com). This gene regulates the expression and splicing of large gene networks 

and plays an important function in neurodevelopment [1,2]. Rare genetic variations, including 

point mutations and copy number variants have been reported in RBFOX1 in patients with 

neurodevelopmental disorders, such as autism spectrum disorder (ASD) [3–5], and RBFOX1 

haploinsufficiency results in a syndrome characterized by an impaired neurodevelopment [6,7]. 

In addition, transcriptomic analysis of autistic brains revealed decreased levels of RBFOX1 and 

dysregulation of RBFOX1-dependent alternative splicing [8]. RBFOX1 has not only been related 

to neurodevelopmental conditions, but increasing evidence points to both rare and common 

variants in this gene as contributors to several psychiatric and neurological disorders [5,9–11]. 

Indeed, RBFOX1 was the second most pleiotropic locus in the recent Psychiatric Genomics 

Consortium cross-disorder genome-wide association studies (GWAS) meta-analysis [12]. All 

these data suggest a major role of RBFOX1 in psychopathology, although the mechanisms 

underlying its pleiotropic effects are not yet understood. 

RBFOX1 has an orthologue gene in zebrafish, rbfox1, encoding a protein with an 84% identity to 

the human one [13]. Similar to the human orthologue, rbfox1 is mainly expressed in brain, but 

also present in heart at early developmental stages [13]. However, to date, its expression at later 

stages has not been investigated nor its role in zebrafish neurodevelopment and behaviour. In 

the last years, zebrafish has become a powerful model to study psychiatric disorders, due to its 

high genetic similarity to human and its well-defined behavioural phenotypes, that can be easily 

assessed in the laboratory and that can be assimilated to human psychiatric phenotypes [14–

16]. 

To date, genetic studies have pointed to a pleiotropic contribution of RBFOX1 to several 

psychiatric conditions. Here, we aim to investigate the effect of the loss of rbfox1 function in 

behaviour using a zebrafish model and to better understand the mechanisms underlying its 

pleiotropic effects on the onset of neurodevelopmental and psychiatric disorders. 

http://www.gtexportal.com/
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MATERIAL AND METHODS 

Zebrafish strains, care and maintenance 

Adult zebrafish and larvae (Danio rerio) were maintained at 28.5°C in 14:10 light-dark cycles 

following standard protocols. All experimental procedures were approved by the Animal 

Welfare and Ethical Review board of the Generalitat de Catalunya. Behavioural experiments 

were performed with two different rbfox1 mutant strains with different genetic background. 

rbfox1sa15940, with Tubingen Long-fin (TL) background, is a transgenic line obtained from the ZIRC 

institute that contains an intronic point mutation at the -2 position of a 3’ acceptor splicing site 

of rbfox1 (A>T, Chr3:28068329, GRCz11). rbfox1del19, with Tubingen (TU) background, was 

created by using CRISPR/Cas9 genetic engineering and causes a frameshift deletion of 19 bp in 

exon 2 of rbfox1. (Homozygous knockout fish (rbfox1sa15940/sa15940 and rbfox1del19/del19), 

heterozygous (rbfox1sa15940/ + and rbfox1del19/+) and wild-type (WT, rbfox1+/+) fish were used for all 

behavioural experiments. 

Gene expression analysis using Real-Time quantitative PCR (RT-qPCR) 

Total RNA was extracted from the whole brain of 5 TL WT, 5 rbfox1sa15940/+ and two rbfox1sa15940 

/sa15940 adult zebrafish to perform RT-qPCR. Results were normalised to the expression levels of 

two housekeeping genes: the ribosomal protein L13a (rpl13) and the elongation factor 1a (elf1a). 

The relative expression of the genes and the fold change were calculated using the 2-CT 

comparative method [17,18]. 

In situ hybridization (ISH) 

A specific mRNA probe targeting rbfox1 (NCBI Reference Sequence: NM_001005596) was 

prepared and ISH experiments were performed in embryos, larvae and dissected adult brains of 

TL WT. 

Preparation of rbfox1 mRNA probe 

Total RNA was extracted from whole frozen adult WT zebrafish brains using TRIzol and 

complementary DNA (cDNA) was then synthesized using the RevertAid First Strand cDNA 

Synthesis Kit (Thermo Scientific). A 565 bp rbfox1 amplicon was generated by PCR (5’-

CTCCAACATCCCCTTCAGGT-3’ and 5’-TCGTCCGTAACTGTCACTGT-3’ primers) and cloned into a 

plasmid using the StrataClone PCR cloning Kit (Agilent). The plasmids were collected and purified 

using GeneJET Plasmid Maxiprep Kit (Thermo Scientific) and the product was sequenced to 

check the orientation of the insert in the plasmid and the identity of the sequence. The selected 

plasmid containing the rbfox1 insert was linearized with PstI restriction enzyme and the rbfox1 
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DIG-antisense RNA probe was then generated by in vitro transcription. The product was DNase 

treated, cleaned using sodium acetate/ethanol precipitation, and the final rbfox1 probe was 

stored at -20°C. 

Preparation of the samples for ISH 

Embryos were treated with 1-phenyl 2-thiourea (PTU) at 24 hours post fertilization (hpf) to 

prevent pigmentation. Embryos, larvae and dissected brains from adult fish were fixed overnight 

at 4°C in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Specimens were then 

dehydrated with a gradient of methanol/PBS (25%, 50%, 75% and 100% methanol) before being 

stored for at least one hour and up to several months at -20°C. 

ISH protocol 

First day of ISH. Samples were rehydrated with a gradient of methanol/PBS (75%, 50%, 25% and 

0% methanol) and then digested with proteinase K (10 μg/ml in PBS) at room temperature (25 

minutes for 5 dpf embryos, 20 minutes for 4 dpf embryos, 15 minutes for 3 dpf embryos and 10 

minutes for 2 dpf and 28 hpf embryos). Samples were then fixed in 4% PFA for 20 minutes and 

rinsed in phosphate-buffered saline + 0.1% Tween-20 (PBT). Samples were prehybridized at 68°C 

for at least 2 hours in 300 μl of HYB+ buffer (65% formamide, 5X saline-sodium citrate (SSC) 

buffer, 50 μg/ml heparin, 0.5 mg/ml torula RNA, 0.1% Tween-20, 9.2 mM citric acid, pH 6.0). 

HYB+ was then replaced with fresh HYB+ buffer containing the DIG-labelled probe (5 ng/μl) and 

incubated overnight at 68°C.  

Second day of ISH. The HYB+/probe mix was removed and stored at -20°C for future use. Samples 

were washed with a gradient of HYB+/2X SSC (75%, 50%, 25% and 0% HYB) for 10 minutes each, 

and then twice with 0.05X SSC for 30 minutes each. For ISH on sections, adult brains were fixed 

for 20 min with 4% PFA and embedded in 3% agarose dissolved in water. Samples were 

sectioned at 100 μm using a vibratome and sections were collected in PBS. Specimens were 

blocked for 1 hour at room-temperature (RT) in blocking solution (2% normal goat serum, 2 

mg/ml bovine serum albumin in PBT) and then incubated overnight with anti-DIG-AP antibody 

(1:4000 dilution in blocking solution). 

Third day of ISH. Samples were washed several times in PBT and then three times for 10 minutes 

each in Xpho solution (100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl and 0.1% Tween-

20). Xpho solution was replaced with NBT/BCIP solution (225 μg/ml of NBT and 175μg/ml of 

BCIP in Xpho) and the specimens were incubated in the dark to develop the stain. Samples were 

monitored with a dissecting microscope every 30 minutes. The reaction was stopped by several 

washes in PBS and were fixed in 4% PFA for 20 minutes. Embryos were stored in 80% glycerol 
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and 20% PBT at 4°C, whereas sections were mounted on slides and covered with Mowiol 

solution. The NBT/BCIP signal was imaged using a GX microscope, a CMEX 5.0 camera and Image 

focus 4 software. 

Behavioural tests 

Behavioural analyses were performed on adult zebrafish (3-6 months-old) mixed groups of both 

sexes. All fish were genotyped, sized-matched and maintained in groups of 13 by genotype until 

the day of testing.  All the experiments were performed with homozygous knockout fish 

(rbfox1sa15940/sa15940 and rbfox1del19/del19), heterozygous (rbfox1sa15940/+ and rbfox1del19/+) and wild-

type (TL rbfox1+/+ and TU rbfox1+/+) fish, and were completed between 9:00 and 18:00 and 

recorded using StreamPix 7 software (Norpix) and a digital camera. Fish were left for 30 minutes 

to habituate to the testing room before the experiment. 

Open field test 

The open field test was performed in a large circular open tank (43 cm of diameter) and the fish 

were recorded from above for 5 minutes. We used idtracker.ai and the trajectorytools module 

for Python to quantify the time spent in the centre of the tank, the time spent freezing, the 

distance swum and the velocity. We used 13 individuals per genotype. 

Shoaling test 

The shoaling experiment was performed following the protocol from Parker et al., 2013 [19]. 

We used idtracker.ai and the trajectorytools module for Python to measure the nearest 

neighbour distance (NDD), the inter-individual distance (IID), the distance swum and the 

velocity. We also virtually divided the tank into nine sections and calculated the cluster score 

across time [19]. We used two groups of five individuals per genotype.  

Visually-mediated social preference test (VMSP) 

The experiment was performed in a transparent tank composed of one central chamber (20 cm 

x 14 cm) surrounded by four identical chambers (10 cm x 7 cm). This test is divided in two steps 

as described in Carreño Gutierrez et al., 2019 [20]: social preference step and preference for 

social novelty step. During the first step (social preference), a first group of three unfamiliar WT 

fish were placed into one side of the side compartments. Then, the behaviour of a focal fish 

placed in the central area was recorded for five minutes. The time spent closer to the first group 

of strangers was compared to the time spent near the empty area diagonally opposite. In a 

second step (social novelty preference), a second group of three unfamiliar zebrafish were 

placed in the compartment diagonally opposite the first group. The focal fish was recorded for 



Article 4 . Chapter 2 .RESULTS 

  
201 

five more minutes. We used a mixture of size-matched males and females as strangers since 

they can attract both male and female zebrafish [21]. We used idtracker.ai and the 

trajectorytools module for Python to measure the time spent in the different areas of the central 

compartment, the time spent freezing, the distance swum and the velocity. We used 13 

individuals per genotype. 

Black and white test 

The black and white test was performed in a rectangular tank (24 cm x 12 cm) divided into two 

equal areas, a black area and a white area. Fish were placed in the centre of the tank and 

recorded for 5 minutes. The time spent in each area and the number of crossings between them 

were manually quantified. n=13/genotype. 

Aggression test 

Aggression was measured using the mirror-induced stimulation protocol [22]. A single fish was 

placed in the centre of tank with three white walls and a transparent wall, through which an 

external mirror can be seen, and was recorded for 5 minutes. The time spent in agonistic 

interaction with the mirror was manually quantified. We used 13 individuals per genotype. 

 

RESULTS 

rbfox1 expression is pan-neuronal during development and restricted to specific brain areas 

during adulthood 

rbfox1 expression is widespread in brain during all developmental stages, as shown by ISH in 28 

hpf to 5 dpf WT larvae (Figure 1A). In line with previous studies, we found that rbfox1 is not only 

expressed in brain, but also in heart during development [13]. In adult brains, rbfox1 expression 

is restricted to the forebrain, more precisely to ventral and dorsal telencephalic areas, 

paraventricular hypothalamus and thalamic nuclei (Figure 1B). 
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Figure 1. rbfox1 expression in zebrafish across development and in adult brain. A) rbfox1 in situ 

hybridisation of whole-mount embryos from 28 hours post fertilization (hpf) until 5 days post fertilization 

(dpf). rbfox1 is expressed pan-neuronally during larval stages, and in heart at 5 dpf. B) rbfox1 in situ 

hybridisation in adult brain cross-sections shows that rbfox1 expression is restricted to the telencephalon, 

hypothalamus and thalamus nuclei. A, anterior thalamic nucleus; ATN, anterior tuberal nucleus; CP, 

central posterior thalamic nucleus; Dl, lateral zone of dorsal telencephalic area; Dm, medial zone of dorsal 

telencephalic area; Dp, posterior zone of dorsal telencephalic area; FR, fasciculus retroflexus; Hav, ventral 

habenular nucleus; Hd, dorsal zone of periventricular hypothalamus; Hv, ventral zone of periventricular 

hypothalamus; PPp, parvocellular preoptic nucleus, posterior part; PTN, posterior tuberal nucleus; SG, 

subglomerular nucleus; TGN, tertiary gustatory nucleus; TPp, periventricular nucleus of posteror 

tuberculum; Vd, dorsal zone of ventral telencephalic area; Vp, posterior zone of ventral telencephalic 

area; Vv, ventral zone of ventral telencephalic area.  

 

rbfox1 is not expressed in the rbfox1sa1594/sa159400 zebrafish 

rbfox1sa15940 (A>T, Chr3:28068329, GRCz11) is an intronic point mutation at the -2 position of the 

3’ acceptor splicing site affecting all but one of the rbfox1 zebrafish isoforms (Figure 2). To check 

whether the splicing rbfox1sa15940 mutation in rbfox1 triggers mRNA degradation by nonsense-

mediated mRNA decay (NMD) [23] we analysed rbfox1 mRNA levels by RT-qPCR. We observed 
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a significantly decreased level of rbfox1 expression in rbfox1sa15940 mutants, both homozygous 

and heterozygous, compared to WT, using expression of rpl13 and elf1 as reference genes 

(Figure 2). These results suggest that NMD degradation of the truncated rbfox1 transcript has 

occurred in mutants and that this mutant line could be used to examine the effect of loss of 

rbfox1 function in zebrafish. 

Figure 2. sa15940 mutation in rbfox1 gene: effects in rbfox1 expression in adult brain. Top left: rbfox1 

isoforms described in zebrafish (Ensembl database). Bottom: sa15940 is a point mutation (A>T, 

Chr3:28068329, GRCz11) situated in an intronic splicing region affecting all rbfox1 isoforms described in 

zebrafish except for rbfox1-203. Top right: relative brain expression of rbfox1 mRNA in adult fish. rbfox1 

expression is normalised to the average expression of rbfox1 in wild-type (WT) fish and to two reference 

housekeeping genes: elongation factor 1a (elf1a) and ribosomal protein L13a (rpl13). rbfox1+/-sa15940 (HZ) 

fish present a reduction of around 70% rbfox1 expression compared to WT (Mean HZ = 0.30 for rpl13 

normalization / 0.32 for elf1a normalization; p < 0.0001, Two-way ANOVA followed by Sidak’s multiple 

comparison test). rbfox1-/-sa15940 fish present a reduction of around 95% rbfox1 expression compared to 

WT (Mean KO= 0.040 for rpl13 normalization / 0.045 for elf1a normalization; p < 0.0001, Two-way ANOVA 

followed by Sidak’s multiple comparison test). n = 4 WT, 5 HZ, 2 KO. * p < 0.05; **** p < 0.0001. Mean ± 

SD. 
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Loss of function of rbfox1 produces behavioural alterations in rbfox1sa15940 zebrafish 

We performed a battery of five behavioural tests in WT TL, heterozygous (HZ) rbfox1sa15940/+ and 

homozygous (KO) rbfox1sa15940/ sa15940 adult fish, to investigate whether loss of rbfox1 function 

affects behaviour. 

For this mutant line, HZ and KO fish seem to be more anxious than WT TL fish, although not 

statistical differences were found in the time spent in the centre of the open field arena. All HZ 

and KO individuals spend less than 20% of the time in the centre and show a thigmotaxis 

behaviour, which does not occur in the WT group. In addition, HZ and KO fish spend less time 

freezing than WT fish and show hyperactivity, as they travel more distance and present a higher 

speed than WT TL individuals (Figure 3A and Supplementary Figure 1A). 

In the VMSP test we did not observe differences in social preference between genotypes for this 

line. However, in the first step of the test, KO fish showed hyperactivity, reflected by more 

distance travelled and a higher speed than WT TL individuals (Figure 3B and Supplementary 

Figure 1B). Also, in the preference for social novelty step, a tendency to freeze more after the 

addition of the second group of strangers was seen in rbfox1sa15940 HZ and KO fish, being 

significant for the HZ group compared to WT TL (Figure 3C and Supplementary Figure 1B). 

In the shoaling test, we only found differences in the mean interindividual distance (IID), that 

was higher in HZ and KO compared to WT TL fish (Figure 3D and Supplementary Figure 1D). No 

differences were found in the time spent in the white chamber of the black and white test, but 

KO fish cross more times the limit between areas, a sign of hyperactivity (Figure 3E). Finally, KO 

fish tend to be more aggressive than WT TL and are significantly more aggressive than HZ fish 

(Figure 3F). 

Taken together, these results show behavioural alterations in rbfox1sa15940 mutants, with TL 

genetic background, that present hyperactivity, an anxiety-like phenotype, alterations in social 

behaviour and a stronger aggressive behaviour. 
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Figure 3. Behavioural alterations observed in the rbfox1sa15940 line.  A) Open field test. HZ and KO fish 

seem to be more anxious than WT fish as they spend less time in the centre of the arena, although 

differences observed are not statistically significant (WT vs. HZ, p = 0.38; WT vs. KO, p = 0.45). HZ and KO 

fish spend less time freezing than WT fish (WT vs. HZ, p = 0.0068; WT vs. KO, p = 0.0001) and travel more 

distance than WT individuals (WT vs. HZ, p = 0.0027; WT vs. KO, p = 0.0002). Kruskal-Wallis followed by 

Dunn’s pot hoc tests. B) Visually-mediated social preference test. Social preference step. All the 

genotypes prefer to stay in the opposite corner rather than close to the group of stranger fish (1st strangers 

vs. Opposite area: WT, p < 0.0001; HZ, p < 0.0001; KO, p = 0.0005; Two-way ANOVA followed by Sidak’s 

multiple comparison test). No differences were found in freezing behaviour, but KO fish travel more 

distance than WT and HZ individuals (HZ vs. KO, p = 0.0282; WT vs. KO, p = 0.0487; One-way ANOVA 

followed by Tuckey’s multiple comparison test).  C) Visually-mediated social preference test. Preference 

for social novelty step. All the genotypes show no preference for any group of stranger fish (1st strangers 
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vs. 2nd strangers: WT, p > 0.99; HZ, p = 0.90; KO, p = 0.61; Two-way ANOVA followed by Sidak’s multiple 

comparison test). No differences were found in freezing behaviour, although HZ and KO fish tend to freeze 

more than WT, or distance travelled. D) Shoaling test. Interindividual distance is higher between HZ and 

KO fish compared to WT (WT vs. HZ, p = 0.0194; WT vs. KO, p = 0.0005; One-way ANOVA followed by 

Tuckey’s multiple comparison test). No differences were found between genotypes in nearest neighbour 

distance, cluster score or distance travelled. E) Black and white test. A higher number of crossings 

between areas was observed in KO fish, compared to WT (WT vs. KO, p = 0.0334; Kruskal-Wallis followed 

by Dunn’s multiple comparisons test). No differences were observed in the time spent in each area. F) 

Mirror test. KO fish are more aggressive than WT and HZ fish, this difference being significant between 

HZ and KO fish (HZ vs. KO, p = 0.0083; Kruskal-Wallis followed by Dunn’s multiple comparisons test). For 

all the experiments except for the shoaling test: n = 13 WT, 13 HZ and 13 KO. For the shoaling test: n = 2 

groups of 5 individuals per genotype. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Mean ± SD. 

KO, rbfox1sa15940/sa15940 fish; HZ, rbfox1 sa15940/+ fish; WT, wild-type TU. 

 

The genetic background modulates the effect of loss of rbfox1 function in behaviour 

We repeated the battery of behavioural tests in a different rbfox1 mutant line, rbfox1del19, to 

explore possible effects of the genetic background in the phenotypic expression of rbfox1 

deficiency. This mutant line was created by using CRISPR/Cas9 in zebrafish with a TU genetic 

background. In this line, the rbfox1 mutation causes a frameshift deletion of 19 bp in exon 2 

(affecting all rbfox1 zebrafish isoforms but rbfox1-203, see Figure 2) that produces NMD, as 

shown by qPCR (data not shown). We observed behavioural differences between rbfox1del19 

mutants and WT TU fish in all the tests performed, although the behavioural changes differed 

from the ones obtained for the rbfox1sa19540 line. 

We observed differences in the open field test between rbfox1del19 and rbfox1sa15940 lines. 

rbfox1del19 mutants tend to spend less time in the centre than WT TU fish (being significant for 

HZ vs WT TU), but we did not find differences in locomotor activity between genotypes in the 

rbfox1del19 line (nor in distance travelled or speed). In addition, we did not find differences in the 

freezing behaviour (Figure 4A and Supplementary Figure 2A).  

Contrary to the rbfox1sa19540 line, in the preference step of the VMSP test WT TU and  HZ 

rbfox1del19 fish show preference to stay close to stranger fish, whereas KO rbfox1del19 fish show 

no social preference and spend significantly less time than WT TU fish near strangers and more 

in the opposite area (Figure 4B). In line with rbfox1sa15940 results, KO rbfox1del19 fish present 

hyperactivity, reflected by a higher speed than WT TU (Supplementary Figure 2B). In the social 

novelty preference step, we observed a similar behaviour in both rbfox1del19 and rbfox1sa15940 
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lines: all the genotypes show no preference for a group of strangers. In the rbfox1del19 line, KO 

fish present hyperactivity (Figure 4C and Supplementary Figure 2C). 

 
Figure 4. Behavioural alterations observed in the rbfox1del19 line. A) Open field test. HZ and KO fish seem 

to be more anxious than WT fish as they spend less time in the centre of the arena, differences observed 

are statistically significant only for HZ fish (WT vs. HZ, p = 0.0467; One-way ANOVA followed by Tuckey’s 

multiple comparison test). No differences were found in the time freezing, nor in the distance travelled. 

B) Visually-mediated social preference test. Social preference step. WT and HZ fish prefer to stay close 

to the group of stranger fish rather than in the opposite corner but KO fish show no preference for any of 

the areas (1st strangers vs. Opposite area: WT, p < 0.0001; p < 0.0001; KO, p = 0.6979; Two-way ANOVA 

followed by Sidak’s multiple comparison test). No differences were found in freezing behaviour, nor in 

distance travelled. C) Visually-mediated social preference test. Preference for social novelty step. All the 
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genotypes show no preference for any group of stranger fish (1st strangers vs. 2nd strangers: WT, p = 0.18; 

HZ, p = 0.99; KO, p = 0.23; Two-way ANOVA followed by Sidak’s multiple comparison test). No differences 

were found in freezing behaviour. KO fish travel more distance than both WT and HZ fish (WT vs. KO, p = 

0.0467; HZ vs. KO, p = 0.0467; One-way ANOVA followed by Tuckey’s multiple comparison test). D) 

Shoaling test. Interindividual distance is higher between HZ and KO fish compared to WT (WT vs. HZ, p = 

0.0235; WT vs. KO, p < 0.0001; HZ vs. KO, p = 0.0047; One-way ANOVA followed by Tuckey’s multiple 

comparison test). Nearest neighbour distance is higher between KO fish compared to WT (WT vs. KO, p < 

0.0001; Kruskal-Wallis followed by Dunn’s multiple comparisons test). No differences were found 

between genotypes in total distance travelled. E) Black and white test. A higher number of crossings 

between areas was observed in KO and HZ fish, compared to WT (WT vs. HZ, p = 0.0040; WT vs. KO, p = 

0.0006; Kruskal-Wallis followed by Dunn’s multiple comparisons test). No differences were observed in 

the time spent in each area.  F) Mirror test. No differences were observed in aggressive behaviour 

between genotypes. For all the experiments except for the shoaling test: n = 13 WT, 13 HZ and 13 KO. For 

the shoaling test: n = 2 groups of 5 individuals per genotype. * p < 0.05; ** p < 0.01; *** p < 0.001; **** 

p < 0.0001. Mean ± SD. KO, rbfox1del19/ del19 fish;  HZ, rbfox1del19/+ fish; WT, wild-type TU. 

 

We found similar results in both rbfox1 KO lines in the shoaling and black and white tests: mutant 

rbfox1del19 fish present an impaired social behaviour and thigmotaxis (Figure 4D and 

Supplementary Figure 2D) and HZ and KO rbfox1del19 performed a higher number of crossings 

between areas than WT (Figure 4E). Finally, contrary to KO rbfox1sa15940 fish, KO rbfox1del19 fish 

were not more aggressive than WT or HZ fish (Figure 4F). 

In summary, both rbfox1sa15940 and rbfox1del19 mutants show thigmotaxis behaviour, an impaired 

social behaviour and hyperactivity. However, each rbfox1 line present particularities: 

rbfox1sa15940 mutants present alterations in freezing behaviour and aggression while rbfox1del19 

mutants present stronger social impairments. The behavioural differences reported between 

the two rbfox1 mutant lines may be due to differences in the genetic background that modulate 

rbfox1 effect on behaviour. Indeed, we can see that the genetic background is also influencing 

behaviour in the WT lines, as we observe strong differences in the freezing behaviour 

(Supplementary Figure 3). 

 

DISCUSSION 

In this study we have investigated the role of rbfox1 in neurodevelopmental and psychiatric 

disorders by studying the behavioural effects of loss of rbfox1 function in zebrafish. This gene 

has previously been reported to be highly pleiotropic, contributing to several psychiatric 
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disorders [12,24]. In addition, we have validated zebrafish rbfox1sa15940 and rbfox1del19 KO lines 

as models of neurodevelopmental and psychiatric conditions.   

First, rbfox1 shows a restricted expression in brain and heart across developmental stages, and 

a pan-neuronal expression that suggests an important role of this gene during brain zebrafish 

development, in line with previous findings. Indeed, a study in human neural progenitor cells 

demonstrated that RBFOX1 regulates splicing and expression of large gene networks implicated 

in neuronal development and maturation [25], and another study showed that Rbfox1 controls 

synaptic transmission in the mouse brain [26,27]. Also, previous studies in mice have shown that 

specific Rbfox1 deficiency in the central nervous system leads to impairments in neuronal 

migration, axon extension, dendritic arborisation and synapse network formation, suggesting 

that loss of Rbfox1 function contributes to the pathophysiology of neurodevelopmental 

disorders [28–30]. Finally, several point mutations and CNVs in RBFOX1 have been described in 

patients with neurodevelopmental disorders, such as ASD and attention-deficit hyperactivity 

disorder (ADHD) [4,5,9,31]. We therefore hypothesise that loss of rbfox1 function may affect 

brain maturation in zebrafish and therefore lead to an impaired neuronal function and 

transmission during adulthood, with implications in the sensory response to the environment 

and in behaviour.  

In addition, we found that rbfox1 is specifically expressed in forebrain areas in adult WT animals, 

more precisely in dorsal and ventral telencephalon, thalamus and periventricular hypothalamus. 

Interestingly, these areas are involved in receiving and processing sensory information, stress, 

but also in directing behaviour, especially social behaviour and emotion [32–35]. Given the 

important role of rbfox1 in controlling splicing and expression in neurons, rbfox1 deficiency may 

induce an impaired neuronal function in these areas with an impact on sensory processing and 

behaviour in zebrafish. 

Interestingly, both rbfox1sa15940 and rbfox1del19 KO lines present alterations in behaviour. 

rbfox1sa15940 mutants present hyperactivity, thigmotaxis –an anxiety-like behaviour–, a 

decreased freezing behaviour, higher levels of aggression and an altered social behaviour. 

rbfox1del19 mutants present a similar thigmotaxis behaviour, but stronger alterations in social 

behaviour and lower levels of hyperactivity than rbfox1sa15940 fish. Contrary to rbfox1sa15940, 

rbfox1del19 mutants do not show an aggressive behaviour. All these behavioural phenotypes can 

be assimilated to phenotypical alterations observed in patients with psychiatric or 

neurodevelopmental conditions. For example, social impairment is a symptom of ASD, 

hyperactivity of ADHD, aggression is a phenotype associated to many psychiatric disorders and 

highly comorbid with ASD, and thigmotaxis is considered an anxiety-like behaviour in zebrafish. 
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These results point to a pleiotropic contribution of the rbfox1 gene to neurodevelopmental and 

psychiatric disorders. 

It is important to note the phenotypical differences observed between the two WT KO lines, that 

are probably due to the different genetic background. Behavioural differences between these 

two WT TL and TU strains have been previously reported, WT TL fish being considered as more 

anxious and sensitive to anxiogenic stimuli than WT TU fish [36]. Our results are in line with 

these reported phenotypes, as we found that WT TL presents a strong freezing behaviour, 

especially in the open field test, that is not present in WT TU fish (Supplementary Figure 3).  

Given the differences observed between zebrafish lines, we hypothesise that loss of rbfox1 

function alters behaviour differently depending on the genetic background. Indeed, we found 

differences in behaviour between rbfox1sa15940 and rbfox1del19 KO lines. On one side, rbfox1sa15940 

is a hyperactive aggressive line that presents with anxiety-like behaviours and slight social 

impairments. On the other side, rbfox1del19 fish are anxious but not aggressive, show only 

hyperactivity in one of the tests performed, but present stronger social impairments than 

rbfox1sa15940 fish. These results suggest that the additive effects of variants in other genes 

contribute to the final phenotype, a genetic model that would be the rule in complex psychiatric 

disorders [37–40]. Our results show that the damaging effect of a loss-of-function mutation in 

rbfox1 may be modulated by the genetic background and therefore lead to different 

phenotypes, which is in line with the different diagnosis of patients with rare CNVs or point 

mutations in the RBFOX1 gene as well as the contribution of common variants to different 

psychiatric disorders [9,10,12,41]. 

To conclude, our results contribute to a better understanding of the involvement of RBFOX1 in 

psychiatric disorders and point to a pleiotropic contribution of this gene that can be modulated 

by the individual genetic background. In addition, we have validated two new rbfox1 KO 

zebrafish lines to be used as models of psychiatric disorders, in which further experiments can 

be performed to unravel the molecular mechanisms that link RBFOX1 with psychiatric 

phenotypes. 
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Behavioural alterations observed in rbfox1sa15940.  A) Open field. MUT and HZ 

fish swim at a higher speed than WT (WT vs. HZ, p = 0.0026; WT vs. MUT, p =0.0002; Kruskal-Wallis 

followed by Dunn’s multiple comparisons test). Also, HZ and MUT fish show thigmotaxis behavior, as 

shown in these trajectories examples of different individuals. B) Visually-mediated social preference test. 

Social preference step. No differences were found between genotypes in the time spent near the 1st 

strangers or in the opposite corner. MUT fish swim at a higher speed than WT (WT vs. MUT, p =0.0130; 

Kruskal-Wallis followed by Dunn’s multiple comparisons test). C) Visually-mediated social preference 

test. Preference for social novelty step. No differences were found between genotypes in the time spent 

near the 1st strangers or the 2nd strangers, nor in the velocity. D) Shoaling test. No differences were found 

between genotypes in the velocity, although there is a tendency in mutant fish to travel at a higher speed. 

Also, HZ and MUT fish present thighmotaxis behaviour, as shown in these trajectories examples of 

different individuals.  For all the experiments except for the shoaling test: n = 13 WT, 13 HZ and 13 MUT. 

For the shoaling test: n = 2 groups of 5 individuals per genotype. * p < 0.05; ** p < 0.01; **** p < 0.0001. 

Mean ± SD. KO, rbfox1sa15940/sa15940 fish; HZ, heterozygous rbfox1 sa15940/+ fish; WT, wild-type TU. 
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Supplementary Figure 2. Behavioural alterations observed in rbfox1del19.  A) Open field. No differences 

were observed in speed between genotypes. However, HZ and MUT fish show thigmotaxis behavior, as 

shown in these trajectories examples of different individuals. B) Visually-mediated social preference test. 

Social preference step. MUT fish spend less time close to the 1st stranger fish and more time in the 

opposite area compared to WT animals (WT vs. MUT, p =0.0057; Kruskal-Wallis followed by Dunn’s 

multiple comparisons test). Also, MUT fish swim at a higher speed than WT (WT vs. MUT, p =0.0339; 

Kruskal-Wallis followed by Dunn’s multiple comparisons test). C) Visually-mediated social preference 

test. Preference for social novelty step. No significant differences were found between genotypes in the 

time spent near the 1st strangers or in the opposite corner, but MUT swim at a higher speed than HZ fish 

(HZ vs. MUT, p =0.0456; One-way ANOVA followed by Tuckey’s multiple comparisons test). D) Shoaling 

test. No differences were found between genotypes in the velocity, although there is a tendency in 

mutant fish to travel at a higher speed. Also, HZ and MUT fish present thighmotaxis behaviour, as shown 

in these trajectories examples of different individuals.  For all the experiments except for the shoaling 

test: n = 13 WT, 13 HZ and 13 MUT. For the shoaling test: n = 2 groups of 5 individuals per genotype. * p 

< 0.05; ** p < 0.01. Mean ± SD. KO, rbfox1del19/ del19 fish;  HZ, heterozygous rbfox1del19/+ fish; WT, wild-type 

TU. 
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Supplementary Figure 3. Comparison of the time freezing during the open-field test between the two 

wild-type lines used as controls in the behavioural experiments. WT, wild-type; TL, Tubingen Long-fin 

line; TU, Tubingen line. **** p < 0.0001, Mann-Whitney U test. Mean ± SD. 
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Article 5. Characterization of an eutherian gene cluster generated 

after transposon domestication identifies Bex3 as relevant for 

advanced neurological functions 

 

Summary in Spanish: “Caracterización de un grupo de genes euterios generado tras la 

domesticación de un transposón identifica a Bex3 como gen relevante en funciones 

neurológicas avanzadas” 

Introducción: Una de las fuentes menos frecuentes de genes restringidos filogenéticamente es la 

domesticación molecular de elementos transponibles en un genoma hospedador. Pese a que estos 

eventos están a veces implicados en importantes cambios macroevolutivos, su origen y función no se han 

descrito en profundidad. Resultados: En este estudio identificamos eventos de domesticación que 

implican elementos transponibles no identificados previamente. Entre ellos, encontramos una 

domesticación molecular relevante que llevó a la formación de una familia génica en mamíferos 

placentarios: el grupo de genes Bex/Tceal. Estos genes, que actúan como proteínas centrales en varias 

vías de señalización, se han asociado con rasgos neurológicos en pacientes con microdeleciones en el 

cromosoma X. Además, los genes Bex/Tceal se expresan de forma diferencial en pacientes con trastorno 

del espectro autista y esquizofrenia. Por último, dos líneas murinas con mutaciones diferentes en el gen 

Bex3 presentan alteraciones morfológicas y fisiopatológicas en cerebro: una reducción en el número de 

interneuronas y un desequilibrio electrofisiológico en hipocampo, alteraciones que se relacionan con un 

fenotipo de comportamiento alterado. Conclusiones: Reportamos el origen de un grupo de genes 

mediante domesticación de transposones y duplicación genética en mamíferos placentarios, un proceso 

evolutivo que transformó una secuencia no funcional en nuevos componentes del genoma euterio. Estos 

genes se integraron en vías preexistentes implicadas en el desarrollo, mantenimiento y función del 

sistema nervioso central en euterios. Además, demostramos que uno de los miembros de esta familia, el 

gen Bex3, está implicado en funciones cerebrales importantes en mamíferos placentarios y 

probablemente en trastornos neurológicos en humanos. 

 

Reference: 

Navas-Pérez E, Vicente-García C, Mirra S, Burguera D, Fernàndez-Castillo N, Ferrán JL, López-

Mayorga M, Alaiz-Noya M, Suárez-Pereira I, Antón-Galindo E, Ulloa F, Herrera-Úbeda C, Cuscó 

P, Falcón-Moya R, Rodríguez-Moreno A, D'Aniello S, Cormand B, Marfany G, Soriano E, Carrión 

ÁM, Carvajal JJ, Garcia-Fernàndez J. Characterization of an eutherian gene cluster generated 

after transposon domestication identifies Bex3 as relevant for advanced neurological functions. 

Genome Biol. 2020 Oct 26;21(1):267. 
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ASD is a highly heritable neurodevelopmental disorder. In recent years, hundreds of candidate 

genes have been related to this condition, although it is still unclear how genetic factors 

contribute to ASD. My doctoral thesis has focused on i) investigating the contribution of 

common and rare variants in candidate genes to ASD and comorbidities and ii) functionally 

characterizing the effect of loss-of-function of these candidate genes using animal models. 

Below, I will discuss the advantages and limitations of the methods and models used, and how 

the results obtained contribute to a better understanding of the genetics of 

neurodevelopmental and psychiatric disorders. 

 

1. The autistic spectrum: The problem of the sample 

An important aspect when studying the genetic basis of a complex disorder is the appropriate 

definition of the case and control samples. It is essential to properly select the individuals to be 

included in order to accurately identify causal variants or genes specifically related to the 

disorder. In this thesis, we have performed an association study in a European sample, including 

Spanish, Dutch and German ASD patients and controls, followed by mutational screenings in a 

subpopulation of this sample. Also, we have used publicly available data from GWAS, WES and 

transcriptomic studies to analyse the contribution of rare and common variants in candidate 

genes to several neurodevelopmental and psychiatric disorders. In the case of ASD, it is relevant 

to discuss the limitations and implications of the current definition of both the case and control 

samples as it can have an impact on the results obtained in genetic studies. 

 

1.1. Defining ASD patients 

In mental disorders, no specific biological markers are available to perform the diagnosis. 

Therefore, patient diagnosis is mainly based on subjective data collected in a series of pre-

defined interviews and assessments, usually based on the Diagnostic and Statistic Manual of 

Mental Disorders (DSM) criteria. In the case of ASD, the two core elements of children’s 

diagnosis are developmental history, normally obtained from parents, and the observation of 

the child’s interaction during a series of assessments, being the most commonly used diagnostic 

instruments ADI-R [23] and ADOS-2 [24]. Nevertheless, current diagnostic criteria are 

controversial in many aspects that need to be discussed. 

First, diagnostic criteria for ASD have changed over the years. The previous DSM-IV and DSM-IV-

TR editions subcategorized autism into five conditions with distinct features [8,9]. Also, the 
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International Statistical Classification of Diseases and Related Health Problems 10th revision (ICD-

10) considered not only one but five autistic subcategories [314]. In this thesis, ASD individuals 

from the Spanish sample used for the association study and mutational screenings were 

diagnosed following DSM-IV-TR criteria and, therefore, present this subcategorization: autistic 

disorder, pervasive developmental disorder not otherwise specified (PDD-NOS) or Asperger’s 

disorder. In addition, the GWAS data we used from Grove et al. [174] included an ASD sample 

from the integrative Psychiatric Research consortium (iPSYCH) in which cases were selected 

according to ICD-10 and present the following categorization: childhood autism (ICD-10 code 

F84.0), atypical autism (84.1), Asperger’s syndrome (F84.5), other pervasive developmental 

disorders (F84.8), and pervasive developmental disorder, unspecified (F84.9). In our association 

study we did not consider these subtypes and pooled all patients together in the case sample. 

This was based on previous studies that had pointed to a lack of clear borders between subtypes 

and the subjective categorization of the patient strongly dependent on the clinician performing 

the diagnosis [18]. Similarly, the summary statistics we obtained from Grove et al. [174] did not 

consider autistic subtypes and all the cases were analysed as a “general” ASD sample. 

Recent research has also highlighted the heterogeneity in the developmental trajectories of 

autistic children: there is a high variety in the age of onset of first symptoms and these symptoms 

can improve or get worse over time depending on the patient [38,315,316]. Therefore, clinical 

subcategorization would also depend on the life time point in which diagnosis is performed. 

Finally, autistic patients frequently meet criteria for other mental disorders, such as ADHD, ID or 

epilepsy. Indeed, in the Spanish sample used in this thesis, 27% of ASD patients present ID and 

25% present comorbid disorders such as epilepsy, anxiety or meet criteria for ADHD - as in DSM-

IV-TR and previous editions, ADHD could not be diagnosed along with ASD. In the case of the 

ASD GWAS from Grove et al., 14.3% of ASD cases present ID and no information is available 

about other medical conditions. The high frequency of co-occurring disorders contributes to 

autistic spectrum heterogeneity and questions the utility of studying specific mental disorders 

isolated from others. In the last and current editions of DSM (DSM-5) [10] and ICD (ICD-11) [317], 

ASD subcategories were removed and the definition and diagnostic criteria were modified to 

avoid subjectivity bias and to facilitate the diagnosis. In the DSM-5 edition, symptomatic 

domains are reduced to two, instead of three, and co-diagnosis with other neurodevelopmental, 

mental or behavioural disorders is possible.  

These continuous changes in the definition of autism reflect the difficulty in establishing 

consensual diagnostic criteria in a disorder with a high clinical heterogeneity [18]. Indeed, 

current ASD definition encompass a wide spectrum of individuals that fulfil symptomatic criteria 
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but with strong phenotypical differences, ranging from high-functioning individuals to patients 

with severe intellectual disability. Importantly, this high heterogeneity in ASD patients may 

reflect a complex and heterogeneous genetic basis and divergent neurobiological mechanisms, 

making difficult to find a unified pathophysiology and common causal genetic factors underlying 

this heterogeneous phenotype.  

All the aspects discussed here challenge current diagnostic criteria, reveal the heterogeneity 

among ASD patients, and antagonize with the static case-control dichotomy. In an attempt to 

redefine diagnostic criteria of mental disorder, RDoC (Research Domain Criteria Initiative) was 

created in 2009 as a research framework to integrate different levels of information in a matrix, 

in which not only symptoms are considered, but also genetics, physiological and behavioural 

data [318]. The aim of the RDoC matrix is to evolve and be modified based on new research 

findings in order to help mental health screening tools, diagnostic systems and treatments. 

 

1.2. Defining controls 

Properly defining controls is highly important to allow comparisons with the case group. The 

control group needs to have a similar ethnicity component and equivalent sex proportions to 

avoid detecting differences between samples that are not due to the variants or genes studied 

but to other confounding factors. In ASD, it is especially important that the sex proportions are 

similar due to the strong difference in the prevalence of the disorder in males and females 

(male:female ratio, 4:1) [15], a circumstance that is the rule rather than the exception in 

psychiatric disorders. Usually, a random group of healthy individuals from the general 

population is used, with the same ethnicity and sex proportions than controls, and we did so in 

our association study. In the GWAS performed by Grove et al. [174], controls have two origins: 

a sample from the iPSYCH in which control individuals come from the same population cohort 

than cases and include children without an ASD diagnosis, and a sample from the Psychiatric 

Genomics Consortium (PGC) consisting of parent-proband trios in which pseudo-controls were 

obtained as simulated individuals derived from the untransmitted parental alleles. Sex 

proportions are not that similar in the case of Grove et al., with 49.3% of females in the control 

sample and 21.6% of females in the ASD sample. 

A recent viewpoint suggests ASD as a continuum phenotype with a normal distribution of autistic 

traits in the general population, in which autism diagnosis is at one tail of the distribution 

[196,197]. Following this model, a control population would contain individuals that may 

present under-threshold autistic traits and may share genetic variants underlying these autistic 
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phenotypes with the ASD population (Figure 19) [198]. Indeed, Grove et al. found a genetic 

correlation between ASD cases and a non-ASD population presenting social communication 

difficulties [174]. Therefore, comparing ASD patients with individuals considered controls but 

presenting slight autistic traits could lead to false negative results, compromising the 

investigation of the underlying mechanisms of the disorder. Even though this has to be 

considered as a limitation, especially when studying the genetic contribution of variants with 

small effect sizes, characterizing autistic traits in a control population is challenging and would 

difficult recruitment and data recovery. 

 

  

Figure 19. Overlap between ASD cases and controls suggest a continuum influence of genetic variants. A) The 

distribution of Vineland adaptive behaviour scores shows an overlap between cases and control samples from the 

Simons Simplex Collection (SCC). The Vineland Adaptive Behaviour Scales (Vineland) [319] calculates a score based 

on parent-rated abilities in social, communication and daily living skills, and normalizes these abilities to a mean of 

100 and a standard deviation of 15 in the population (corrected for ages). The SCC population is formed by ASD 

patients (cases) and unaffected siblings (controls). B) De novo variation found in case and control samples is 

associated with the Vineland adaptive behaviour score, which suggests that de novo variation influences a continuum 

of phenotypes in ASD cases and controls. Natural (loess) association is represented and p-values are calculated from 

Poisson regression. Shaded grey regions represent 95% confidence intervals for association. Adapted from Robinson 

et al., 2016 [198]. 

 

2. Genetic studies in ASD and comorbidities 

The current genetic model of ASD postulates an additive contribution of both common and rare 

variants to the aetiology of the disorder. Different computational and functional approaches 

exist to characterize the effect of variation in candidate genes to a given disorder. In what 

follows, I will comment on the advantages and limitations of the main methodologies used in 
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this thesis to study the contribution of common and rare variants in candidate genes to ASD and 

comorbid disorders and discuss the results obtained. 

 

2.1. Studying common variation 

Both large- and small-scale case-control association studies are used to identify genetic risk 

factors for complex disorders by comparing allele frequency between a group of cases and a 

group of unrelated controls. These studies investigate the contribution to the disease of 

polymorphic variants situated in a specific region of interest or in the whole genome. Only 

common variants (SNPs) are considered (usually MAF ≥ 0.05 or 0.01), and rare variants with 

strong phenotypic effects are discarded from the study. Initially, association studies made the 

focus on one or more candidate genes previously related to the phenotype in clinical, 

pharmacological, molecular or genetic studies. Later, with the emergence of high-throughput 

genotyping technologies, studies began to analyse SNPs situated along the whole genome in 

hypothesis-free GWASs, which has permitted to identify new genes and functional pathways 

without being biased from previous -and limited- knowledge. 

In this thesis, we have performed a case-control association analysis using a sample that includes 

ASD patients and controls to investigate the contribution of common variants in the 14-3-3 gene 

family to autism (Article 1). Also, we have used publicly available GWAS data to investigate the 

contribution of common variants in 14-3-3 gene family, RBFOX1 and BEX3 to psychiatric 

disorders (Articles 1 and 3). 

 

2.1.1. Testing the contribution of 14-3-3 to ASD through an association study 

Association studies have several limitations inherent to the methodology used. Two main types 

of errors can be distinguished: false positives (type I error), that arise when we detect 

associations that are not real, and false negatives (type II error), that arise when we are not able 

to detect real associations. To minimize these types of errors in our population-based 

association analysis we need to consider several aspects, reviewed in the following paragraphs. 

Statistical power of the sample 

The statistical power of an analysis is the probability of detecting a true association when it 

exists. Several factors influence the estimated statistical power, such as disease prevalence, 

linkage disequilibrium (LD) between the marker and the causal variant, allelic frequencies and 

risk conferred by the allele (measured with odds-ratios, OR). However, the most important one 
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is the size of the sample [320]. In our association study (Article 1), the sample used was limited 

to 727 ASD patients and 714 controls and the analysis failed to identify SNPs associated with the 

disorder. The sample size has an inverse correlation with the phenotypical impact of the variants 

detected [320]. Thus, in our analysis an increased sample size would be necessary to detect 

variants with a small effect size in ASD. 

Homogeneity of the sample 

When designing an association study, it is important that the phenotype is homogeneous in the 

whole sample to avoid a reduction of statistical power [320]. Our ASD sample includes only 

patients from European populations (Spanish, Dutch and German) and with European ancestry. 

Patients were all diagnosed using ADI-R, and ADOS when possible, and following DSM-IV-TR 

criteria in order to have a sample as homogenous as possible. Even though DSM-IV-TR edition 

considered ASD subtypes, the majority of association studies include several of these subtypes 

in a “spectrum” sample due to the unclear limits between these categories [168,172]. For this 

reason, our ASD sample included patients diagnosed with either autistic disorder, PDD-NOS or 

Asperger’s disorder. Nevertheless, as discussed before, DSM criteria for ASD comprise a wide 

heterogeneous group of individuals. Disease heterogeneity reduces statistical power of the 

analysis because each locus would only determine susceptibility for a subset of the cases, which 

makes difficult to identify variants associated with the disorder. Additionally, some individuals 

present other comorbidities that add variability to the phenotype. However, information about 

comorbid diseases is sometimes not available for all the cases included in the study, which 

prevents to consider this factor in the analysis.  

Defining the control sample 

As mentioned before, it is essential to properly define the control sample when comparing it to 

a group of patients. The control sample needs to have similar characteristics to the case sample 

in terms of ethnicity, sex proportions and age, so that differences in genetic variation could only 

be attributed to the disorder and not to other confounding parameters. Also, the number of 

controls is usually equal to or higher than the number of cases in order to gain statistical power 

and avoid false positives [320]. In our study, both cases and control groups have European 

ancestry, a comparable number of individuals (727 cases and 714 controls) and a similar 

proportion between sexes (84.7% males in cases and 84.5% males in controls). The autistic 

phenotype has not been specifically excluded from the control sample, but the impact of the 

contamination of the control sample with affected individuals is minimal, as the prevalence of 

ASD is only around 1%. Finally, we need to consider population stratification, as geographic, 
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social or cultural differences between cases and controls may lead to false positives. In our case, 

case-control number and sex proportions are equal not only in the whole sample but also in 

each of the three populations included. Nevertheless, these stratification aspects normally have 

a low impact in the analysis if cases and controls are homogeneous in ethnicity, which is the case 

in our sample. 

Selection of variants 

In hypothesis-driven association studies, variants are selected and genotyped based on previous 

knowledge or data that point to a contribution of these variants to the disorder. These selected 

variants are usually located in candidate genes or suspected to have a functional impact on the 

disorder. In our study, the aim was to investigate the contribution of common variants in the 

14-3-3 gene family to ASD. Therefore, 42 tag SNPs with a described minor allele frequency (MAF) 

≥ 0.05, a predefined threshold of common variation, were selected to cover the seven 14-3-3 

genes. Thirty-four of these SNPs survived quality controls, showed a MAF > 0.05 in our sample, 

and were then examined for association with ASD. 

Genotyping errors 

In some occasions, genotyping errors may occur, due to a low quantity or quality of the DNA 

samples or data manipulation, and will affect our results. For this reason, it is important to 

include duplicates and negative controls in the samples to be genotyped. In addition, the 

genotyping rate is calculated for each individual and only individuals over a certain percentage 

are considered in the analysis [320]. In our association study, duplicates were included as 

controls for genotyping quality. Individuals with genotyping rate below 90% were removed from 

the study, setting the final sample to 1405 individuals (713 cases and 692 controls). Quality 

controls are also performed to discard SNPs that will not be included in the analysis. From the 

42 SNPs initially genotyped, four assays failed, one SNP was excluded for quality reasons and 

another one for being monomorphic. The call rate for the 36 remaining SNPs, which means the 

proportion of individuals in the study for which the corresponding SNP information is available, 

was 99.2% and all were in Hardy–Weinberg equilibrium (threshold set at p < 0.01 in controls). 

Hardy-Weinberg equilibrium is calculated by comparing the genotype and allele frequency 

distribution, and is a useful quality control tool, as deviations in this equilibrium may be due to 

genotyping errors [321]. 

Multiple testing correction 

In association studies, multiple genetic variants are often analysed together and a high number 

of comparisons are performed. The probability that one statistical test is significant increases 
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with the number of statistical tests performed. Hence, performing a high number of statistical 

tests increases the odds for a false positive result and it is important to correct for multiple 

testing and restrict the significance threshold according to the number of tests performed. The 

most commonly used multiple-testing correction is Bonferroni, in which significance threshold 

directly depends on the number of tests performed/variants studied/ models considered (n), 

and is calculated as follows: p-value = 0.05/n. The Bonferroni correction assumes independence 

between tests although, in some instances, SNPs are in linkage disequilibrium and therefore 

they are not independent [321]. Bonferroni is very conservative and the probability of obtaining 

false negatives is high, which has prompted consideration of other multiple testing correction 

methods, such as False Discovery Rate (FDR) [321]. 

In our case, the Bonferroni correction was used and calculated according to the final number of 

SNPs analysed (p = 0.05/34), but no variant overpassed the suggestive threshold. The main 

reasons for this study to fail in identifying SNPs associated with ASD may be the small sample 

size and the low number of SNPs considered, which decreases the statistical power and makes 

difficult to identify variants with small effects. Indeed, to avoid these under-power issues, and 

to identify variants across the whole genome, GWAS are becoming increasingly popular in 

psychiatric research.  

 

2.1.2. Genome-wide association studies (GWAS) in mental disorders 

GWAS are hypothesis-free association studies with a high coverage and sensitivity that aim to 

identify common variants with small effect sizes associated with a given disorder. Compared to 

“traditional” hypothesis-driven association studies, GWAS main advantages are not being biased 

by previous knowledge and that the typically large sample sizes allow detection of variants with 

small effect sizes that were previously undetectable [322]. In the last years, big consortia, such 

as the PGC, have been created to share data from different cohorts and therefore to increase 

the statistical power of GWAS analyses. In this thesis, we have used publicly available GWAS 

data from the PGC but also other big cohorts to analyse the contribution of common variants 

located in our candidate genes, 14-3-3 (Article 1), RBFOX1 (Article 3) and BEX3, to ASD and other 

neurodevelopmental and psychiatric disorders. 

GWAS samples 

As in small-scale association studies, in GWAS the patients sample has to be as homogeneous as 

possible and the case and control groups need to be similar to minimize confounding factors 

that may affect results [323]. In our GWAS analyses, we have only considered summary statistics 
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including cases and controls with European ancestry. In the case of ASD it is also important to 

consider the phenotypical heterogeneity of the spectrum. It is possible that disease 

heterogeneity reflects differences in the underlying genetic factors and that common variants 

do not contribute equally to the whole spectrum. Indeed, Grove et al. showed differences in 

heritability and a strong heterogeneity of genetic overlap with other traits among ASD sample 

subsets. This work also showed that the polygenic contribution of common variants seem to be 

more important in high functioning ASD patients than in patients with comorbid ID [174]. In line 

with that, a recent small-scale GWAS in ASD showed that dividing cases into subgroups based 

on phenotype clustering successfully identified significant associations that were not found 

without clustering [324]. Also, the presence of comorbidities in some ASD patients suggests 

possible differences in the genetic architecture of the disorder between individuals. Indeed, a 

recent preprint work from Mattheisen et al. [325] reveals specific patterns of polygenic 

architecture that characterize comorbid ASD and ADHD and that are different from the ASD-only 

cases. In particular, they show that comorbid ASD and ADHD cases present different patterns of 

genetic association with other traits when compared to the ASD-only subgroup. 

Selection of variants 

In GWAS, thousands of polymorphic variants (usually MAF ≥ 0.01) distributed evenly throughout 

the genome are automatically genotyped. Only variants and individuals with a genotyping rate 

over 80-90% are included in the analysis. In addition, many GWAS are indeed meta-analyses that 

often include data from studies that have used different array platforms, and therefore a 

different set of SNPs. To solve this issue, an imputation step is performed in which genetic 

markers that have not been directly genotyped are inferred, based on the LD of a reference 

sample [322,323]. In our studies, all the GWAS summary statistics data used were checked and 

filtered to fulfil these quality criteria: MAF ≥ 0.01 and info-score for imputation quality ≥ 0.6.  

Multiple testing correction 

A high number of polymorphisms is tested and, therefore, a huge sample and a conservative 

threshold are necessary to avoid false positives. GWAS used a predefined genome-wide 

association significance threshold of p-value < 0.05/1e-06 = 5e-08, based on the Bonferroni 

correction for a million of independent tests, and a  pre-defined “suggestive” association 

significance threshold: p-value < 1e-05 [322,323,326]. We have applied both these predefined 

significance thresholds in our SNP-based analysis. 
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Association studies using available GWAS summary statistics (SS) 

Using filtered summary statistics from GWAS, we explored the individual contribution of 

common variants in RBFOX1 and flanking regions (between 3000-20000 SNPs, depending on the 

SS) to several psychiatric disorders using a SNP-based analysis. We found genome-wide 

significant associations between several single SNPs in RBFOX1 and major depressive disorder 

(MDD), risk taking (RT) and the cross-disorder meta-analysis (CD-MA). These disorders are the 

ones with a higher sample size (MDD: 135,458 Ca + 344,901 Co; RT: 975,353 individuals; 232,964 

Ca + 494,162 Co), which provides more statistical power to detect variants with a small effect 

size. Indeed, the next GWAS with more individuals is schizophrenia (SCZ, 67,280 Ca + 86,912 Co), 

for which RBFOX1 shows a nominal association. This suggests that increasing sample size in 

GWASs for the other disorders explored may lead to significant associations that have not been 

detected yet due to the current under-power of the analyses. A clear example of the importance 

of sample size in GWAS is ASD. The first GWASs performed in ASD did not have enough statistical 

power due to small sample sizes [168,169,172,173], but the last well-powered ASD GWAS, 

almost tripling the previous largest discovery sample with a cohort of more than 18,000 cases, 

was finally successful to report five loci with a small effect size associated with ASD [174]. 

Although this last study provides an important step towards understanding common variation 

in ASD, only five loci were identified as significantly associated with the disorder, and we are still 

far from gaining enough statistical power to identify a higher number of robust associations. 

Other psychiatric disorders that have achieved larger sample sizes, such as SCZ, have already 

surpassed 100 genome-wide significant risk loci [327]. 

Importantly, an issue when analysing GWAS results is to determine which are the causal variants 

among the ones identified. If the associated SNP is in a coding region and involves an amino acid 

change, the probability that it is causal is high. However, the majority of the detected tag SNPs 

are usually in non-coding regions and far from known genes. In our case, all SNPs detected in 

RBFOX1 significantly associated with a disorder are located in non-coding regions. These SNPs 

may have an impact in the regulation of the expression of genes situated in cis or trans, or simply 

mark the gene or genomic region and, indeed, other variants in LD with them would then be the 

causal ones [322].  

We also performed a gene-based analysis using MAGMA [328] to explore the contribution of 

common variants in RBFOX1 and in all members of the 14-3-3 gene family to several psychiatric 

disorders. MAGMA analysis consists of three steps: first, an annotation step to map SNPs onto 

genes using the 1,000 Genomes European Panel; second, a gene analysis step in which SNPs 

located within the transcribed region of the gene are considered to compute gene-wide p-
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values; and finally, an optional gene-set analysis in which a single p-value is calculated for a 

group of selected genes. 

We found nominal associations for four out of the seven 14-3-3 genes with several psychiatric 

disorders and associations with gene-wide significance for YWHAE with SCZ and CD-MA. We also 

performed a gene-set analysis including the seven genes of the 14-3-3 family but only a nominal 

association was found between the whole 14-3-3 gene family and SCZ. Although almost all the 

associations we found are nominal, which may be due to the lack of statistical power of the 

GWAS summary statistics used, these results are suggestive of a contribution to SCZ of common 

variants in the 14-3-3 gene family, and particularly in YWHAE. Indeed, a polymorphism 

(rs28365859) in YWHAE was previously associated with SCZ [211] and correlates with 

differences in brain morphology in SCZ patients [329,330]. 

RBFOX1 showed nominal associations with eight out of eleven several psychiatric conditions, 

obtaining gene-wide significance for MDD, risk tolerance, SCZ, and the CD-MA. Moreover, 

significant genes of the gene-based analysis for these four conditions were enriched in RBFOX1 

target genes (using the list of the 2499 genes targeted by the RBFOX1 protein previously 

described by Lee [233]). These results suggest a pleiotropic contribution of both the RBFOX1 

gene and some of its targets to psychiatric conditions. Again, in all our analyses, significance 

thresholds are only overcome for the disorders with a larger sample size, and significantly 

associated variants were not identified in the analyses with smaller samples. 

Finally, we aimed to analyse the contribution of common variation in BEX3 to psychiatric 

disorders but we experienced several issues. The majority of GWAS focus on autosomal variants 

only, and the sex chromosomes are not considered due to several technical problems: lower 

coverage, complications in genotype calling, analytical specificities, imputation and selection of 

test statistics [331]. We asked for the GWAS summary statistics of the ASD and SCZ GWAS meta-

analyses from the PGC [173,327] including chromosome X information, but no variant surpassed 

the suggestive threshold. As mentioned above, X chromosome genotyping is usually not well 

defined and has a low coverage, which was the case here. Also, it is important to consider X 

hemizygosity in males and X inactivation in females, which makes the analysis of the impact of 

genetic variants in the phenotypes more complicated [331]. All these factors had an influence 

on the the failure to identify BEX3 SNPs associated with ASD and SCZ. 

The problem of the “missing” heritability 

ASD and several comorbid disorders are highly heritable, as demonstrated in early family and 

twin studies. In the case of ASD, according to a recent meta-analysis, inherited genetic factors 
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account for around 64-91% of ASD liability [104]. However, genetic studies are still far from 

identifying all the specific genetic causes underlying this high heritability, and estimates vary 

across studies. ASD heritability would be defined by common and rare variation, however, only 

a small percentage of this expected heritability can be currently explained (Figure 20). Although 

common variation is predicted to account for a high percentage of ASD heritability, in the most 

powered GWAS study to date only few genetic loci were associated with ASD and the SNP-based 

heritability was calculated to be only 12% [174]. We should also consider that other common 

variants (CNVs or indels) may also explain part of the heritability of ASD, although their 

contribution has not been clearly quantified. The emergence of GWAS was thought to help 

explain the missing heritability in complex psychiatric and neurodevelopmental disorders, 

however, we are still far from explaining the genetic factors underlying the high heritability of 

these disorders. In future research, GWAS with larger samples or phenotype clustering of cases 

may help identify common variants and contribute to a better understanding of this missing 

heritability in ASD and comorbid disorders. 

Figure 20. Relative contribution of genetic factors to 

ASD liability. Although estimates vary across studies, 

here we tentatively represent the contribution of 

different genetic factors to ASD aetiology. Total 

heritability (82.7%, shades of green) has been 

estimated using familial recurrence from Bai et al. 

[332] and includes: common inherited variants 

(linkage disequilibrium score regression (LDSR)-

based SNP heritability from Grove et al., [174], 12%), 

rare inherited heritability ([111], 3%) and the 

currently unexplained additive heritability (67.7%). 

The remaining ASD liability (shades of purple) would 

include de novo variants, non-additive variation [205] and currently unaccounted factors. Here, de novo variation 

estimates include missense and protein-truncating variants [205] and variation in non-genic regions [333] but does 

not include de novo structural variants and tandem repeats, thus it may be lower-estimated. Adapted from Havdhal 

et al., 2021 [260]. 

 

2.1.3. Imaging study of a common variant in RBFOX1 

Functional magnetic resonance imaging (fMRI) is a useful tool to investigate the effect of genetic 

variants in brain circuitry related to psychiatric traits. In this thesis, the effect of a common 

variant (rs6500744; aggression risk allele: C) situated in the first intron of the RBFOX1 gene in 

brain circuitry implicated in emotion processing, fear conditioning and executive functioning 
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was explored using fMRI. Specific rare variants cannot be investigated using this technique with 

enough statistical power, and the selection of this specific common variant for the study was 

based on a previous association study that related the C-allele risk to aggressive behaviour, more 

precisely to conduct disorder symptoms [334].  

In a first approach with healthy volunteers, C-allele carriers showed an increased activity in the 

dorsal anterior cingulate cortex (ACC) in response to fearful and angry faces, and a reduced left 

dorsolateral prefrontal cortex (DLPFC) activity during tasks requiring cognitive control, 

compared to T/T carriers. Additionally, in a group of patients with panic disorder and 

agoraphobia, C/C carriers presented an increased fear expression and activation of ACC after 

fear conditioning and a reduced activation in the dorsal ACC and stronger fear reduction after 

the extinction training in a conditioning paradigm. Interestingly, these patients had significantly 

increased depression and anxiety scores and increased levels of RBFOX1 protein. Finally, in a 

larger group of subjects with panic disorder and agoraphobia, the C-allele was found to be dose-

dependently associated with the frequency of avoidance behaviour as shown in a behavioural 

avoidance task (BAT) assay [335], results that were in line with the patients’ clinical ratings of 

everyday life avoidance behaviour. 

These results suggest that C-allele carriers present an increased reactivity to emotional stimuli, 

given the role of ACC in integrating cognition with emotion [336–339], and in fear appraisal and 

expression [340–342]. C-allele carriers also show an altered activation of DLPFC, suggesting a 

deficient processing during cognitive and impulse control [343,344]. These differences in brain 

activation when processing emotion and during executive functioning may contribute to an 

increased risk for psychiatric disorders characterized by increased emotional reactivity (MDD), 

impaired impulse control (ADHD, ASD, addictions…) and aggression [345,346]. Importantly, 

these psychiatric conditions had already been associated with RBFOX1 in terms of common or 

rare variation. Finally, differences in the level of RBFOX1 protein expression in individuals with 

the CC-genotype with respect to the T-allele carriers also suggest a contribution of RBFOX1 to 

the phenotypical alterations observed. 

 

2.2.  Studying rare variation  

Next-generation sequencing at exome- or genome-wide scale, chromosomal microarray studies 

but also sequencing of target genes have helped to identify a high number of inherited and de 

novo rare variants that contribute to ASD and other mental disorders. In ASD, variants with large 

effect size are rare and contribute mainly to the most severe phenotypes, usually with comorbid 
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ID (Figure 21) [181]. Although the collective contribution of pathogenic rare variants seems to 

be more important in neurodevelopmental disorders, rare variation has also been identified in 

other psychiatric conditions with an early onset such as ADHD or schizophrenia, and, less 

frequently, in patients with mood disorders [347]. Indeed, Satterstrom et al. found a similar 

burden of rare protein-truncating variants in ASD and ADHD patients in an exome sequencing 

study of 13,000 individuals [348]. 

 

 

 

 

 

Figure 21. Contribution of common and rare 

variants to ASD. Toma, 2020 [181]. 

 

2.2.1. Whole-exome and whole-genome sequencing: identification of point mutations and 

CNVs 

In the last years, a huge number of sequencing studies have investigated the contribution of rare 

variants to mental disorders and different databases have been created to gather these 

increasing amounts of data and to make them publicly available. Some examples of these 

datasets are the Genome Aggregation Database (GnoMAD), the Geisinger Developmental Brain 

Disorders Database, ClinVar or DECIPHER. Also, the Broad Institute website offers data from 

case-control studies of psychiatric diseases, and the database of Genotypes and Phenotypes 

(dbGaP) includes data from a huge number of genetic studies linking variation in the genome to 

specific phenotypes and disorders. The first genetic studies in ASD focused on rare variants as 

they were initially considered the main contributors to ASD genetic liability. For this reason, the 

number of studies on rare variation are significantly higher in ASD compared to other mental 

conditions. In this thesis, we have used data from previous WES and WGS published studies and 

databases to analyse the contribution to ASD and comorbidities of rare variation in the 14-3-3 

gene family (Article 1), RBFOX1 (Article 3) and BEX3 (Article 5). 

Rare variants in the 14-3-3 gene family 

We investigated the impact of both rare (MAF < 0.01) and ultra-rare (MAF < 0.0001) variants 

reported in the 14-3-3 genes to ASD and SCZ using information from large datasets including 
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information from family-based and case-control studies, as well as our own European sample 

for the ultra-rare variants (URVs) analysis.  

Following the identification of rare variants in a sequencing study, it is important to estimate 

their pathogenicity using predictive tools (and, eventually, functional studies) in order to 

evaluate their possible contribution to the disorder. The selection of URVs to be analysed was 

based on their predicted pathogenicity using the Variant Effect Predictor annotation tool 

software, which provides information about the variant type and it calculates the probability of 

a variant to be damaging using both SIFT and PolyPhen-2. In addition, to analyse the contribution 

of rare variants to specific disorders, burden tests are usually performed. In our studies, we used 

burden tests to compare rare variation frequency in ASD or SCZ patients compared to controls. 

We found that only YWHAZ reached significance for a higher number of rare SNVs in SCZ. In the 

URVs analysis, given the relatively limited number of genetic variants found, data for the whole 

gene family were combined. URVs in the 14-3-3 genes were found to be three times more 

frequent in ASD patients than in controls and a significant burden of URVs was found in ASD 

patients when compared to controls – mainly due to a splice variant in YWHAE found in four 

unrelated ASD probands. For SCZ, no significant burden was detected. 

Our results suggest that URVs are more frequent in ASD patients than in controls. Ultra-rare 

variants are usually more pathogenic, as natural selection limits their frequency, and they have 

been usually described in patients with neurodevelopmental disorders and severe phenotypes 

[181]. In our study, the same URV was found in YWHAE in four unrelated patients. This gene 

plays an important role in neuronal morphogenesis [208,349], and knockout mouse studies have 

shown that the loss of YWHAE function leads to defects in brain development, neuronal 

migration and behaviour, showing defects in working memory, anxiety-like behaviour and 

hyperactivity [211,221,223]. Indeed, microduplications of this gene were reported in ASD 

patients and microdeletions involving both YWHAE and PAFAH1B1 cause Miller-Dieker 

syndrome, a neurodevelopmental disorder with severe cognitive impairments [350–354]. 

We also found rare SNVs to be more frequent in YWHAZ in SCZ cases than in controls. 

Interestingly, a mouse model with YWHAZ deficiency presents hippocampal alterations and 

behavioural and cognitive problems, including disrupted sensorimotor gating, that are related 

to psychiatric disorders and more precisely to SCZ [220,222]. Moreover, 14-3-3(encoded by 

YWHAZ) interacts with the Disrupted-in-Schizophrenia 1 (DISC1) protein, an important 

schizophrenia risk factor [220,222]. These findings suggest that damaging variants in YWHAZ 

may affect protein function and interaction leading to a schizophrenic phenotype. Finally, some 

14-3-3 proteins, are especially enriched in synapses, where they interact with pre-synaptic 
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proteins, regulate transmission and plasticity [355]. Although rare variants are less frequently 

described in SCZ compared to ASD, exome sequencing studies have found de novo protein-

disrupting variants to be enriched in synaptic genes, genes involved in glutamate signalling and 

in cytoskeletal pathways [356,357]. 

Copy number variants in RBFOX1 

An exhaustive literature search was performed using PubMed to gather all available information 

about CNVs spanning RBFOX1 in patients and controls when possible. We identified CNVs in 

patients diagnosed with ADHD, ASD, BD, OCD, SCZ, TS or multiple mental disorders/traits. The 

vast majority of the reported CNVs were found in ASD patients (112 CNVs), but also in SCZ 

patients (24 CNVs), and spanned RBFOX1 specifically. These results are in line with the higher 

contribution of rare variation to neurodevelopmental disorders compared to other psychiatric 

disorders, in which common variation seems to have a higher contribution. Indeed, they point 

to a higher contribution of RBFOX1 rare variants to ASD and SCZ than to other psychiatric 

disorders. Nevertheless, it is important to consider that CNVs studies are more commonly 

performed in ASD patients than in other disorders due to previous findings suggesting a strong 

implication of rare variants in neurodevelopmental disorders, which may bias our results. 

CNVs were also found in some control individuals, but RBFOX1 CNVs are 2.3 times more frequent 

in cases than controls, and 5 times more frequent in ASD patients than in controls. Burden tests 

could only be performed for few studies, as in the majority of them CNVs in patients were not 

investigated. More information about CNVs in controls and in patients diagnosed with 

psychiatric disorders would be necessary to better assess the contribution of CNVs to these 

disorders. 

Rare variants in the BEX/TCEAL gene family 

We first investigated the presence of rare variants in the BEX3 gene by exploring several WES 

datasets but we could not find any SNV reported in ASD or SCZ patients surviving quality filters, 

nor CNVs spanning BEX3 specifically, although this could be due to the small size of the gene or 

to a negative selection of variants that may have a strong effect. However, we found several 

reported CNVs spanning various BEX/TCEAL genes in patients with severe neurodevelopmental 

impairments. First, a duplication spanning BEX3, TCEAL4, TCEAL9, and RAB40A genes was 

reported in a patient with ASD (Decipher database, ID: 290829).  Also, an inherited duplication 

spanning a region containing the whole BEX gene family and some TCEAL genes was reported in 

a patient with infantile spasms, a specific type of epileptic encephalopathy associated with 

severe developmental disabilities [358]. Finally, several Xq22 deletions that affect BEX3 and 
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some other BEX/TCEAL genes were reported in patients diagnosed with severe early-onset 

neurological disease trait (EONDT) or general severe neurological impairments [250–252]. These 

reported CNVs point to an important role of BEX3, but also other BEX/TCEAL genes, in 

neurodevelopment and associated disorders. We hypothesize that BEX/TCEAL genes 

dysfunction may contribute to severe neurodevelopmental phenotypes. 

 

2.2.2. Mutational screening of BEX3 and the 14-3-3 gene family 

Mutational screenings can be performed in patient samples to specifically explore the presence 

of rare variants in candidate genes. In this thesis, we used our European ASD sample composed 

of 288 patients (182 Spanish, 94 Dutch, 12 Germans) to investigate the presence of rare variants 

in the 14-3-3 genes and in BEX3. 

BEX3 is a relatively small single-exon gene and, therefore, the mutational screening was 

performed by Sanger sequencing: including the coding region, 5’ upstream sequence and 3’UTR 

(chrX:103,375,910-103,378,077). However, no rare variants were found in our ASD patients, 

which is in line with the literature search results discussed above. In our 14-3-3 screening, high-

throughput sequencing was performed using the Ion Torrent platform and 57 tagged-primer 

pairs. Sequencing covered 96.3% of all coding exons across the 14-3-3 gene family, including the 

splice sites and part of the 5’ and 3’ untranslated regions (UTR). Nine rare variants were found 

and subsequently validated by Sanger sequencing. Pathogenicity was predicted using SIFT and 

Polyphen2 tools: two variants were predicted to be deleterious and were found in SFN in the 

same patient together with a third variant predicted to be benign. All of them were inherited 

from the same maternal chromosome (Article 1). 

 

2.2.3. Functional characterization of rare damaging variants 

Following the discovery of rare variants predicted to be damaging, it is important to perform 

functional studies to characterise the effect of these variants in protein or gene function and, 

therefore, in the phenotype. In this thesis, we have performed a series of functional in vitro 

studies to characterize the effect of predicted damaging variants in the YWHAZ and SFN genes 

and to evaluate their contribution to ASD in these patients (Article 1). 

In a previous study of the group, a frameshift variant (c.659-660insT, p.L220Ffs*18) in the 

YWHAZ gene, inherited from a mother with depression, was identified at heterozygosity in two 

siblings diagnosed with ASD and ADHD [227]. YWHAZ encodes 14-3-3 , that forms heterodimers 
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with 14-3-3 and exerts its function binding to different proteins such as tyrosine hydroxylase 

(TH), an enzyme that is essential for DA synthesis [359,360]. Using surface plasmon resonance, 

the truncating mutation identified in YWHAZ was found to prevent the mutated 14-3-3  to bind 

the phosphorylated serine 19 of TH. 14-3-3 proteins are molecular chaperones that help other 

proteins to fold properly. Thus, an impaired interaction between 14-3-3  and TH may have 

implications in dopamine synthesis, a key neurotransmitter involved in diverse cognitive and 

executive functions and previously related to ASD and SCZ [102,361]. We also explored the 

capacity of dimerization of the mutated 14-3-3  using Bioluminescence Resonance Energy 

Transfer (BRET) assays in HEK 293T cells. We found that YWHAZ truncating mutation impaired 

protein dimerization with 14-3-3 , which may explain the impossibility to bind to TH, previously 

described, and probably to other proteins. Therefore, an impaired dimerization of 14-3-3  may 

have implications in important neurological pathways and lead to the onset of 

neurodevelopmental disorders.  

We also explored the effect of the three mutations (two of them damaging) found in the SFN 

gene, encoding 14-3-3 , in an ASD patient. Using a BRET assay, we found that the 14-3-3  

mutant protein was still able to form homodimers. Even though these results suggest that these 

rare variants in SFN do not impact dimerization, they may affect protein binding. We wanted to 

explore the effects of these mutations in 14-3-3  binding with Dual Specificity Tyrosine 

Phosphorylation Regulated Kinase 1A (DYRK1A) protein, a previously described interactor [362–

365] strongly related with neurodevelopmental disorders and ASD [366,367]. However, DYRK1A 

and 14-3-3  binding is a transient interaction that may only occur in specific moments. Thus, 

we were not able to detect the interaction between DYRK1A and WT 14-3-3  using a BRET 

assay, and could not explore the effects of these mutations in this protein-protein interaction. 

Importantly, we should consider that all these functional studies were performed in vitro to 

model a living system. These models can be used as a first approach to analyse the functional 

effects of specific mutations but present limitations, as they do not represent the real situation 

in a living organism in which other parameters may modulate or contribute to the observed 

effects. 

 

2.3. Transcriptomic data 

Microarray technology has been widely used to analyse gene expression in specific samples or 

tissues. More recently, RNA sequencing technology (RNA-seq) emerged as an attractive 

alternative due to its higher specificity and sensitivity and its ability to detect novel transcripts. 
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Both approaches allow obtaining information about gene expression in postmortem brain 

samples and analysing possible differences between patients and controls [368,369]. First 

criticism in the field regarded rapid degradation of RNA and long postmortem intervals, factors 

that would affect RNA quality. However, optimized protocols have been successful in obtaining 

high quality RNA. Nevertheless, other limitations of postmortem samples may have affected our 

results, such as variability in the interval between death and the collection of the sample, cause 

of death and agonizing state of the individual. Postmortem transcriptomic data give us 

information about the genetic profile of patients with a given disorder. This presents an 

advantage when compared to in vitro cell culture and animal models, as several studies have 

pointed to a specific human gene expression profile, different from other species [370,371]. The 

increased interest in transcriptional profiles of the human brain in different psychiatric disorders 

led to the creation of huge datasets such as the Gene Expression Omnibus (GEO), a public 

functional genomics data repository. 

In this thesis, we have collected publicly available data from published articles and the GEO 

database about gene expression in postmortem brains of ASD and SCZ patients. We aimed to 

analyse possible changes in the expression of the 14-3-3 gene family (Article 1), RBFOX1 (Article 

3) and BEX/TCEAL gene families (Article 5) in patients with these disorders. We first reviewed all 

the studies reporting significance differential gene expression (DGE) and, in the case of the BEX 

and TCEAL gene families, we also calculated the enrichment of differential gene expression using 

a hypergeometric test. 

We found that several studies had reported a decreased RBFOX1 expression in cortex in ASD 

patients and in different brain areas in SCZ patients, although only differences found in three of 

the studies overcame the 10% false discovery rate (FDR) significance threshold: two studies in 

ASD and one study in SCZ patients. FDR is a multiple testing correction that calculates the 

proportion of false positives among all the positive results obtained and readjusts the 

significance threshold. In the case of 14-3-3 genes, we found a decreased expression of YWHAB, 

YWHAE, YWHAH and YWHAZ in both ASD and SCZ patients and an increased expression of SFN 

in both disorders. Also, YWHAQ showed a decreased expression only in ASD patients. All these 

differences overcame a 10% FDR significance threshold and were not tissue-specific, as they 

were observed in different brain areas. Finally, we found that all BEX/TCEAL genes were 

downregulated in ASD and SCZ patients in different brain regions, and in many cases this 

differential gene expression overcame FDR correction. In addition, BEX genes were significantly 

enriched among the differentially expressed genes in most datasets. In summary, 
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downregulation of all these candidate genes in ASD and SCZ patients suggests their implication 

in these early-life onset neurodevelopment disorders. 

 

3. Animal knockout models of ASD and comorbidities 

Animal models offer preclinical tools that help to get more insight into the genetic and molecular 

mechanisms underlying neurodevelopmental disorders. Although mice have always been the 

most popular animal models in medical research, in the last years the zebrafish has emerged as 

an alternative powerful model (for more details, see chapter 3 of the Introduction section). In 

this thesis we have used mouse and zebrafish models to investigate the role of YWHAZ, RBFOX1 

and BEX3 in ASD and psychiatric disorders using behavioural, molecular and imaging 

approaches. 

 

3.1. YWHAZ models 

Previous studies had investigated the role of the 14-3-3 genes, and more precisely YWHAZ, in 

neurodevelopment using KO mouse models [220,222,226]. To further explore the contribution 

of YWHAZ to neurodevelopmental and psychiatric disorders, in this thesis we studied the role of 

ywhaz in nervous system development, neuronal activity, neurotransmission and behaviour in 

zebrafish (Article 2).  

First, ywhaz KO larvae present differences y neuronal activity and connectivity (results that will 

be further discussed in the following section) that may be due to impaired neurogenesis, 

neuronal migration and synaptogenesis caused by ywhaz deficiency. We also observed pan-

neuronal expression of ywhaz during zebrafish developmental stages, which suggests a major 

role of ywhaz in neurodevelopment.  

In WT adult fish, ywhaz expression was restricted to Purkinje cells in the cerebellum, a region 

that shows alterations in autistic patients [372]. We found that ywhaz KO adults displayed 

decreased levels of DA and 5-HT in the hindbrain, the area where ywhaz is specifically expressed. 

We also observed that ywhaz KO adult fish freeze when exposed to novel stimuli, a phenotype 

that was reversed with fluoxetine and quinpirole, drugs acting on 5-HT and DA 

neurotransmission. A previous study in Ywhaz KO mice with Sv/129 background reported 

alterations in DA function and SCZ-like behavioural defects such as hyperactivity and a disrupted 

sensorimotor gating [220]. Another study was performed in Ywhaz KO mice with a different 
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background [222] and some phenotypical differences were reported between the two KO 

models. However, both of them present learning and memory deficits related to anatomical and 

synaptic defects found in the hippocampus [220,222]. Importantly, social behaviour was not 

tested in these models and, therefore, a relation with ASD phenotype could not be assessed.  

5-HT plays an important role during brain development by regulating trophic factors and activity-

dependent plasticity; it modulates cell division, differentiation, neurite outgrowth and 

synaptogenesis [373]. It also modulates a wide spectrum of behaviours such as sensory 

processing, cognition, social interaction and anxiety [97]. Alterations in the 5-HT system may 

affect neurodevelopment and result in neurological and psychiatric disorders. Indeed, ASD and 

SCZ patients present alterations in 5-HT levels and in the density of 5-HT receptors across brain 

areas [97,373,374]. In addition, DA is involved in reward and motivation through the 

mesocorticolimbic pathway. It has been demonstrated that ASD is characterized by 

hypoactivation of this reward system [375,376], and patients present deficits for both social and 

non-social rewards [285,377]. We hypothesize that the decreased level of monoamines 

observed in ywhaz KO could lead to an impaired reward motivation, cognition and sensory 

processing, which would contribute to the neophobic freezing response of mutants.  

All these results suggest that YWHAZ plays an important role in neurodevelopment and its 

impaired function may lead to altered brain activity and connectivity during development with 

further implications in the adult phenotype. YWHAZ deficit seems to affect monoamine 

signalling and leads to ASD and SCZ-like behaviours, pointing to a role of this gene in the onset 

of neurodevelopmental disorders. Interestingly, phenotypical differences observed between the 

two Ywhaz KO mice lines suggest a role of the genetic background in modulating the 

phenotypical outcome of Ywhaz loss of function. 

 

3.2. RBFOX1 models 

In this thesis we used both mouse and zebrafish models to investigate the RBFOX1 contribution 

to psychiatric and neurodevelopmental disorders (Articles 3 and 4). 

First, we found that during developmental stages, rbfox1 presents a pan-neuronal expression in 

WT zebrafish. These results are in line with previous findings in mouse and cell models that 

suggest a major role of this gene in neurodevelopment, regulating the splicing and expression 

of large gene networks implicated in neuronal development and maturation and controlling 

synaptic transmission [232,245,378].  
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In addition, to explore the effects of RBFOX1 deficiency in behaviour, behavioural tests were 

performed in both mice and zebrafish KO models. A neuron-specific Rbfox1 KO mouse line was 

generated to explore the behavioural consequences of a decreased Rbfox1 expression (Article 

2). KO mice showed a pronounced hyperactivity in the open field, light dark box and marble 

burying tests, thigmotaxis and stereotypic-like behaviour, deficit in the acoustic startle response 

without impairment in sensorimotor gating, a reduced social interest and lack of aggressive 

behaviour. Interestingly, both heterozygous KO mice (HET-KO) and homozygous KO mice (HOM-

KO) showed impairments in fear acquisition and extinction in the auditory cued fear conditioning 

test, although HET-KO present a milder phenotype. These results show that Rbfox1 KO mice 

present behavioural alterations that can be related to neurodevelopmental disorders such as 

ASD and ADHD. Interestingly, previous studies in mice showed that specific Rbfox1 deficiency in 

the central nervous system leads to impaired neuronal migration, axon extension, dendritic 

arborisation and synapse network formation [231,233,379]. These previous findings, together 

with the behavioural alterations we reported in our study, suggest that loss of Rbfox1 function 

contributes to the pathophysiology of neurodevelopmental disorders. 

Finally, we also reported behavioural alterations in two different rbfox1 KO zebrafish lines. We 

found that rbfox1sa15940 mutants present hyperactivity, anxiety-like behaviour, a decreased 

freezing behaviour, higher levels of aggression and an altered social behaviour, compared to WT 

TL fish. On the other hand, rbfox1del19 mutants present a similar thigmotaxis behaviour, but 

stronger alterations in social behaviour and lower levels of hyperactivity than rbfox1sa15940 fish; 

and, contrary to rbfox1sa15940 fish, rbfox1del19 mutants do not show an aggressive behaviour. 

Interestingly, both zebrafish KO lines present alterations in behaviour that can be assimilated to 

ASD and ADHD symptoms, although the genetic background seems to modulate the effect of 

rbfox1 deficiency on the behavioural phenotype. In addition, we found that rbfox1 shows a 

restricted expression in adult forebrain areas, including telencephalon, hypothalamus and 

thalamus, regions that play an important role in receiving and sensory processing, stress, and in 

directing behaviour, especially social behaviour and emotion [380–383]. These results suggest 

that rbfox1 deficiency affects forebrain function and contributes to the reported behavioural 

alterations. 

In summary, all RBFOX1 deficiency models present hyperactivity, thigmotaxis and reduced social 

interests, which are ASD- and ADHD-like symptoms. Other behavioural alterations are reported 

to be specific of one or two of the mutant lines, but in all cases the changes observed in both 

mice and zebrafish models of RBFOX1 deficiency can be assimilated to phenotypical alterations 

present in patients with psychiatric conditions such as ADHD or ASD. These results validate all 
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these KO lines as models for psychiatric disorders and point to RBFOX1 pleiotropic effects in 

mental disorders.  

 

3.3. BEX3 model 

The involvement of Bex3 in neurodevelopment and related disorders was also assessed in this 

thesis. First, Bex3 was found to be highly and widely expressed during mouse development. 

Then, morphological, behavioural and molecular alterations were assessed using two Bex3 KO 

mutant mice lines: Bex3Δ(24–72) and Bex3KO (Article 5). Homozygous mutant mice showed subtle 

alterations in skull morphology and brain size, with a reduced cortical and cerebellum size and 

enlarged ventricles. Importantly, enlargement of brain ventricles is a common feature of 

neurodevelopmental disorders [384–386]. A series of behavioural alterations was also common 

to both KO lines: repetitive behaviour events, social impairment, impaired sensorimotor gating, 

and a decreased alternation in the Y-maze test. Cognitive impairment was more severe in the 

Bex3KO, as these mice showed a lower performance in the object recognition memory test and 

the passive avoidance test. All these behaviours can be related to ASD and SCZ traits: repetitive 

behaviours, social impairment, a search for “sameness”, sensorimotor dysfunction and cognitive 

deficits. 

Adult Bex3-deficient mice also present a reduced number of cortical and subcortical inhibitory 

interneurons, particularly in the hippocampal CA2 region of Bex3KO mice, and alterations in the 

excitation/inhibition (E/I) balance due to a strong decrease in inhibitory synaptic transmission 

in this same region. These morphological and electrophysiological alterations can explain the 

reported behavioural alterations, as an impaired social interaction and learning has been 

associated with an altered CA2 hippocampal circuitry [387,388]. Interestingly, Rbfox1 deficiency 

in mouse brain leads also to an altered synaptic transmission and E/I imbalance [232,378]. 

Indeed, E/I imbalance has been reported to contribute to ASD pathophysiology [389,390], and 

therefore, it might explain ASD-like behaviours in both Rbfox1- and Bex3-deficient animals. 

Finally, alterations in the phosphorylation of mTORC1 and mTORC2 readouts were reported, 

which suggests mTORC2 hyperactivation as a possible molecular consequence of Bex3 

deficiency. BEX3 protein interacts with the TSC1/TSC2 complex, essential for the regulation of 

the mTOR signalling cascade [391], a pathway described to be disrupted in monogenic 

neurodevelopmental diseases, such as syndromic ASD [392], but also in psychiatric disorders 

such as SCZ or MDD [393,394]. Given the involvement of mTOR signalling cascade in 

neurogenesis and neuronal excitability, we hypothesize that Bex3 deficiency produces a 
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dysregulation in mTOR pathway and, consequently, contribute to the observed alterations in E/I 

balance and behaviour in Bex3 mutant mice. 

 

3.4. Mouse models of comorbid ASD and ADHD 

We recently reviewed all transgenic mouse lines reported in the Jackson database presenting 

both ASD and ADHD-like behaviours (see the corresponding manuscript in Annex). We found 27 

lines that present both hyperactivity and ASD-related symptoms such as impaired sociability, 

repetitive motor behaviours, communication impairments, cognitive rigidity or altered nest 

building behaviours. In all these lines, a single gene was knocked out and, thus, the behavioural 

alterations observed were due to the deficiency of this gene. The majority of these genes are 

listed in the SFARI database as genes implicated in ASD susceptibility, and some of them were 

previously related to ADHD in patients. Also, the group of 27 genes knocked out in these lines 

was enriched in genes that participate in regulation of synapse structure and activity, locomotor 

behaviour and cognition, traits that are disrupted in ASD and ADHD. Interestingly, a recent study 

performed in mice found that overexpression of different variants of SHANK2, one of the genes 

we reported in our review, lead to different alterations in synaptic function and behaviour, 

reproducing an ASD-like or an ADHD-like phenotype depending on the overexpressed variant 

[395]. These results suggest that genetic variation can affect differently gene and isoforms 

expression and lead to distinct psychiatric-like phenotypes. 

In addition, we found that the majority of these transgenic lines show several behavioural 

alterations that add to those related to ASD or ADHD, with reminiscences to SCZ or MDD. For 

the other seven lines, only ASD- and ADHD-related behaviours were reported, although this 

could be due to an incomplete behavioural testing and not to the absence of these behaviours 

in the KO mice. The co-occurrence of distinct psychiatric-related behaviours reported in these 

mice lines suggest a pleiotropic contribution of these genes to psychiatric disorders, pleiotropy 

that is modulated by other genetic and environmental factors. 

 

3.5. Benefits and limitations of animal KO models 

Although KO models are widely used to investigate the implication of a given gene in psychiatric 

disorders, they present several disadvantages [396]. First, in some cases inactivating genes that 

are essential to normal function leads to lethality during development. In this case, a possible 

solution is using conditional mutations that are specific of a given tissue or cell type or that are 
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limited in time, which was done in the case of Rbfox1 KO mice. Second, full KO models are useful 

to study the function of a gene but do not represent exactly how variants in this gene with 

smaller effects may affect the phenotype. As mentioned before, the genetic basis of psychiatric 

disorders is usually formed by several variants with individual mild additive effects that act in 

combination. For this reason, it is also interesting to analyse HZ phenotypes, which mimic the 

effect of a partial downregulation of the gene. For this reason, Bex3, Rbfox1 and rbfox1 HET 

phenotypes were evaluated in our studies. Finally, in some cases KO of a single gene may not 

have any visible effect in the phenotype, or it may produce a phenotype different to the one 

expected. We should consider that in complex disorders the additive effect of variants in 

different genes is what gives rise to the phenotype. Moreover, in all our studies the genetic 

background has been reported as an important factor, similar to what occurs in humans, as 

variants in genes different from the one studied may contribute to the final phenotype. Further, 

compensation mechanisms may occur to balance the effects of the missing gene. 

 

4. Inspecting brain activity and connectivity in zebrafish 

models 

In the last years, the advances in fluorescence microscopy and the development of sensitive 

genetically encoded calcium indicators have converged to the development of whole-brain 

imaging, a recent non-invasive technique that permits obtaining in vivo recordings of the activity 

of single neurons in zebrafish larvae. Zebrafish larvae have the interesting advantage of being 

transparent and having a small size that allows exploration of the activity of single neurons in 

the whole brain in vivo [306,310].  In this thesis, we aimed to analyse the effect of ywhaz and 

rbfox1 deficiency in neuronal activity and connectivity. To do so, we set up a whole-brain 

imaging protocol to analyse differences in neuronal activity between WT and mutant zebrafish 

larvae from our ywhaz and rbfox1 KO lines. In the following sections I will discuss about the 

issues we experienced during the setup, as well as the results obtained. 

 

4.1. Steps followed in the setup of the analysis 

Creation of KO transgenic lines expressing GCaMP6s 

To perform calcium brain imaging, larvae have to be completely transparent and express a 

calcium marker that allows detection of neuronal activity. An interesting advantage of calcium 
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indicators is that they enable to detect action potentials without the need of a high temporal 

resolution, as calcium transients have slower kinetics. In the last decades, a high number of 

genetically encoded calcium indicators (GECIs) have been developed with the interesting 

advantage of targeting specific cellular populations, the GCaMP family being the most used for 

in vivo recordings [397,398]. GCaMPs consist on a circularly permuted enhanced green 

fluorescent protein (cpGFP) linked to the calcium-binding protein calmodulin (CaM) and the 

CaM-binding peptide M13. The CaM/M13 complex is situated close to the chromophore inside 

cpGFP. In neurons, action potentials cause a rise in calcium concentration in the cytosol that 

produces conformational changes in the CaM/M13 complex and lead to an increase in 

fluorescence intensity (Figure 22A). This increase in fluorescence is reversed when calcium is 

subsequently pumped out from the cytosol [399]. Genetic engineering contributed to the 

optimization of the sensitivity and kinetics of the different GCaMPs markers and led to the 

development of the family of ultra-sensitive markers GCaMP6 [304,398].  

 

Figure 22. GCaMP6s albino zebrafish line. A) GCaMP markers are formed by a circularly permuted enhanced green 

fluorescent protein (cpGFP) linked to the calcium-binding protein calmodulin (CaM) and the CaM-binding peptide 

M13. Calcium-dependent conformational changes in the CaM/M13 complex lead to a reversible increase in cpGFP 

fluorescence intensity. B) On the left, AB wild-type (WT) zebrafish, that present pigmentation both in larval (3dpf) 

and adult stages. On the right, albino (slc454a2 knockout) zebrafish that present no pigmentation during early larval 

stages (3dpf) and lack of melanin in adult stages. Adapted from Broussard et al., 2014 [399] and Antinucci and 

Hindges, 2016 [400]. 

In this work, to obtain transparent transgenic lines that are deficient in our candidate genes and 

express a calcium marker, we performed several crosses between albino fish expressing 

GCaMP6s pan-neuronally and KO fish for our candidate genes ywhaz and rbfox1. Compared to 

other GCaMP versions, GCaMP6s exhibits an excellent signal-to-noise ratio and presents a long 

half-decay rate that is ideal to measure action potentials at our frame rate, which is 1 Hz, as the 

whole brain is scanned once per second [398]. In addition, in zebrafish several cell populations 
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produce pigments that interfere with the optical accessibility to tissue while using microscopy. 

In this work, to reduce zebrafish skin pigmentation, we used a transgenic line deficient in the 

slc45a2 gene, called albino line, in which melanin production is reduced and therefore the 

optical transparency is increased  (Figure22B) [400,401]. 

 Set up of light-sheet microscopy recordings 

For the recordings, it was necessary to immobilise larvae to prevent movements. Tricaine 

(MS222) is used to immobilise zebrafish larvae in some contexts and present the advantage of a 

reduced economic cost. We used tricaine during the set up optimization, however, it was not 

useful for the final experiments as it is an anaesthetic that decreases neuronal activity. For the 

final experiments, we used α-bungarotoxine, a drug widely applied in imaging experiments with 

zebrafish larvae that produces paralysis by irreversibly blocking nicotinic acetylcholine receptors 

in the neuromuscular junction. Once we optimized the dose and time of paralysis with α-

bungarotoxine, we adapted the light-sheet microscope objectives and refined the recording 

parameters – number of planes, frame rate, brain coverage and laser power. We also created a 

personalized plastic chamber with a plastic tube of a specific diameter in which larvae could be 

contained during the whole recording without moving. A limitation of our brain imaging 

recordings was the impossibility to record ventral brain areas with high resolution due to 

technical limitations of the set up. 

Movement correction 

Once the recordings of all the genotypes were obtained, we created a pipeline to correct the 

movement of the videos in which larvae presented a slight rotation throughout the recording. 

This slight rotation may be due to a smaller size of the brain in these fish, which may not fit 

properly in the plastic tube. We managed to correct almost all the recordings of WT and ywhaz 

fish, which allowed us to perform the subsequent analysis. However, the rotation was stronger 

in almost all rbfox1 larvae, which may reflect differences in brain size probably related to an 

impaired brain development, and prevented us to continue with the analysis. 

Detection of neurons, extraction of fluorescence traces and deconvolution 

Several methods exist to detect neurons from calcium imaging recordings, some are based on 

automatic segmentation or morphology and others are based on fluorescence variations, the 

latter being more accurate. After unsuccessfully detect neurons with a pipeline based on 

neuronal morphology [402], we finally adapted a CaImAn pipeline [403] to detect single neurons 

and deconvolve their activity from the GCAMP6s indicator dynamics. This approach relies on a 

constrained nonnegative matrix factorization method (CNMF) [404] that expresses the 
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spatiotemporal fluorescence activity as the product of a spatial matrix, that encodes the location 

of each neuron, and a temporal matrix, that reflects the calcium concentration of each neuron 

over time. Several parameters should be considered to deconvolve neuronal activity from 

fluorescence traces, some that are related to the characteristics of the recordings, such as time 

and shape of fluorescence decay, bleaching, or size of neurons, and other related to 

computation capacity, such as lack of RAM memory. Once single-cell activity was extracted, we 

designed a MATLAB pipeline to manually apply a mask to each plane of the recording in order 

to avoid detecting artefacts outside the brain area. 

Analysis of brain activity and connectivity 

The last steps of the analysis involved Netcal (www.itsnetcal.com), a software we used to obtain 

neuronal activity and network dynamics statistics, and the Volume Segmenter, a MATLAB tool 

that was used to manually determine the different brains to be analysed. Importantly, Netcal 

allowed us to investigate not only single-cell activity, but also collective burst activity, a pattern 

that has a relevant role during early development. Also, several Advanced Normalization Tools 

(ANTs) exist to define brain areas in a recording based on a reference atlas, tools that are widely 

used in human MRI studies. However, we could not find ANTs that properly fit to our zebrafish 

data and we finally used the previously mentioned MATLAB tool and the Z-brain atlas as a 

reference (engertlab.fas.harvard.edu/Z-Brain/) to manually define the areas. Unfortunately, two 

of the five brain areas presented a low number of neurons in the majority of the individuals, 

which prevented us to perform the corresponding analyses there. Compared to other similar 

studies, our neuronal activity and connectivity analysis is more exhaustive, an aspect that will 

be discussed in the 4.4. section. 

 

4.2. The ywhaz model 

The analysis of our whole-brain imaging recordings in WT and ywhaz KO larvae, created by 

CRISPR/Cas9 engineering, revealed an altered hindbrain spontaneous neuronal activity and 

functional connectivity in KO animals (Article 2). Specifically, our results point to a higher 

clustering and more effective connectivity in the cerebellum of KO fish, and to the presence of 

more isolated neuronal communities in the medulla oblongata of KO fish, which generates a 

lower collective burst activity and synchrony in this area. We hypothesize that these alterations 

in neuronal activity in specific areas might be due to an aberrant neuronal migration and 

synaptogenesis. Interestingly, Ywhaz KO mice present developmental abnormalities in specific 

brain areas, impaired neuronal migration and synaptic formation as well as reduced synaptic 
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density [220,222]. Also, early spontaneous synchronized burst activity is essential for the correct 

assembly of neural circuits during development, not only in mammals but also in zebrafish, as it 

influences neurogenesis, neuronal migration, synaptogenesis, apoptosis and myelination 

[65,405,406]. Importantly, spontaneous neuronal connectivity changes over development in 

zebrafish, showing a peak around 5-6 dpf [407], the age at which our analyses were performed. 

It has been demonstrated that an asynchronized activity during early development may disturb 

subsequent developmental mechanisms leading to miswiring and thus contribute to the onset 

of psychiatric conditions [65]. For this reason, we hypothesized that the reported alterations in 

hindbrain connectivity during larval stages may lead to long-term alterations in brain function.  

 

4.3. The rbfox1 model 

Unfortunately, we experienced issues when trying to correct movement in the recordings of the 

rbfox1 line and, therefore, we need to readapt the pipeline to solve this problem. We 

hypothesize that rbfox1 larvae have a smaller brain size, which would explain that larvae rotate 

more than WT and ywhaz larvae in the plastic tube during the recording. In mammals, RBFOX1 

is involved in neuronal migration and synapse network formation during corticogenesis [231], 

therefore, rbfox1 deficiency in our zebrafish model may lead to impairments in neuronal 

migration during development and to differences in brain size. However, a proper analysis 

should be performed to confirm this hypothesis.  

We also observed a high mortality among rbfox1 mutants during the recordings, significantly 

more frequent than among WT and ywhaz KO fish. Interestingly, before brain death we observed 

a depolarization wave that lasted several minutes, started in specific lateral areas of the 

hindbrain and then spread all over the brain. RBFOX1 deficiency has been related to an E/I 

imbalance, and especially to an increase in neuronal excitability [232,378]. Also, rare exonic 

deletions in RBFOX1 have been described in patients with idiopathic generalized epilepsies (IGE) 

[408]. We therefore hypothesize that rbfox1 deficit may cause an increased neuronal excitability 

in zebrafish larvae and lead to this seizure-like depolarization wave in some individuals. 

 

4.4. Benefits and limitations of whole-brain imaging 

Calcium brain imaging is a non-invasive technique that emerged recently and allows in vivo 

analysis of broad patterns of activity with a single-cell resolution and without neuronal damage.  

Interestingly, this technique bridges the gap between fMRI and electrophysiological techniques. 
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In zebrafish, larvae transparency and small size allows recording of neural activity of the whole 

intact brain. In mammals, the scan of the whole brain is not possible but some techniques such 

as thinned-skull, cranial windows or microendoscope preparations allow to analyse neuronal 

activity in specific brain areas leaving the cells under study unperturbed [409,410]. This 

represents an important advantage compared to other electrophysiological methods that need 

electrode implantation and an invasive surgery. In addition, the use of GECI markers allows 

selective sampling of cellular subsets: all neurons in our case, but it is also possible to target 

subsets of neurons or other cellular types such as glia using different promoters [411].  

Another advantage of this technique is the possibility to analyse single-cell activity and 

connectivity and observe thousands of neurons simultaneously in vivo. In humans, fMRI allows 

to detect differences in brain activity and functional connectivity, however, measures are based 

on oxygen levels, not in real neuronal activity, and do not permit the analysis of single cells but 

only of wide areas. Compared to fMRI, whole-brain imaging in animals allow a more refined 

analysis of brain activity and stands as a powerful tool to investigate neuronal correlates of 

psychiatric disorders in animal models. 

In the last decade, whole-brain imaging has become a useful technique to investigate neuronal 

correlates of motor activity and response to stimuli in zebrafish but, only very recently, it has 

started to be used to analyse the effect of candidate genes in neuronal activity. To our 

knowledge, only two other studies to date have explored the effect of the deficiency of a given 

gene in neuronal circuitry [312,313]. Compared to these previous studies, we have performed a 

more comprehensive analysis of both neuronal single-cell and burst activity as well as 

connectivity within brain areas. In the study from Reichmann et al. [313], only 10 planes of the 

whole brain were scanned (we scanned 60) and single-cell activity was not analysed, only 

generalized fluorescence of defined brain areas, and therefore detailed information about 

spikes, firing, burst activity and detailed network connectivity was not available. In the study 

from Light et al. [312], although the analyses performed were more comprehensive (they 

analysed brain activity at different post-fertilization days), they only scanned 12 planes of the 

whole brain and therefore were only able to detect around 2,000 neurons, while we detected 

up to 15,000 neurons in some individuals, and did not analyse differences between brain areas. 

Nevertheless, a limitation of our study was the impossibility of scanning ventral areas of the 

brain due to a lack of resolution. It would have been interesting to analyse neuronal activity in 

deep ventral nuclei involved in dopaminergic and serotoninergic transmission and relevant in 

psychiatric disorders. In addition, we only analysed spontaneous brain activity, it would be 
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interesting to inspect neuronal circuitry of larvae exposed to external stimuli or in response to 

drugs, although changes in the setup would be needed to make it possible. 

 

5. Gaining insight into the genetic architecture of 

neurodevelopmental and psychiatric disorders 

All the analyses and experiments performed in this thesis have contributed to a better 

understanding of the function of candidate genes and their implication in neurodevelopmental 

and psychiatric disorders. Below, I will briefly summarize our main findings and how they 

contribute to gaining insight into the genetic architecture of mental disorders. 

 

5.1. The 14-3-3 gene family 

Our results highlight the contribution of common variants in the 14-3-3 gene family, especially 

in YWHAE, to SCZ. On the other hand, we observe that rare variants in 14-3-3 seem to have a 

higher contribution to ASD, as we find a significant burden of URVs in ASD patients compared to 

controls, being URVs three times more frequent in patients. In addition, damaging rare variants 

in YWHAZ may contribute to both ASD and SCZ. First, a significant burden of rare SNVs in YWHAZ 

was identified in SCZ patients compared to controls. Also, we found that a truncating mutation 

in YWHAZ leads to protein loss of function, which probably contributes to the ASD and ADHD 

phenotypes described in the affected siblings. This hypothesis was further supported by our 

results in a zebrafish KO model, in which ywhaz deficiency affects brain connectivity during 

development and produces neurotransmitter and behavioural alterations similar to those 

described in ASD and SCZ patients. 

 

5.2. RBFOX1 

We report an important contribution of common variants in RBFOX1 to several psychiatric 

disorders, suggesting its pleiotropic effects in psychiatry. Interestingly, the rs6500744 variant, 

previously related to aggression, was found to alter brain circuitry involved in integrating 

cognition with emotion, executive function and impulsivity. All these results suggest that 

common variation in RBFOX1 may contribute to an increased risk of psychiatric disorders. On 

the other hand, we have reported a high number of CNVs spanning RBFOX1 non-coding regions, 
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probably regulatory regions, in patients with different psychiatric disorders, especially ASD and 

SCZ. Furthermore, our RBFOX1 KO animal models present strong behavioural alterations that 

resemble symptoms described in ASD and ADHD patients, reinforcing the contribution of 

damaging rare variation in RBFOX1 to neurodevelopmental disorders. 

5.3. BEX/TCEAL 

We could not report any common variant in BEX3 significantly associated with ASD or SCZ, 

although the poor quality of X chromosome in GWAS data may have impacted our results. Also, 

we did not identify rare variants spanning BEX3 specifically, but rare CNVs spanning several 

BEX/TCEAL genes had been previously reported in patients with severe neurodevelopmental 

problems. Our mice models of Bex3 deficiency present morphological and electrophysiological 

alterations that, together with the behavioural changes described, point to a contribution of 

Bex3 deficiency, modulated by other genetic factors, to neurodevelopmental disorders. 

 

5.4. The genetic architecture of neurodevelopmental and psychiatric 

disorders 

The first genetic studies in ASD focused mainly on rare variants, whereas in other psychiatric 

disorders such as ADHD or SCZ in the initial focus was on common variation. Later, the 

improvement of genetic analyses highlighted the complexity of genetic factors underlying these 

disorders and the polygenic contribution of both rare and common variants to their aetiology. 

Indeed, recent genome-wide analyses have helped to identify hundreds of genes and variants 

contributing to psychiatric and neurodevelopmental disorders, pointing to an omnigenic model 

in psychiatry [412]. 

The results obtained in this thesis in regard of the candidate genes studied point to a differential 

contribution of common and rare variants in these genes to the outcoming phenotypes. 

Common variation in these genes seems to have a wider effect in psychiatric disorders, whereas 

rare variation seems to lead to more severe phenotypes related to impaired neurodevelopment. 

Importantly, using different animal models we have demonstrated that the genetic background 

has an influence in the downstream effects of the loss of function of a given gene, resulting in 

similar phenotypes but with slight differences. In humans, these slight differences may lead to a 

different or multiple diagnosis because, as mentioned previously, there is a high overlap in 

symptoms across psychiatric and neurodevelopmental disorders, and sometimes the clinical 

borders between them are unclear (Figure 23). Taken together, these results reinforce a recent 
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view in psychiatric genetics that suggests a major role of pleiotropy in mental disorders and 

challenges the current diagnostic boundaries defined by the DSM manual [413]. 

 

 

Figure 23. Proposed omnigenic model of complex psychiatric and neurodevelopmental disorders. Rare variation in 

peripheral and core genes contribute to alterations in gene expression, neurotransmitter systems and brain circuitry. 

These alterations lead to behavioural symptoms that determine the clinical diagnosis following predefined 

symptomatic criteria. Here, the eight disorders investigated in the last cross-disorder meta-analysis by Lee are 

represented, although other mental disorders are also concerned in this model. The categories in which the disorders 

are included are based on the genetic correlations observed by Lee et al. [192]. ADHD, attention deficit/hyperactivity 

disorder; AN, anorexia; ASD, autism spectrum disorder; BD, bipolar disorder; MDD, major depressive disorder; OCD, 

obsessive-compulsive disorder; SCZ, schizophrenia; TS, Tourette Syndrome. Adapted from Liu et al., 2019 and Gandal 

et al., 2018 [188,414]. 
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In psychiatry, the co-occurrence of several conditions in the same individual seems to be the 

rule rather than the exception. Different mechanism of pleiotropy have been described to 

explain psychiatric comorbidities [412]. First, vertical or biological pleiotropy occurs when 

shared genetic causes explain the comorbidity (one or several genes can be involved). In this 

case, variations in the same gene lead to a wide range of phenotypes depending on the effect 

size of the variants and on the additive contribution of variants present in other genes (Figure 

24A). Second, horizontal or mediated pleiotropy occurs when a secondary disorder appears as 

a consequence of a feature of a primary disorder, e.g. substance use disorders may be triggered 

by one of the traits that are characteristic of ADHD, such as impulsivity (Figure 24B). Finally, 

apparent pleiotropic associations may arise from genetic studies although different genetic 

mechanisms underlie the two disorders (spurious pleiotropy) (Figure 24C). 

 

 

Figure 24. Pleiotropic mechanism underlying cross-phenotype associations. A) Biological pleiotropy includes (a) 

single-gene pleiotropy, in which causal variants affect the function, activity or expression of a single gene that 

underlies one or more traits; and (b) multi-gene regulatory pleiotropy, in which noncoding causal variants affect the 

expression of multiple genes that may underlie different traits. B) In mediated pleiotropy, causal variants influence 

one trait that causes a second trait. C) Spurious pleiotropy refers to situations when cross-trait associations are 

described due to limitations in the study design although the underlying genetic causes are different. Adapted from 

Lee et al., 2021 [412].  

 

In line with biological pleiotropic mechanisms contributing to psychiatry, two recent meta-

analyses found strong genetic correlations among psychiatric disorders in terms of common 
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variation [192,193] (Figure 25). In the work from Lee et al., ASD showed a significant genetic 

correlation with ADHD, BD, MDD and SCZ [192] (Figure 25B). We are still far from a complete 

understanding of psychiatric genetics. However, progress in genome-wide analyses with the 

increasing availability of large-scale genomic and phenotypic databases, together with 

technological improvements in cellular and animal models, will help in a near future to gain 

insight into the complex genetic factors that underlie psychiatric disorders. Importantly, a better 

knowledge of the biological and molecular mechanisms behind psychiatric diseases would 

facilitate a better diagnosis and treatment. 

 

 

Figure 25. Genetic correlations found between psychiatric disorders. A) Heatmap of genetic correlations estimated 

between 11 psychiatric disorders using linkage disequilibrium score regression (LDSC) in the Grotzinger et al. meta-

analysis [193]. B) SNP-based genetic correlations overcoming Bonferroni correction in the Lee et al. meta-analysis 

[192]. Each node represents a disorder and edges indicate the strength of the correlations. ADHD, attention 

deficit/hyperactivity disorder; ALCH, problematic alcohol use; AN, anorexia; ANX, anxiety; ASD, autism spectrum 

disorder; BIP, bipolar disorder; MDD, major depressive disorder; OCD, obsessive-compulsive disorder; PTSD, post-

traumatic stress disorder; SCZ, schizophrenia; TS, Tourette Syndrome. Adapted from Grotzinger et al., [193] and Lee 

et al., [192]. 
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14-3-3, RBFOX1 and BEX/TCEAL genes exert pleiotropic effects on ASD and comorbid psychiatric 

disorders by impacting neurodevelopment, as shown by genetic studies in humans and animal 

models. 

Exploring the contribution of the 14-3-3 gene family to ASD and other psychiatric disorders 

1. Common variants in the 14-3-3 genes contribute to schizophrenia (SCZ) whereas rare 

variants in these genes are enriched in ASD and SCZ. 

2. The 14-3-3 genes show altered expression in postmortem brain areas of ASD or 

schizophrenia patients. 

3. The p.L220Ffs*18 YWHAZ rare variant, present in two siblings with ASD and ADHD, has 

a loss of function effect, disrupting protein dimerization and binding to tyrosine 

hydroxylase.  

4. In zebrafish, ywhaz shows a pan-neuronal expression during development and a 

restricted expression in adult Purkinje cells, a region affected in ASD patients.  

5. ywhaz depletion causes an altered activity and connectivity in the hindbrain during 

development, and an altered monoamine signalling in the hindbrain in zebrafish adults 

that leads to a freezing behaviour that can be rescued with specific drug treatments. 

Exploring the contribution of RBFOX1 to ASD and other psychiatric disorders 

6. Common variants in RBFOX1 are associated with eight psychiatric traits and CNVs 

spanning RBFOX1 are reported in patients with different psychiatric conditions, 

particularly in ASD or schizophrenia. 

7. RBFOX1 shows a significant decreased expression in postmortem cortex of ASD and 

schizophrenia patients. 

8. The rs6500744 variant situated in RBFOX1 alters brain circuitry involved in integrating 

cognition with emotion, executive function and impulsivity. 

9. Rbfox1-deficient mice present behavioural alterations that can be related to 

neurodevelopmental disorders such as ASD, ADHD and SCZ. 

10. In zebrafish, rbfox1 is pan-neuronally expressed during development and shows a 

restricted expression in adult forebrain areas, regions that play a role in sensory 

processing, stress and behaviour. 

11. Both rbfox1-deficient zebrafish lines present hyperactivity, thigmotaxis, and alterations 

in social interaction, considered ASD- and ADHD-like behaviours.  
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Exploring the contribution of BEX/TCEAL gene family to ASD and other psychiatric disorders 

12. All BEX/TCEAL genes are downregulated in postmortem brain regions of ASD and 

schizophrenia patients 

13. Bex3-deficient mice show anatomical and molecular brain alterations, an 

excitatory/inhibitory imbalance, and ASD- and SCZ-like behaviours. 
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1. Genetic animal models of ADHD and comorbidities 

Attention deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder that affects 

approximately 5% of children and adolescents and 2.5% of adults worldwide. ADHD is markedly 

impairing, as it can significantly increase the risk for substance abuse and for other psychiatric 

disorders (about 89% of ADHD individuals have a comorbid psychiatric disorder [1] and 

contribute to educational and occupational failure, accidents, and criminality. ADHD results 

from the interaction of genetic and environmental risk factors that alter the structure and function 

of brain networks involved in behaviour and cognition. Twin studies have estimated a heritability 

around 70-80% [2], and genome-wide association studies (GWAS) estimated a SNP heritability 

that ranges from 0.10 to 0.28 [3–5], supporting the contribution of common variants to the etiology 

of ADHD. The largest GWAS of ADHD to date (20K ADHD patients and 35K controls) identified 

12 independent risk loci, adding important new information about the underlying biology of 

ADHD [4]. Furthermore, several studies have demonstrated a significant genetic overlap between 

ADHD and other psychiatric disorders, such as autism spectrum disorder (ASD), major 

depression (MD) and schizophrenia [3,6], many of which co-occur frequently with ADHD. 

Although a lot of progress has been made during the last five years in defining the genetic 

landscape of ADHD, there is still a long way to go to fully understand the molecular 

underpinnings of the disorder. The use of animal models can help us to understand the role of 

specific genes related, not only to ADHD, but also to its comorbid traits. Here, we review the 

genes that have been related to ADHD and other comorbid psychiatric traits in rodents, zebrafish 

and Drosophila, as well as the different tests used to study these phenotypes and different 

pharmacological approaches applied (Table 1). Importantly, we highlight the strengths and 

limitations of the use of each animal model.   
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Table 1. Summary of tests performed to test ADHD-related phenotypes and its comorbid disorders in 

rodents, zebrafish and drosophila. 

  Tests used 

Disorder Traits Rodents Zebrafish Drosophila 

ADHD-

related 

symptoms 

Hyperactivity 
Open-field test, water 

maze 
Locomotive assays 

Activity monitoring, 

capillary feeder (CAFE) 

assay, open-field assay 

Impulsivity 
5-choice serial reaction 

time task  

Locomotion (swimming) 

monitoring, 5-choice 

serial reaction time task 

Courtship disinhibition 

assay 

Inattention 

5-choice serial reaction 

time task, visual 

detection task, virtual 

object recognition task 

5-choice serial reaction 

time task, object 

recognition task, social 

attention paradigm 

Tethered flight 

paradigms, Buridan's 

paradigms, optomotor 

maze 

Autism 

spectrum 

disorder 

Impaired social 

behaviour and 

communication, 

stereotypic 

behaviour, 

cognitive rigidity 

Three-chambered social 

approach, partition test, 

nesting behaviour, 

ultrasonic vocalizations, 

open-field test, Morris 

water maze, T maze 

Shoaling assays, Y maze, 

interaction with 

conspecifics, visually-

mediated social 

preference test 

Habituation learning 

assay, grooming, social 

behavior assay, 

courtship song assay, Y-

maze 

Aggressive 

behaviour 

Aggression, social 

dominance 

Resident intruder test, 

Dyadic social interaction 

test, social dominance 

test 

Dyadic fight test, 

interaction with mirror 

image assay 

Dyadic fight test 

Anxiety 

Anxiety-related 

behaviours, 

thigmotaxis 

Open field, elevated plus 

maze, elevated zero 

maze, light dark box 

Active avoidance 

conditioning 
Open-field assay 

Major 

depression 
Anhedonia, despair 

Sucrose preference test, 

Porsolt forced swim test, 

Tail-suspension test 

 

Effect of learned 

helplessness upon 

chronic unpredictable 

mild stress in various 

readouts 

Schizophrenia 

Impaired 

sensorimotor 

gating 

Prepulse inhibition test Prepulse inhibition test 
Larval prepulse 

inhibition test 

Substance use 

disorders 
Reward 

Drug-induced locomotor 

activity or conditionated 

place preference 

Place preference 

paradigm 

Appetitive taste memory 

test, associative learning 

assay 

 

2. Rodents 

Rodents have been extensively used in psychiatric research because of their sophisticated 

behavioural repertoire and their (relative) genetic similarity to humans. Moreover, while human 

brains are clearly larger and more developed, core anatomical features are shared between 

rodents and humans, including the structures and networks that govern particular behaviours. 

For example, in both humans and rodents, the fear and reward circuits are well-conserved [7]. 
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Historically, rats were the preferred species in behavioural research due to their ability to quickly 

learn and perform complex cognitive tasks without much experimenter manipulation. However, 

from the 1980s until recently, the advance of genetic tools to manipulate the mouse genome led 

to an explosion in their use in preclinical settings and the conversion of rat tasks to those more 

suited to mice. The recent development of, for example knockout rats, CRISPR-CasP9, TALEN 

and RNAi technologies, has seen an increase in the use of genetically-manipulated rats [8]. While 

complex behaviours, such as attention and impulsivity cannot be assessed until after weaning, 

this period of the rodents development correlates well with adolescence in humans. Therefore, 

rodents can be used to look across most of the lifespan at behaviours related to ADHD and 

possible influences of genetic and drug treatments on these. Moreover, rodents can easily be used 

to determine the effects of a variety of environmental insults or enrichments concomitant with 

drug and genetic studies. In keeping with the general direction in psychiatric research, i.e., the 

RDOC approach [9], the complexity of ADHD cannot be fully replicated in preclinical models but 

specific traits or endophenotypes can be. Thus, investigation of such behaviours will ultimately 

provide greater understanding of the neurobiological bases of these traits and, by extension, the 

disorder as a whole.  

2.1. Testing ADHD-related behaviours in rodents  

A wide-range of behavioural tests and tasks can be used in mice and rats to assess phenotypes 

that resemble symptoms observed in ADHD patients. The main tests that are currently employed 

in preclinical research are listed in Tables 1-2; although this is not a comprehensive list since there 

are a number of tasks, such as the probabilistic reversal learning task [10] and the affective bias 

test [11], which have not yet been widely used in ADHD-related research. Below, we provide 

only a short overview of the three main phenotypic domains (hyperactivity, impulsivity and 

inattention) that clinically characterize ADHD and can be assessed in rodents. Both mice and rats 

are suitable for determining the underlying neurobiology and drug/genetic components that can 

bidirectionally affect these domains.  

Hyperactivity is the easiest domain to quantify and can be monitored via automated tracking 

systems and software or even simply via counting line crossings. Moreover, different forms of 

activity can be recorded, such as home-cage locomotion, which can reveal changes across 

different phases of the circadian cycle, or novelty-induced locomotor activity in a novel 

environment (i.e. an open field chamber).
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Table 2. Description of common tests used in rodents for assessing ADHD-like, and comorbid endophenotypes 

Behavioural test Trait Description Comments 

5-CSRTT 
Attention / 

Impulsivity 

Rodents are trained in operant chambers to respond to a brief visual stimulus 

presented in one of five spatial locations. The animal must respond to the 

correct location to receive food reward. Premature responding is a measure 

of impulsive action / response impulsivity.  The test can be modified to the 5-

choice CPT, which includes behavioural inhibition trials 

Initially developed as a rodent analogue of CPT but does not require 

response inhibition to a presented stimulus. Training is time-consuming, 

relatively low throughput. Requires food restriction and may be biased by 

changes in motivation and attention. Responsive to methylphenidate and 

amphetamine. 

CPT Impulsivity 

Rodents are trained in operant chambers to respond to a target stimulus and 

withhold a response to non-target stimuli. False alarm rate in this test 

provides an index of motor impulsivity. 

Relatively labor-intensive, relatively low throughput. Requires food 

restriction and may be biased by changes in motivation and attention. 

Responsive to methylphenidate and amphetamine 

Stop-signal task Impulsivity 

Rats are trained in operant chambers to nose-poke to initiate a trial and 

perform a “go” response for food reward. In 20% of the trials, an auditory 

stop-signal is presented at a predetermined time before the “go” response 

can be completed. Inhibiting completion of the response in “stop” trials is 

rewarded. 

Relatively labor-intensive, low throughput. Requires food restriction and 

may be biased by changes in motivation. Responsive to amphetamine which 

abolishes striatal lesion induced deficits. 

Go / No-Go Impulsivity 

Rodents are trained in operant chambers to respond differentially to two 

distinct cues. During a “go” cue (e.g., a light stimulus), a nose-poke into an 

active hole is rewarded. During a “no-go” cue (e.g., a tone), inhibition of the 

response into the active hole is rewarded. 

This works better in rats than mice as it is difficult to train mice to initiate 

trials. Relatively labor-intensive, low throughput. Requires food restriction, 

especially in mice. 

Delay discounting Impulsivity 

Rodents are trained to choose between a small reward available immediately 

or a large reward delivered after a variable delay. Impulsive animals are 

more negatively affected by the delay to large reward delivery. Measures 

impulsive choice / decision impulsivity. 

Labor-intensive, low throughput. Requires food restriction and may be 

biased by changes in motivation. Responsive to psychostimulants which 

reduce the rate of delay discounting 

Open field 
Hyperactivity, 

anxiety 

Rodents placed in an open field arena (circular or square) can investigate the 

peripheral zone (typically darker and with tactile stimulus from the walls) or 

the central zone. 

Ease of use, high throughput, responsive to anxiolytics, inter-laboratory 

reliability, but strain-dependent and dependent on the light conditions could 

be considered more a test for basal locomotor activity than anxiety-related 

behaviour 
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Differential 

reinforcement of low 

rates of responding 

task 

Impulsivity 

Rats are trained in operant chambers with an active and inactive lever 

available. Active lever press results in food reward. Animals are gradually 

trained to inhibit active lever presses for up to 20s to receive a reward. 

Measures impulsive responding and impulsive choice. 

Relatively labour-intensive. Requires food restriction and may be biased by 

changes in motivation. Responsive to psychostimulants. 

Variable delay-to-

signal 
Impulsivity 

Animals are trained to withhold responding to a light during a pre-

determined delay period but are rewarded when responding to the same 

stimulus during the response period. Training to criterion concludes with a 

single test session in which half of the trials have a variable prolonged delay 

period and responding during the delay period is not punished. 

Training is faster than for the better-known operant impulsivity paradigms. 

Measures of impulsive action and impulsive choice obtained within one test 

session. Good correlation with 5-CSRTT and DD measures. Responsive to 

methamphetamine. 

Home-cage activity 

Spontaneous 

locomotor 

activity 

Animals are assessed either via camera tracking or via implanted microchips 

in their home-cage over long periods of time. This allows researchers to 

determine whether the rodents show altered circadian activity 

Can be difficult to set up, although newer software with machine learning 

algorithms are making this easier to track multiple animals in one cage at a 

time. Implanted microchips have the advantage of providing extra 

information such as blood pressure, heart rate and body temperature 

Saccharine / sucrose 

preference 
Anhedonia 

same as above but swimming and climbing behaviours are separated and are 

increased with serotonergic or catecholaminergic antidepressants, 

respectively. 

Ease of use, high throughput, responsive to ADs and chronic stress models, 

inter-laboratory reliability, can be used repeatedly 

Forced swim test 

Depression-like 

behaviour, AD 

screening 

Rodents, placed in an inescapable container of water swim more following 

antidepressant administration 

Ease of use, high throughput, responsive to AD, inter-laboratory reliability, 

but responsive to acute drug administration, reliant on motor function and 

not always responsive to SSRIs 

Modified forced 

swim test 

Depression-like 

behaviour, AD 

screening 

Same as above but swimming and climbing behaviours are separated and are 

increased with serotonergic or catecholaminergic antidepressants, 

respectively. 

Ease of use, high throughput, responsive to AD (including SSRIs), inter-

laboratory reliability, but responsive to acute drug administration and reliant 

on motor function 

Tail suspension test 

Depression-like 

behaviour, AD 

screening 

Rodents, chiefly mice, when hung from the tail will adopt an immobile 

posture. Antidepressant treatment increases the time animals spend in active 

behaviours 

Ease of use, high throughput, inter-laboratory reliability, responsive to 

antidepressants, but may differ from FST results, responsive to acute drug 

administration and reliant on motor function 

Female urine 

sniffing test 

Anhedonia, 

sexual 

motivation 

Male rodents will prefer to investigate the sniff a cotton bud soaked in the 

urine from an oestrous female over water. Antidepressant treatment 

increases the time animals investigate the urine whereas chronic stress 

decreases it. Thought to be a measure of sexual motivation 

The test is responsive to both stress and antidepressant treatment and can be 

performed with a relatively high throughput. However, while gaining in 

popularity, it has not been widely used and requires further studies to 

increase its validity 

Progressive ratio 

responding 

Reward 

sensitivity, 

motivation 

Rodents can be trained to work for food or drug rewards and their 

motivation to work for the reward (i.e. lever pressing) assessed using a 

progressive ratio responding paradigm whereby the animal has to work 

harder and harder for each subsequent reward 

Widely used to assess reward motivation, inter-laboratory reliability, but not 

high throughput and requires more validation 



ANNEX 

  347 

Drug-induced 

locomotor activity 
Drugs effects 

Open field test, locomotor activity boxes and other apparatuses can be used 

to study the acute and chronic effects of various drugs on general locomotor 

activity, as well as assessment for sensitisation after a withdrawal period. 

Easy to use, high throughput. 

Conditioned place 

preference 
Reward 

In repeated sessions, administration of a drug (or any other stimulus of 

interest) is paired with one specific chamber in one session, and vehicle is 

paired with another chamber in a separate session. In a probe test, animals 

can freely choose between the chambers. Increased time spent in the chamber 

paired with the drug indicates conditioned place preference and is a measure 

of the rewarding properties of the drug. 

Easy to use, relatively low throughput. Addictive substances readily induce 

place preference, this test is frequently used to screen drugs for abuse 

potential. 

Elevated zero / plus 

maze 
Anxiety 

A conflict-based test where are cross-shaped or circular maze with two open 

(brightly-lit) and two closed (darker and with walls for tactile information) 

assess a rodent’s exploratory drive and anxiety of bright and open spaces. 

Less anxious animals will spend more time in the open arms 

Ease of use, high throughput, responsive to anxiolytics, inter-laboratory 

reliability, but strain-dependent and locomotor based 

Light-dark box Anxiety 

A conflict-based test were rodents can investigate a brightly lit compartment 

or a dark compartment. Another test examining a rodent’s exploratory drive 

and anxiety of bright and open spaces. Less anxious animals will transition 

more between the zones and/or spend more time in the light box 

Ease of use, high throughput, responsive to anxiolytics, inter-laboratory 

reliability, but strain-dependent and locomotor based 

Stress-induced 

hyperthermia 
Anxiety 

Taking the body temperature of a rodent via a rectal thermometer represents 

a stressor and when assess again (15-30min) later there is a slight rise 

(typically 0.5 – 1.0oC) 

Ease of use, high throughput, responsive to anxiolytics, a physiological 

alternative to other tests 

Vogel test Anxiety 
Water deprived rodents will drink water and every set number of licks 

receive a mild shock 

Responsive to anxiolytics, but not widely used and requires shocks to be 

effective, which requires stronger ethical approval and may be biased by 

changes in pain sensitivity 

Defensive burying Anxiety 
Rats receive a shock when an object is placed into their cage and will 

thereafter attempt to bury it 

Responsive to anxiolytics, but not widely used and requires shocks to be 

effective, which requires stronger ethical approval and may be biased by 

changes in pain sensitivity 

Four-plate test Anxiety 
Each time a rodent moves from one plate to another, shaped in a 2x2 grid, 

they receive a mild footshock 

Responsive to anxiolytics, but not widely used and requires shocks to be 

effective, which requires stronger ethical approval and may be biased by 

changes in pain sensitivity 
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Social preference / 

memory 

Social-

behaviour 

Typically performed by letting a rodent investigate a novel arena for 3 min 

in which there is an empty target/interaction zone followed by a further 3 

min during which a conspecific is confined within the target zone. The first 

phase of the test provides information about locomotor activity and general 

anxiety and the time ratio the experimental animal spends investigating the 

target zone (time with conspecific / time with empty target) provides a 

sociability index. If required, another phase can be added to assess social 

memory whereby the same conspecific and a novel conspecific are 

introduced in different locations and the time interacting with each assessed; 

if social memory is intact the experimental animal should favour interacting 

with the novel conspecific 

Easy to use, relatively high throughput, widely used and responsive to a 

wide range of environmental and drug manipulations 

Social interaction 
Social-

behaviour 

Two conspecifics, of the same age/weight are placed into a novel arena and 

the time spent investigating is assessed. 

Easy to use, relatively high throughput, widely used and responsive to a 

wide range of environmental and drug manipulations 

Three-chamber test 
Social-

behaviour 

Typically, there are three sessions in an apparatus that takes the form of three 

connected chambers. In the first, habituation phase, general activity is 

assessed and then for the second phase a conspecific (in a wire-mesh 

container) is added to one of the outer chambers. In the final phase, the same 

conspecific is added to one of the outer chambers and a novel conspecific to 

the other. The second phase measures general sociability/preference and the 

final stage assesses social memory as the experimental animal should favour 

interacting with the novel conspecific 

Easy to use, relatively high throughput, requires some more specific 

equipment than other tests on the list, responsive to a wide range of 

environmental and drug manipulations 

Tube /Social 

dominance test 

Social-

behaviour 

This is a test of social dominance, partly through aggression, in mice. Two 

mice are introduced to a clear plastic tube, one at each end and when they 

meet in the middle the dominant / more aggressive conspecific will force the 

other to reverse out of the tube 

Easy to use, relatively high throughput, not as widely used as some of the 

other tests, but a useful test to determine social dominance / hierarchy 

Resident intruder 
Social-

behaviour 

A test to assess aggressive behaviour in rats and mice. Typically, the 

experimental male is housed together with a female, to increase territorial 

aggressive behaviour and a smaller conspecific is introduced to the home-

cage (the female is removed for the time of testing). This can be performed 

repeatedly across a number of different sessions to observe an escalation in 

aggressive behaviour 

Easy to use, relatively high throughput, if the resident displays too much 

aggressive behaviour the test has to be terminated. Can also be performed in 

a neutral arena 
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Partition test 
Social-

behaviour 

This test is conducted in a standard cage which is divided in two by a wire 

mesh or perforated plastic partition wall. The experimental mouse is able to 

see, hear, and smell, but not physically interact with the stimulus mouse 

placed behind the partition. Time spent close to the partition is an index of 

social interest. 

Easy to use, relatively high throughput. Can be modified to assess social 

preference/memory by introducing novel/familiar social stimuli 

Nesting behaviour 
Self-care, 

Wellbeing 

Rodents readily build nests if suitable material is available. For nesting 

behaviour, a pre-weighed cotton square is placed into the home cage of the 

experimental mouse and the quality of the nest is assessed 24h later. Poor 

quality nests indicate reduced self-care and compromised wellbeing. 

Easy to use, high throughput. 

Ultrasonic 

vocalizations 

Social 

behaviour 

Adult rodents, including mice, consistently emit a variety of ultrasonic 

vocalisations (USVs) during various types of social interactions. These USVs, 

recorded via ultrasonic microphones, are a measure of social interest and 

motivation. 

The recording of USVs is well-established for rats but is less common in mice. 

Mice emit USVs during male-female and female-female encounters but not 

male-male interactions. 

T/Y-maze 

spontaneous 

alternation test 

Spatial working 

memory / 

Spatial novelty 

preference 

To assess spatial working memory, mice are placed in one arm of the T/Y-

maze, typically for 5 min, and allowed to move freely through the arms of 

the maze. Entries into each arm are recorded, and a successful alternation is 

defined as sequential entries into all three arms. The proportion of 

spontaneous alternations out of all arm entries is calculated. 

Easy to use, high throughput. Can be conducted as a spontaneous or a 

forced/baited task. 

Morris water maze 
Spatial learning 

and memory 

A mouse is placed into a large circular water tank, filled with opaque 25 °C 

water (mixed with milk or other substance), and required to locate a 

submerged platform. The escape latency and length of path to platform is 

measured in repeated sessions. This is a test for spatial learning/re-learning 

and memory. 

Relatively easy to use, although relatively low throughput. Can be used to 

assess initial spatial learning, as well as re-learning by moving the platform 

to another location. 

Prepulse inhibition 

test 

Impaired 

sensorimotor 

gating 

Sensorimotor gating is assessed by measuring the reduction of the acoustic 

startle response to a startling stimulus (typically 120dB white noise) induced 

by a weak sub-threshold pre-stimulus. 

Easy to use, relatively high throughput. 

Abbreviations: AD, antidepressant; USV, ultrasonic vocalisation 
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Impulsivity and inattention can be looked at using operant tasks, which can be performed in 

traditional Skinner boxes or more sophisticated touchscreen chambers. Regardless of equipment, 

the tasks evaluated in the lever-pressing/nose-poke apparatus and in the touchscreen are similar. 

In some cases, the touchscreen version can include more complex visual stimuli and allow for 

more fine-tuned and subtle parameters to be manipulated. However, whether this mechanism 

alters the behaviour of the rodent has not been extensively looked at. Also, various paradigms 

are available in rodents to determine the individual’s ability to perform set-shifting task [12], 

whereby the reward can be identified either via the substrate (i.e. sawdust vs bedding) or the 

scent (i.e. ginger vs mint). Similarly, both intra- and inter-dimensional set-shifting can be 

evaluated. 5-choice serial reaction time task (5-CSRTT)  can be performed in rats and mice, with 

some differences in training between the species, and allow researchers to determine a variety of 

behavioural components such as impulsivity, (in)attention, perseverance and motivation [13]. 

The continuous performance test [14,15] has recently been back-translated into a versatile test for 

assessing sustained attention, behavioural inhibition and motivation in rodents. Another test that 

has recently been developed for use in rodents is delay discounting, which is mainly used to 

evaluate impulsive choice, as well as to determine motivation and attention [16,17]. As with the 

clinical version of the test, the rodent has to choose between a small immediate reward and a 

larger delayed reward.  

In Table 2, we have also described tests that can be performed in rodents to assess 

endophenotypes related to ADHD comorbidities. Since these tests are not directly associated to 

ADHD and have been extensively reviewed previously, we refer the reader to the table and recent 

reviews [7,18–20]. 

2.2. Strains and transgenic rodent lines used as ADHD models 

In rodents, some spontaneous mutations lead to a hyperactive phenotype. It is the case of 

Coloboma (Cm) mice [21] and the Spontaneous Hyperactive Rat (SHR) [22]. Cm is a mouse strain 

developed by neutron irradiation that caused a mutation on chromosome 2 which disrupts about 

20 genes (recently reviewed [23]). This mutation includes Snap25, pointed as the putative causal 

gene of the phenotype since polymorphisms in this gene have been associated with ADHD in 

humans [24,25] and the rescue of its expression in Cm mice reduces hyperactivity. Cm mice 

display the three main features of ADHD: inattention, impulsivity and hyperactivity, and the last 

one seems to be attenuated with amphetamine but not with methylphenidate [21]. On the other 

hand, the SHR strain was developed by inbreeding of rats of the Wistar-Kyoto (WKY) strain. 
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These rats also show the core symptoms of ADHD (hyperactivity, impulsivity and inattention) 

compared to WKY rats [26,27]. However, these results are controversial [28], especially because 

WKY is a particularly inactive strain [29]. Besides, the most classical neurodevelopmental model 

of ADHD created by lesion in brain systems was obtained by neonatal 6-hydroxydopamine (6-

OHDA) injection. These mice exhibit the major ADHD‐like symptoms (hyperactivity, attention 

deficit and impulsivity) together with comorbid behaviours that usually appear in ADHD 

patients, such as anxiety‐like and antisocial behaviours and decreased cognitive functioning [30]. 

Several knockout and transgenic mice have been proposed as ADHD models, mostly based on 

targeting genes involved in dopamine transmission, a key neurotransmitter in ADHD. One of the 

best described ADHD mouse models is the dopamine transporter (Dat or Slc6a3) knockout (KO) 

mouse [31]. DAT plays a critical role in regulating extracellular dopamine concentration and 

strong evidence supports that abnormal DAT function may be involved in ADHD. Indeed, both 

increased and decreased DAT expression have been reported in human ADHD patients [32–34] 

and genetic studies have reported associations between gene variants and ADHD [35]. The DAT 

knockdown mouse (Dat-KD) [36] or the DAT cocaine-insensitive mouse (Dat-CI) [37,38] are other 

Dat mutant mice presenting ADHD-related features. Finally, transgenic mouse models not 

targeting dopaminergic genes also exist, such as the tachykinin-1 (Nk1) receptor KO mouse [39,40] 

and the Trβpv knock-in (KI) mouse [41,42], that present altered monoaminergic transmission and 

ADHD core behavioural features.  

2.3. Mouse models to study ADHD and its comorbidities: Inspecting the Jackson 

database 

Since not much information is available on mouse models to study ADHD together with other 

comorbidities, we explored available information on different mouse lines to identify novel 

models that could be used for ADHD, either with or without other psychiatric comorbid 

phenotype. To systematically browse all the existing mouse lines and strains that present ADHD-

related behaviours we used the Jackson Laboratory mouse strains database 

(https://www.jax.org/mouse-search). We performed a search of mouse strains that present any of 

the three main ADHD-related phenotypes: “hyperactivity”, “impulsivity” or “inattention”. We 

found 172 transgenic strains with specific genetic modifications in single genes (Supplementary 

Table S1). We then reported their behavioural alterations and found that, interestingly, 111 of 

these strains present only ADHD-related behaviours and 62 others present also behaviours 

related to other psychiatric disorders (Tables 3-4 and Supplementary Table S1). To further 

https://www.jax.org/mouse-search
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understand the functions of these genes we performed a KEGG pathway and Gene Ontology 

(GO) Biological Process over-representation analysis (www.webgestalt.org). 

2.3.1. ADHD without comorbidities 

In the Jackson database we found 111 transgenic mouse strains (with a total of 103 genes mutated) 

that present exclusively one or more of the ADHD-related phenotypes (hyperactivity, impulsivity 

or inattention), and not any additional behaviour related to other psychiatric disorders (Table 3 

and Supplementary Table S1). From these 111 strains, 104 present only hyperactivity, one 

presents only impulsivity (Comt) and three strains present only inattention (Psen1, Snap25 and 

Tardbp) (see Supplementary Table S1). The identification of these strains is likely biased to 

hyperactivity probably because this behaviour can easily be evaluated in a simple open-field test, 

frequently used as a routine test, whether attention and impulsivity have to be tested with a 

specific test such as 5-CSRTT (Table 1-2) [43], or can also be evaluated with other visual detection 

tasks requiring attentional engagement. In addition, several complex tests might not have been 

performed for some of these strains, so these results could be incomplete or biased, and these 

animals could present other psychiatric phenotypes not tested yet. We performed a gene-based 

association study using summary statistics from the last ADHD GWAS meta-analysis [4] and 

found that 11 out of the 103 genes altered in these strains with exclusively ADHD-related 

behaviours were associated to ADHD (Table 3). The gene-based analysis was performed with 

MAGMA (v1.06) [44] using the 1000 Genomes Project Phase 3 (Build 37/European data only) as a 

reference panel. 

http://www.webgestalt.org/
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Table 3. Genes related to ADHD phenotypes identified in transgenic mouse lines (Jackson database) 

  Traits Test used Genes KEGG pathways* GO Biological Process* 

Genes associated with 

ADHD in the gene-

based analysis1 

ADHD-related 

symptoms 

(with and 

without 

comorbidities) 

Hyperactivity 
Open-field test, 

water maze 

Abca2; Abcg1; Actl6b; Adcy3; Adcyap1; Adipor2; Ankfn1; 

Anks1b; Ap3b2; Ap3d1; Apaf1; App; Arrdc3; Arsa; Atf2; 

Atp1a3; Atrn; Bdnf; Cacna2d3; Cacna2d4; Cacng2; Cadm1; 

Calm1; Camk2a; Cdh23; Cdk17; Cdk5r1; Cdkl5; Celf4; Chd3; 

Chd7; Chrd; Chrm1; Chrm4; Cic; Ckap5; Clic5; Cntnap2; 

Comt; Crebbp; Dgat1; Dgkb; Disc1; Dnajb5; Drd1; Drd2; 

Drd3; Dtnbp1; Dusp18; Eef1b2; Elmod3; En2; Eps15l1; Espn; 

Esr1; Fmr1; Fos; Foxi1; Fxr2; Gabra1; Gabra3; Gabrb3; Git1; 

Glra1; Gnai2; Gnao1; Gpr135; Gpr88; Gpx6; Gria1; Grid2; 

Grin2b; Hmox1; Htr2c; Htt; Igsf9b; Il6; Ints3; Kcna4; Kcne1; 

Ldlr; Lepr; Lmx1a; Lrrk2; Magi2; Maob; Mapk3; Mapt; 

Mcoln3; Myo6; Myo7a; Ncor1; Nlgn2; Nlgn3; Nox3; Npas3; 

Npc1; Nr4a2; Nr4a3; Nup153; Oprd1; Otc; Otog; Per1; Pitx3; 

Pkd2l2; Pnpla6; Pou4f3; Ppargc1a; Ppfia3; Ppm1f; Psap; 

Psen1; Ptchd1; Ptprk; Rab5b; Rgs4; Rnf214; Scn1a; Shank2; 

Shank3; Sirt1; Slc12a6; Slc1a2; Slc26a10; Slc5a7; Slc6a3; 

Slc6a8; Slc9a6; Snai2; Snap25; Snca; Sobp; Syngap1; Syt4; 

Tardbp; Tbc1d8; Tbx10; Tecpr2; tip; Tmie; Uba6; Ush1c; 

Ush1g; Vim; Vldlr; Wdr41; Whrn; Zbtb20; Zeb1; Zpld1 

Dopaminergic synapse                      

Amphetamine addiction                        

cAMP signaling 

pathway                     

Circadian entrainment                           

Adrenergic signaling in 

cardiomyocytes                      

Neuroactive ligand-

receptor interaction                              

Glutamatergic synapse               

Aldosterone synthesis 

and secretion   

Alzheimer disease                               

Lysosome 

Regulation of trans-

synaptic signaling               

Regulation of membrane 

potential                 

Cognition                                                         

Locomotory behavior                                     

Synapse organization                                             

Neuron death                                              

Neurotransmitter 

transport                                      

Ear development                                               

Divalent inorganic cation 

transport                           

Response to radiation 

ADCY3, ARRDC3, 

ARSA, ATP1A3, BDNF, 

CELF4, GLRA1, GNAI2, 

GPX6, GRIA1, GRID2, 

MAPT, MYO7A, NPAS3, 

OPRD1, PPFIA3, RGS4, 

TMIE 

Impulsivity 

5-choice serial 

reaction time 

task  

Cadm1; Comt; Per1; Shank3 

Inattention 

5-choice serial 

reaction time 

task, visual 

detection task, 

virtual object 

recognition task 

Comt; Psen1; Ptchd1; Snap25; Tardbp 
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Exclusively 

ADHD-related 

symptoms 

(without 

comorbidities) 

Hyperactivity 
Open-field test, 

water maze 

Abca2; Abcg1; Actl6b; Adcy3; Adcyap1; Adipor2; Ankfn1; 

Ap3b2; Ap3d1; Apaf1; APP695; Arrdc3; Arsa; Atf2; Atrn; 

Bdnf; Cacna2d4; Cacng2; Calm1; Cdh23; Cdk17; Cdk5r1; 

Celf4; Chd3; Chd7; Chrd; Chrm4; Ckap5; Clic5; Dgat1; Dgkb; 

Dnajb5; Dusp18; Eef1b2; Elmod3; Eps15l1; Espn; Fos; Foxi1; 

Gabra1; Git1; Glra1; Gnai2; Gpr135; Gpx6; Grid2; Htr2c; 

Snca; Ints3; Kcna4; Kcne1; Ldlr; Lepr; Lmx1a; Lrrk2; Maob; 

Mapk3; Mcoln3; Myo6; Ncor1; Nox3; Nr4a3; Nup153; Otc; 

Otog; Per1; Pitx3; Pkd2l2; Pnpla6; Pou4f3; Ppfia3; Ppm1f; 

Psap; Ptchd1; Ptprk; Rab5b; Rtl10; Rxylt1; Sirt1; Slc12a6; 

Slc1a2; Slc26a10; Slc6a8; Slc9a6; Snai2; Snca; Sobp; Tbc1d8; 

Tbx10; Tecpr2; tip; Tmie; Ush1c; Ush1g; Vldlr; Wdr41; Whrn; 

Zeb1; Zpld1 

Adrenergic signaling in 

cardiomyocytes   

Cocaine addiction                             

Circadian entrainment                        

Amphetamine addiction                      

Alzheimer disease                             

Dopaminergic synapse                       

Cushing syndrome                             

Cholinergic synapse                           

Lysosome                                                  

Insulin secretion 

Ear development                                               

Locomotory behavior                                      

Regulation of trans-

synaptic signaling                   

Neuron death                                                   

Response to ammonium 

ion                              

Divalent inorganic cation 

transport                       

Forebrain development                                       

Response to antibiotic                                         

Response to oxidative 

stress                             

Organic hydroxy 

compound metabolic 

process  

ADCY3, ARRDC3, 

ARSA, BDNF, CELF4, 

GLRA1, GNAI2, GPX6, 

GRID2, PPFIA3, TMIE 

Impulsivity 

5-choice serial 

reaction time 

task  

Comt; Per1 

Inattention 

5-choice serial 

reaction time 

task, visual 

detection task, 

virtual object 

recognition task 

Comt; Psen1; Ptchd1; Snap25; Tardbp 

* Identified using WebGestalt software. Pathways and GO terms sorted by significance of enrichment, FDR<0.05. Weighted set cover was applied to reduce redundancy. 

1 Genes presenting a nominal association (p-value<0.05) in the gene-based analyisis using summary statistics from Demontis et al., 2019. 
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Table 4. Genes related to ADHD phenotypes and its comorbid disorders identified in transgenic mouse lines (Jackson database) 

      Genes previously related to patients 

Comorbidity Traits Test used Genes 
KEGG 

pathways* 
GO Biological Process* ADHD Comorbid disorder 

Autism spectrum 

disorders 

Impaired social 

behaviour and 

communication, 

stereotypic 

behaviour, 

cognitive rigidity 

Three-chambered social 

approach, partition test, 

nesting behaviour, 

ultrasonic vocalizations, 

open-field test, Morris water 

maze, T maze 

Anks1b, Cdkl5, Cntnap2, 

Crebbp, Disc1, En2, Fmr1, 

Gabrb3, Gnao1, Gria1, Grin2b, 

Htt, Magi2, Mapt, Nlgn2, 

Nlgn3, Npas3, Rgs4, Scn1a, 

Shank2, Shank3, Syngap1,Uba6 

Nicotine 

addiction, Long-

term 

potentiation, 

Glutamatergic 

synapse, 

Dopaminergic 

synapse 

Regulation of synapse 

structure or activity, 

Localization within 

membrane, Cognition, 

Locomotor behaviour, 

Regulation of membrane 

potential, Neuron death 

Anks1b, Cdkl5, 

Cntnap2, Disc1, 

Fmr1, Grin2b, Nlgn2, 

Npas3, Rgs4, 

Syngap1, Uba6 

Anks1b, Cdkl5, 

Cntnap2, Crebbp, 

Disc1, En2, Fmr1, 

Gabrb3, Gria1, Grin2b, 

Htt, Mapt, Nlgn2, 

Nlgn3, Scn1a, Shank2, 

Shank3, Syngap1 

Aggressive 

behaviour 

Aggression, social 

dominance 

Resident intruder test, 

Dyadic social interaction 

test, social dominance test 

Gria1, Cacna2d3, Cadm1, 

Camk2a, Crebbp, Disc1, En2, 

Esr1, Fmr1, Rgs4 

Long-term 

potentiation 
- 

Camk2, Esr1, Fmr1, 

Rgs4 
Disc1,Esr1, Fmr1,Rgs4 

Anxiety 

Anxiety-related 

behaviours, 

thigmotaxis 

Open field, elevated plus 

maze, elevated zero maze, 

light dark box 

Atp1a3, Cadm1, Camk2a, 

Cdkl5, Cic, Crebbp, Drd3, 

Fmr1, Gria1, Igsf9b, Il6, Magi2, 

Mapt, Myo7a, Nlgn2, Npc1, 

Oprd1, Rnf214, Shank2, 

Shank3, Slc5a7, Syngap1, Syt4, 

Uba6, Vim, Zbtb20 

- 

Adult behavior, 

Cognition, 

Neuromuscular process, 

Synapse organization, 

Regulation of cell 

morphogenesis, 

Regulation of 

neurotransmitter levels 

Atp1a3,Cdkl5, Cic, 

Drd3, Fmr1, Il6, 

Shank3, Slc5a7, 

Syngap1, Uba6, 

Zbtb20 

Atp1a3, Drd3, Fmr1, 

Il6, Nlgn2 

Major depression 
Anhedonia, 

despair 

Sucrose preference test, 

Porsolt forced swim test, 

Tail-suspension test 

Camk2a, Il6, Magi2, Nr4a2, 

Ppargc1a, Shank3, Syt4, 
- 

Glutamate receptor 

signaling pathway, 

Response to xenobiotic 

stimulus, Positive 

regulation of neuron 

differentiation 

Il6, Nr4a2, Ppargc1a, Il6, Nr4a2, Ppargc1a, 

Schizophrenia 

Impaired 

sensorimotor 

gating 

Prepulse inhibition test 
Anks1b, Fxr2, Gabra3, Hmox1, 

Npas3, Shank3, Syngap1 
- 

Localization within 

membrane 

Anks1b, Npas3, 

Syngap1 

Anks1b, Fxr2, Hmox1, 

Npas3, Shank3, 

Syngap1 

Substance use 

disorders 
Reward 

Drug-induced locomotor 

activity or conditionated 

place preference 

Atp1a3, Cadm1, Cic, Chrm1, 

Drd2, Drd1, Drd3, Dtnbp1, 

Gpr88, Gria1, Nr4a2, Shank3, 

Slc6a3 

Dopaminergic 

synapse, 

cAMP signaling 

pathway 

Locomotory behavior, 

Cognition, Synapse 

organization 

Drd1, Drd2, Drd3, 

Nr4a2, Slc6a3 

Drd1, Drd2, Drd3, 

Dtnbp1, Slc6a3 

* Identified using WebGestalt software. Pathways and GO terms sort by significance of enrichment, FDR<0.05. Weighted set cover was applied to reduce redundancy. 
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Interestingly, we found that this gene set of 103 altered mouse genes presenting exclusively 

ADHD-related behaviours is enriched for genes involved in regulation of trans-synaptic 

signalling and forebrain development, as well as for dopaminergic synapse genes, among other 

categories (Table 3). There is ample evidence at genetic, pharmacological, neuroimaging and 

neuropsychological levels that dysregulation of synaptic transmission and dopaminergic 

pathways contributes to the pathophysiology of ADHD [45–48]. Thus, it is expected that animal 

models with altered dopaminergic genes present ADHD-related behaviours, as it has been 

reported in DAT KO mice.  

2.3.2. ADHD and comorbidities 

A striking feature of ADHD clinical manifestation is the frequent co-occurrence with other 

neuropsychiatric conditions [49]. Up to 89% of individuals with ADHD also receive a diagnosis 

of one or more additional psychiatric disorders (Sobanski, 2006). We subsequently explore rodent 

models that present ADHD features together with other behavioural abnormalities related to 

typical ADHD comorbid major psychiatric conditions. 

ADHD and autism-spectrum disorder (ASD) 

Both ADHD and ASD are two early-onset neurodevelopmental disorders with a high 

comorbidity. Indeed, 20-50% of children with ADHD also meet criteria for ASD and genetic 

studies have demonstrated shared heritability and genetic overlap between these disorders 

[6,50,51]. ASD is defined by a range of social and communication deficit severities coupled with 

repetitive and unusual sensory-motor behaviours [52]. In mice, behavioural tests are used to 

evaluate traits resembling ASD features: impairment of social interaction and communication, 

repetitive behaviours and behavioural inflexibility (Table 1-2)[53–55].  In the Jackson database, 

we have found 27 transgenic mouse lines that present both hyperactivity and ASD-related 

symptoms such as impaired sociability or repetitive motor behaviours (Table 4 and 

Supplementary Table S1). From these mouse lines, 23 present impaired sociability, that was 

determined using the three-chambered social approach or the partition test by measuring 

decreased social interaction with littermates or reduced preference for investigating a social 

stimulus (Table 1-2) [55]. Repetitive behaviours are ASD-related traits that can be evaluated in an 

open field test identifying repetitive motor movements and increased self-grooming, or in a 

marble-burying test (Table 1-2) [55,56]. From these mouse lines, 16 also show increased 

stereotypic behaviours (Table 4 and Supplementary Table S1).  



ANNEX 

  
357 

Added to the impaired sociability and repetitive behaviours, some mice present other traits that 

can be considered as ASD-related: decreased vocalization, which reveals communication 

impairments, cognitive rigidity, or altered nest building behaviour (Table 1-2). Indeed, the last 

one, a form of homecage-activity often linked to social behaviour [55], appears in nine transgenic 

mice (Cdkl5 cKO, Cdkl5-/y, Cntnap2-/-, Crebbp-/-, Gabrb3-/-, Magi2 Tg, Shank2-/-, Shank3-/-, Uba6 

NKO). Another ASD trait present in some mice is cognitive rigidity and perseveration, that can 

be evaluated in a classic reversal task using the Morris water maze  or the spontaneous alternation 

T maze test, as well as in a marble burying task (Table 1-2) [55,56]. Cntnap2−/− mice showed 

significantly higher number of no alternations in a standard T maze test and perseveration in the 

reversal task on the Morris water maze [57]. Also, Fmr1I304N mice showed perseverative behaviour 

in the marble burying test [58]. Finally, a decrease in the number of ultrasonic vocalizations 

(USVs), normally emitted by mice in social situations, has been related to communication deficits, 

relevant to ASD. Ultrasonic vocalizations are emitted by pups separated from the dam and nest, 

during juvenile interactions, by resident females in a resident–intruder task and by males 

responding to female urinary pheromones (Table 1-2) [55,56]. Cntnap2-/- pups and Shank3 Tg 

(conditional KI that results in overexpressed Shank3 in dendritic spines in the cortex, 

hippocampus and striatum) pups emitted significantly lower number of ultrasonic calls than WT 

littermates [57,59]. Also, when allowed to interact with a novel WT female mouse, Shank2−/− male 

mice emitted ultrasonic vocalizations less frequently than did WT animals, and took longer to 

make the first call [60]. In a pup retrieval assay, Shank2−/− female mice retrieved the pups less 

efficiently than did WT mice [60]. 

This group of 27 genes that are altered in mouse lines showing hyperactivity and ASD-related 

symptoms is enriched in genes that participate in cognition, regulation of synapse structure and 

activity, and locomotor behaviour, important functions related to ASD and ADHD. The majority 

of the genes altered in these transgenic mouse lines are listed in the SFARI database 

(https://gene.sfari.org/) as genes implicated in the susceptibility to autism, and some of them were 

also related to ADHD in patients (Table 4 and Supplementary Table S2). These genes are highly 

expressed in brain, where they play a role in synaptic transmission, cell adhesion or neurogenesis. 

From these mouse lines, seven could be used specifically for investigating ADHD and ASD, 

without other reported behavioural alteration (transgenic lines for Cntnap2, Gabrb3, Gnao1, 

Grin2b, Htt, Nlgn3 and Scn1a). 

 

 

https://gene.sfari.org/
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ADHD and aggressive behaviour 

Aggressive behaviour is highly comorbid with ADHD and can be assessed as a trait or as part of 

diagnostic categories such as conduct disorder, opponent-defiant disorder or callous 

unemotional. About 47% of children with ADHD have opponent-defiant disorder and around 

30% to 50% of them have comorbid conduct disorder [61]. Conversely, ADHD prevalence is also 

high in young and adult offenders, estimated around 30% [62,63]. Moreover, a recent GWAS 

meta-analysis identified three genome-wide significant loci for ADHD and disruptive behaviour 

disorders, suggesting a shared genetic architecture between these disorders [64]. 

In animal models, the most widely used test to assess aggression is the resident-intruder, since 

aggression often occurs in mice to establish and defend a territory, measured by the number of 

attacks or bites and the latency to attack (Table 1-2) [65]. Social dominance can be assessed using 

the tube test. In general, aggressive behaviour is only tested in males, and when assessed in 

females usually maternal aggression is tested [66].  In the Jackson database we found 10 

transgenic mouse lines presenting hyperactivity and altered aggressive behaviour, which showed 

either increased aggression (Cacna2d3-/-, Cadm1 Tg, Camk2a+/-, Disc1 Tg), decreased aggression 

(Crebbp Tg, Esr1-/-, En2-/-, Gria1-/-) or decreased social dominance (Fmr1-/- and Rgs4-/-) (Table 4 

and Supplementary Table S1).  

Four of these genes have been related to aggressive behaviour in humans: CAMK2A, ESR1, FMR1 

and RGS4 (Supplementary Table S2). Remarkably, polymorphisms in the ESR1 gene, coding for 

the oestrogen receptor 1, have been associated with anger, neuroticism, indirect aggression and 

antisocial behaviour [67], and with ADHD [68]. Moreover, two knockout lines can be used to 

investigate ADHD and aggression comorbidity specifically, Cacna2d3-/- with increased 

aggression and Esr1-/- with decreased aggression.  

ADHD and anxiety 

Around 25% of children with ADHD have comorbid anxiety disorders [69,70]. The tests used in 

anxiety include elevated plus maze, elevated zero maze and light-dark box, in which a long time 

spent in closed or dark areas is associated with increased levels of anxiety (Table 1-2) [71]. In the 

open-field test, a high degree of thigmotaxis is associated with increased anxiety. Hyperactivity 

and differences in anxiety are present in 27 mouse transgenic lines in the Jackson database, the 

vast majority assessing anxiety in the elevated plus maze (Table 4 and Supplementary Table S1). 

From these lines 11 show increased anxiety-related behaviours (Cic-/-, Il6-/-, Magi2 Tg, Myo7a sp, 
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Nlgn2 Tg, Oprd1-/-, Shank2-/-, Shank3-/-, Slc5a7 Tg, Uba6-/-, Vim-/-), and 16 lines show decreased 

anxiety-related behaviours (Atp1a3 Tg, Cadm1 Tg , Camk2a+/-, Cdkl5-/y , Crebbp Tg, Drd3-/- , Fmr1 

Tg, Gria1-/-, Igsf9b-/- , Mapt Tg , Npc1 Tg, Rnf214-/-, Syngap1+/-, Syngap Tg, Syt4-/-, Zbtb20 Tg). 

Remarkably, sex differences were identified for one of them: Magi2 transgenic mice show 

increased anxiety in males but not in females [72]. It should be considered that anxiety in Camk2+/- 

and Uba6-/- lines was only assessed using the open-field test, in which the animals showed 

increased thigmotaxis, but no other specific tests for anxiety were used [73–75]. In addition to 

hyperactivity, Cadm1 Tg and Shank3-/- mouse lines showed also impulsive behaviour [76,77]. 

These genes seem to be involved in synapse organization, regulation of neurotransmitter levels, 

cognition and adult behaviour.  

From these genes, 11 have been previously related to ADHD in patients, and ATP1A3, DRD3, 

FMR1, IL6, NLGN2 with anxiety (Table 3 and Supplementary Table S2). Interleukin-6, encoded 

by IL6 gene, is involved in inflammatory response, and higher IL6 serum levels are found in 

patients with ADHD [78–80] and anxiety [81,82] . Four mouse lines could be used to test 

specifically ADHD with comorbid anxiety (increased levels), Myo7a sp, Oprd1-/-, Slc5a7 Tg, and 

Vim-/-. From those, the transgenic line for Slc5a7 is of special interest, since this gene has 

previously been related to ADHD [83]. 

ADHD and major depression (MD) 

ADHD and MD are two psychiatric conditions that co-occur frequently, being ADHD 7.5 times 

more prevalent in chronic MD than in the general population [84]. Importantly, genetic studies 

have demonstrated the existence of shared genetic risk factors between them using different 

bioinformatic approaches [6,85]. 

In the Jackson database we found seven transgenic mice strains that present both hyperactivity 

and alterations in depressive-like behaviour (Table 4 and Supplementary Table S1). One of the 

core symptoms of depression is anhedonia, the reduced ability to experience pleasure, which can 

be tested in rodents with the sucrose preference test (Table 1-2). We found anhedonia in two 

transgenic strains, Ppargc1a-/- mice gene [86,87],and a knock-in for Magi2 gene expressed under 

the control of Camk2a in the excitatory neurons of the forebrain [72]. On the other hand, Il6-/- mice 

showed enhanced hedonic behaviour in the sucrose preference test [72,88]. Another 

methodological approach to test despair, depression-like behaviour in mice, and to evaluate the 

efficacy of antidepressant drugs is the Porsolt forced swim test (Table 1-2) [89]. In this test, the 

Nr4a2+/- mice showed a depression-like profile compared to WT animals [90]. Conversely, 
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reduced despair and depression-like behaviour was found in Camk2a-/- [75], Syt4-/- [91] and Il6-

/- mice [92]. In the case of Il6-/- mice, these results are supported by the ones obtained in the 

sucrose preference test [88]. Finally, another indicator of despair in mice is the immobility during 

the tail-suspension test. Shank3 Tg  mice showed a reduction in the duration of immobility 

compared with WT, suggesting a reduction in despair in the transgenic animals [59].  

These genes seem to participate in the glutamate receptor signalling pathway, response to 

xenobiotic stimulus and neuron differentiation. Interestingly, some of those genes have 

previously been associated both with ADHD and MD, such as PPARGC1A, NR4A2 and IL-6 

(Supplementary Table S2). From these transgenic lines, Ppargc1a-/- is the only one not showing 

other comorbid behavioural alterations. 

ADHD and schizophrenia 

Recent genetic studies have demonstrated a significant genetic correlation between ADHD and 

schizophrenia [3,6]. Moreover, both disorders share symptoms such as impaired attention and 

deficits in inhibition and working memory [93]. In mice, impaired prepulse inhibition (PPI) is 

widely accepted as the most significant endophenotype of schizophrenia and it is considered 

indicative of disrupted sensorimotor gating, which clinically correlates in patients with 

symptoms such as thought disorder and distractibility  (Table 1-2) [94–96]. In the Jackson 

database we have found eight transgenic mice lines that present both hyperactivity and decreased 

PPI and involve seven different genes (Anks1b, Fxr2, Gabra3, Hmox1, Npas3, Shank3, Syngap1) 

(Table 2 and Supplementary Table S1). Two other transgenic mice strains presented increased PPI 

(involving Fmr1 and Mapt genes), but this altered behaviour is not related to schizophrenia. 

Individuals with schizophrenia suffer also from various cognitive deficits, including impaired 

working memory, that can be tested in mouse models using different paradigms such as novel 

object recognition, contextual and cued fear conditioning, or mazes (Table 1-2) [94]. In the Jackson 

database, three mice lines (Shank3 Tg, Syngap1+/-, Fxr2-/-) present also working memory 

impairments added to decreased PPI, and five mouse lines (Anks1b-/-, Npas-/-, Shank3 Tg, Shank3-

/-, Syngap1+/-) present impaired social behaviour, another endophenotype of schizophrenia [94], 

added to a decreased PPI. 

All these genes, except for GABRA3, have already been related to schizophrenia in patients (Table 

2 and Supplementary Table S2). Moreover, microdeletions in ANKS1B, de novo mutations in 

SYNGAP1 and common variants in NPAS3 were found in ADHD patients [97–99]. Three of these 
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transgenic lines, for the genes Fxr2, Gabra3 and Hmox1, show only alterations related to ADHD 

and schizophrenia with the tests performed so far. 

ADHD and Substance Use Disorders (SUD) 

Apart from the core ADHD symptoms, this psychiatric disorder is associated with an increased 

risk of harmful outcomes like substance abuse, and about 40% of ADHD patients present lifetime 

SUD [100]. This high co-occurrence could be explained both by environmental [101,102] and 

genetic risk factors [85,103]. We have found 12 transgenic mice strains in the Jackson database 

that present hyperactivity and alterations on substance use phenotypes (Table 4 and 

Supplementary Table S1). The effects of drugs of abuse in mice can be studied using both 

unconditioned and conditioned behaviours [104]. Regarding the first ones, the most studied is 

the drug-induced locomotor activity (Table 1-2), apparently produced by increased dopamine 

release. We inspected the transgenic mice models that showed alterations in locomotor activity 

in response to drugs. Compared with WT animals, Chrm1-/- [105] and autoDrd2-/- mice (lack of 

D2 autoreceptors specifically) [106] display supersensitivity to locomotor effects of cocaine. 

Similarly, other mouse strains exhibit locomotor supersensitivity to drugs: Gria1-/- mice after 

morphine injection [107,108], and Nr4a2+/-, Atp1a3(Myk/+), Chrm1-/-, Gpr88-/- and Shank3 Tg mice 

after amphetamine administration [59,90,105,109,110]. Conversely, a low-dose of amphetamine 

in the conditional Cic-/- mice (deletion of Cic in the developing forebrain) and in Cadm1 Tg mice 

(GFAP-DNSynCAM1, dominant-negative form of SynCAM1 specifically targeted to astrocytes) 

exerted a paradoxical calming effect [111], previously described in patients and some ADHD mice 

models [111]. Interestingly, Dat-CI mice  showed increased locomotion induced by amphetamine 

and morphine, but not by cocaine [111], and Drd1-/- mice showed a cocaine dose-dependent 

decrease in locomotion [112].  

On the other hand, the rewarding effects of drugs can also be studied using conditioned 

behaviours like conditioned place preference (CPP) o drug self-administration (Table 1-2). We 

have found two transgenic mice that showed hyperactivity and alterations in CPP. Drd3-/- mice 

showed increased morphine-induced CPP at lower doses compared to WT, but this effect was 

attenuated at the highest dose [113,114]. Dat-CI mice were unable to develop CPP induced by 

cocaine, but amphetamine produced similar levels of CPP than in WT [37], suggesting that the 

lack of response was produced only by the inability of cocaine to block DAT.  Finally, Dys−/− mice 

showed hyperactivity combined with alterations in the operant learning paradigm (self-

administration) with reward pellet, that may be due to increased impulsive and compulsive 



ANNEX 

 
362 

behaviour during early sessions [115,116]. However, these deficits can be improved with 

increased training and experience. 

Some of the genes highlighted here are involved in the dopaminergic (Drd1, Drd2, Drd3 and 

Slc6a2) or glutamatergic (Gria1 and Dtnbp1) neurotransmission systems, key elements of the 

reward system and widely studied both in ADHD and drug addiction (Table 2 and 

Supplementary Table S2). Six of these mouse lines could be used to test specifically ADHD with 

comorbid SUD, in particular the transgenic lines for Chrm1, Drd1, Drd2, Dtnbp1, Gpr88 and Slc6a3 

(Dat), being the genes Drd1, Drd2 and Slc6a3 previously related to ADHD and SUD in patients 

(Supplementary Table S2).  

2.3.3. Strains involving several genes 

In the Jackson database we have found four transgenic and six spontaneous or radiation-induced 

mouse strains with mutations in more than one gene that display hyperactivity among other 

behavioural and neurological phenotypes (Supplementary Table S3). Apart from the Cm mice, 

described above, the most interesting ones are the mice strains that bear a deletion that mimics a 

copy number variation (CNV) on human 16p11.2. This CNV encompasses 26 genes that are highly 

conserved on mouse chromosome 7F3, it has been reported in ADHD patients and it is among 

the most common genetic variations found in ASD [117]. There are two mouse strains with an 

heterozygous deletion of this region: 16p11+/- mice exhibit normal social behaviour but show 

hyperactivity [118], and 16p11.2df mice show both hyperactivity and stereotypic behaviours 

[119]. On the other hand, we found mice with a duplication of about 3Mb (about 19 genes) in 

chromosome 11 (Dp(11)17) that spans the genomic interval commonly deleted in Smith-Magenis 

syndrome patients, who present a behavioural phenotype that closely resembles ADHD [120]. 

Those mice show hyperactivity together with abnormal social interaction and increased anxiety 

[121]. 

2.4. Models used to test pharmacological treatments 

As stated above, rodents are ideal to investigate genetic and environmental factors underlying 

ADHD-related phenotypes and the effect of ADHD medications on them. Indeed, in the last few 

decades, numerous studies have investigated how candidate gene deficiency affects the 

behavioural traits related to the core and comorbid symptoms of ADHD. The most extensively 

studied gene in this context in mouse studies is the one coding for the dopamine transporter 

(DAT), given the fact that psychostimulants acting predominantly via this transporter represent 



ANNEX 

  
363 

the gold standard of pharmacological treatment. The consensus from these studies is that DAT 

deficiency causes novelty-induced hyperactivity, increased impulsivity, inattention, and 

cognitive impairments. These deficits can be reversed by both amphetamine and 

methylphenidate (for a review, [122]. These findings have been corroborated in the recently 

generated DAT-KO rats [123], thus supporting the involvement of dopamine transporter in 

ADHD-related phenotypes.  

Candidate-gene association studies and GWAS have identified a number of novel ADHD risk 

genes and, as mentioned above, several transgenic mouse models have been generated to 

investigate their potential role in ADHD pathogenesis.  One of them is ADGRL3 (previously 

named LPHN3), knockout mice for this gene are hyperactive, impulsive, and display increased 

social behaviour and decreased aggression. While the effect of methylphenidate and 

amphetamine have not yet been published, Adgrl3-deficiency was shown to dysregulate cortical 

DAT expression [124]. These findings were replicated in a rat model, as the Adgrl3-KO rats were 

shown to have a blunted response to amphetamine [125]. Another candidate gene, CNTNAP2, 

has been associated with ADHD and ASD and its deletion in mice results in hyperactivity and 

social impairments [57,126]. Interestingly, risperidone attenuates the hyperactivity but does not 

rescue the social deficits. For more details on these studies we refer the interested reader to our 

recent review paper which describes cross-species (drosophila, zebrafish, mouse, and human cell 

lines) findings on these genes [127]. 

The first twelve genome-wide significant risk loci for ADHD were recently described [4]. Some 

of these genes have previously been linked to behavioural alterations. It is the case of FOXP2, that 

plays a well-established role in speech and language and has previously been associated with 

schizophrenia [128–130]. Foxp2 knockout mice present major deficits in reversal learning together 

with a downregulation of D1R expression [131], and abnormal social behaviour [132]. Also, a risk 

variant in Tmem161b (rs10514299) has been shown to predict striatal activation during reward 

processing in alcohol dependence [133], which is further evidence that this target is worth 

pursuing in a mouse model. Finally, while no behavioural findings have been reported for Dusp6-

/- (dual-specificity phosphatase 6) mice, this gene has been related to obesity, which is an often-

reported comorbidity of ADHD [134]. Even though the majority of these risk genes have not been 

previously linked to ADHD-related behavioural changes, they represent attractive targets for 

further exploration.  
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2.5. Concluding remarks - Rodents 

To our knowledge, no models had been proposed to date for the study of ADHD with comorbid 

conditions. Our systematic searches in the Jackson database have provided new insights on 

different mouse lines that show primarily hyperactivity with or without alterations in other 

behaviours related to psychiatric comorbid conditions. As mentioned before, the selection of 

these mouse lines is biased to hyperactivity since this behaviour is easily tested in routine tests, 

such as the open-field test. Moreover, although less commonly assessed, it is also possible to 

study whether this observed hyperactivity is due to novelty and/or lack of habituation (i.e. open-

field) compared with basal (home-cage) activity. Although numerous tests for measuring 

inattention and impulsivity traits are available, they have only been tested and described in few 

mouse lines in the database due, in part, to the requirement of specialised equipment and active, 

as opposed to passive, measurement. Thus, it would be interesting to perform specific tests 

assessing inattention and impulsivity (Table 1-2) in these mouse lines to investigate the presence 

of these ADHD-related traits apart from hyperactivity. The same should be mentioned regarding 

other behavioural alterations, as specific tests like PPI, CPP or resident-intruder test, might have 

not been performed in many mouse lines. Additionally, it is important to mention that 

hyperactivity can be a potential confound in the interpretation of findings from other tests, since 

the majority rely on locomotor activity. In tasks such as the 5-CSRTT or CPT hyperactivity does 

not affect the results,  but in other behavioural tests, especially in tasks that have a longer duration 

and varying stimulus presentation times, hyperactivity might be a confounding factor.  

Most of the mouse lines that were identified in our review feature alterations in only one gene 

and the majority involve genes that have been previously related to ADHD and comorbidities in 

patients (Table 3-4 and Supplementary Table S2), which make them good models to use in future 

studies to investigate shared genetic mechanisms by ADHD and comorbid disorders. Moreover, 

as described above [4], the recent discovery of 12 genome-wide hits for ADHD represent strong 

targets to assess in genetically-modified mice. Nevertheless, we should  consider that a single-

gene approach does not capture the full genetic complexity of psychiatric disorders, although it 

could be a starting point to unravel the underlying neurobiological mechanisms.  
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3. Zebrafish 

The zebrafish has been used as a model for developmental biology for decades because of their 

rapid development and transparency at embryonic stages. Zebrafish develop outside of the 

mother making it easy to collect and manipulate embryos. Tools to manipulate genes, ablate cells 

and both visualise and manipulate neural activity using light have also been established [135–

137]. In parallel, robust behavioural tests have been set up, enabling zebrafish to be used in 

translational studies of human diseases including psychiatric disorders [138]. Although the 

formation, position, and function of neurotransmitter signalling pathways sometimes differ 

between zebrafish and other vertebrates, comparative studies are beginning to precisely map 

these differences, allowing the transfer of information between species [139]. The ease of 

generating large numbers of zebrafish make them ideal for high-throughput analyses and 

imaging studies. As a model for translational studies, the zebrafish is particularly useful for 

optogenetic dissection of the behaviour, time-lapse analysis of neural development and screens 

for novel therapeutic treatments. The ability to apply chemical compounds to fish by immersion 

rather than injection into the stomach or brain makes zebrafish an excellent animal for screens to 

identify psychoactive drugs, an approach that has already been used for aggression, sleep and 

feeding [140–142]. Despite the impossibility of fully modelling a complex disorder such as 

ADHD, zebrafish have already been used to study different aspects of this disease. In the next 

sections we will describe recent research into the neurobiology of ADHD in this species. 

3.1. Testing ADHD-related behaviours in zebrafish 

Hyperactivity. Hyperactivity is the easiest of the three core symptoms of ADHD to measure in 

zebrafish. Zebrafish larvae move around consistently from about 5 days onwards, and at around 

one month, at the time of sexual maturation, zebrafish undergo a metamorphosis in the shape of 

the body and fins, altering the drag forces that act upon the body (Green and Hale, 2011). This 

gives rise to the adult pattern of locomotion in which contraction of trunk muscles is used to 

propel the body forwards[143,144]. Activity can be quantified by placing a single fish in a tank 

and using videotracking to extract parameters such as distance swum, speed of swimming, 

number of movement bouts and acceleration within bouts (Table 1) [141]. Previous reports of 

zebrafish ADHD-like models have described both an increase in the distance swum [145–147] 

and heightened acceleration during swim bouts, termed motor impulsivity [145,148]. However, 

changes to locomotion are a fairly non-specific read-out of fish behaviour – more evidence is 

required to relate this phenotype to ADHD. In the case of adhesion G protein-coupled receptor L3.1, 
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period1b and micall2b, such hyperactivity could be rescued by applying ADHD treatment drugs 

such as methylphenidate, atomoxetine and deprenyl, suggesting that hyperactivity can be used 

as an endophenotype for ADHD [145–147]. 

Impulsivity. Two types of impulsivity have been described in zebrafish, both of which may be 

useful to investigate the neurobiology of ADHD: motor and cognitive impulsivity. Motor 

impulsivity, as described above, represents sharp bouts of acceleration followed by periods of 

inactivity in contrast to the smooth locomotion curve usually displayed by larval zebrafish 

[145,148]. However, whether these periods of acceleration really represent impulsivity has been 

questioned [149] and further research is required to understand this phenotype. Cognitive 

impulsivity can be measured using the 5-CSRTT, a sophisticated test that has been adapted from 

a similar rodent paradigm (Table 1-2). A single adult fish is placed into an arena that contains five 

light emitting diodes (LEDs). The fish first selects an illuminated LED by nose poking to collect a 

food reward. Once this has been learnt, a variable inter-trial interval is added in which animals 

have to wait several sections before nose poking the LED. Selection of an incorrect (non-

illuminated) LED can be scored as reduced attention (an error of omission), whereas inability to 

wait for the duration of the inter-trial interval is scored as impulsivity [149,150]. Pre-treatment of 

zebrafish with atomoxetine or amphetamine decreases impulsivity in this task, whereas 

methylphenidate has the opposite effect, making fish more impulsive [150]. This suggests that 

noradrenaline signalling may influence performance of this task in fish. A simpler version of this 

test, using only two choice arenas, has been used to characterise period1b mutant zebrafish, which 

displayed inattention in this task compared to wild-type animals [146]. This suggests that the 5-

CSRTT may be a useful test for other ADHD models, even though it can only be used at adult 

stages. 

Inattention. Changes in attention are a core symptom of ADHD that are likely to involve a 

number of physiological and psychological processes. To date, there have been few studies that 

have measured attention in zebrafish, and it is not clear whether zebrafish can maintain an 

attention set in a similar manner to other vertebrates [151].  Major categories of attention include: 

orienting, expectancy, stimulus differentiation, sustained attention, and parallel processing [152]. 

Orienting has been measured in a social attention paradigm in which male zebrafish were 

permitted to eavesdrop upon different stimuli: two male zebrafish fighting each other; two non-

interacting males separated by a barrier; or an empty tank [153] (Table 1). The focal fish’s 

orientation and proximity to the stimulus was used as a read-out of attention. Zebrafish spent 

more time watching a fight than watching the two fish separated by a barrier. They paid 
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particular attention to lateral displays at the beginning of fights suggesting that this represents 

an important social cue [153]. In a recent study, the ability of zebrafish to orient themselves to 

each other has been shown to be controlled by LIM homeobox 8a-positive cholinergic neurons in 

the ventral forebrain [154], an area of the teleost brain that may be homologous to the lateral 

septum in mammals. Sustained attention has been measured using a novel object recognition test 

[155] (Table 1). The amount of time spent interacting with an object presented on a video screen 

was recorded. Wild-type zebrafish could differentiate between a familiar and novel object up to 

24 hours later. 5-CSRTT has also been used to quantify sustained attention (Table 1) [156]. 

Zebrafish have to select one of five same colour LEDs to get a food reward, ignoring the non-

illuminated stimuli. Although they are capable of performing this task, zebrafish have a lower 

accuracy rate and response time on this test compared to rodents. This means that it is not clear 

whether attention measured in the 5-CSRTT can really be compared between zebrafish and other 

vertebrates. Zebrafish also appear to be capable of maintaining an attentional set, the ability to 

apply a set of rules to complex stimuli in order to differentiate relevant from irrelevant cues. This 

was measured by reversal learning coupled to an intra-dimensional set shift (for example, a 

change in the colour of a shape). Adult wild-type fish were first trained to pair one of two colour 

cues with a food reward. Once they had learnt this task the rule was swapped so that the second 

colour was now paired with food. A second set of experiments introduced an intra-dimensional 

set shift: the presentation of two new colours followed by a second rule change (once again 

switching the colour cue that led to reward). The amount of time that adult zebrafish took to learn 

these rules decreased as the experiment progressed suggesting that they had formed an 

attentional set and that the rule governing the correct response has been learnt [157]. There is also 

some evidence that zebrafish can undertake parallel processing in the form of feature binding - 

the ability to integrate the separate features of an object into the correct whole. The reaction of 

zebrafish to films of fish that varied in form and motion has been recorded [158]. Interestingly, 

focal fish spent more time in close proximity to congruent films (normal body shape and forward 

motion) compared to incongruent films (manipulated body shape; abnormal motion) indicative 

of feature binding. Feature binding has previously only been shown in mammals with a more 

developed neocortex. This study suggests that the teleost forebrain is capable of carrying out this 

task, meaning that the neural circuits required to perform feature binding may be simpler than 

originally thought [158]. 
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3.2. Characterising ADHD-linked genes in zebrafish 

Despite the difficulty of modelling all aspects of ADHD, zebrafish still represent an ideal model 

to investigate the expression and function of ADHD-linked genes in the brain. Knock-down or 

mutagenesis techniques can be used to investigate the function of candidate genes during neural 

development and the signalling pathways that they influence. Several ADHD candidate genes 

have been characterised in zebrafish, including adhesion G protein-coupled receptor L3.1 (adgrl3.1) 

and period1b. 

One of the first ADHD-linked genes to be studied in zebrafish was adgrl3.1, one of two zebrafish 

homologues of human Adhesion G-protein Coupled Receptor 3. ADGRL3 risk variants increase the 

prediction of disease severity, long-term outcome and a patient’s response to stimulant 

medication [159,160]. Many of the polymorphisms in ADGRL3 associated with ADHD are located 

in introns rather than the coding region, suggesting that enhancers for other genes may be 

affected rather than ADGRL3 itself [161]. Arguing against this, an enhancer called ECR47 is 

expressed in the ventral forebrain, midbrain and hindbrain of zebrafish in a manner that 

recapitulates some of the expression pattern of adgrl3.1 [145,161]. Transient knock-down of 

adgrl3.1 makes zebrafish larvae hyperactive during both the day and night [145,162]. These 

animals also alter their swimming trajectory, displaying sharp bouts of acceleration that have 

been called motor impulsivity [145]. Both of these phenotypes can be rescued by applying the 

prototypical ADHD treatment drugs methylphenidate and atomoxetine [145], a form of construct 

validity that suggests hyperactivity could be used as an endophenotype in this model. Reduction 

of adgrl3.1 function also leads to a reduction and displacement of dopaminergic neurons in the 

posterior tuberculum, a part of the ventral diencephalon that is important for locomotion [163]. 

Individual posterior tuberculum neurons project both anteriorly and posteriorly with the 

majority of projections going to the spinal cord, suggesting homology with mammalian 

hypothalamic A11 DA neurons [163]. Although adgrl3.1 morphants display similar levels of 

dopamine in the brain as wild-type siblings, they are insensitive to drugs that interact with D1 

and D2-like dopamine receptors [164]. This suggests that morphants have a saturating increase 

in dopamine signalling that may increase locomotion by activating post-synaptic receptors. The 

link between adgrl3.1 function and ADHD-like changes in behaviour has been confirmed in 

mouse and rat [124,125,165,166], providing strong evidence for the link between this gene and 

disrupted dopaminergic signalling. The ability to apply drugs to larval zebrafish by immersion 

means that zebrafish lacking adgrl3.1 function represent an ideal model to screen for novel ADHD 
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treatments. This would require a stable mutant line to be created, and ideally, further behavioural 

phenotyping (including impulsivity and attention) to be carried out at adult stages. 

The period1b (per1b) gene is part of the circadian clock that maintains diurnal rhythms. Circadian 

dysfunctions are thought to contribute to the aetiology of many psychiatric disorders, including 

ADHD. Adult zebrafish per1b mutants display hyperactivity, inattention in a two choice serial 

reaction time task (similar to the 5-CSRTT described above, see Table 1-2) and impulsivity [146], 

although this was measured in a mirror test that is frequently used to study aggression [167] 

(Table 1). They also have a disruption in their circadian changes in locomotion. The hyperactivity 

phenotype can be rescued with methylphenidate and deprenyl, adding weight to per1b mutants 

as a model for ADHD [146]. Per1b mutants display a reduction and disorganisation of posterior 

tuberculum dopamine neurons (similar to the adgrl3.1 phenotype) as well as changes in the 

expression of genes related to dopamine signalling: monoamine oxidase (mao) and dopamine beta 

hydroxylase (dbh) expression is increased, whereas orthopedia a, orthopedia b, mesencephalic astrocyte-

derived neurotrophic factor (manf), wingless and integrated (wnt) 1, wnt3a, wnt5a1 and adgrl3.1 

expression is decreased [146]. Excitingly, this suggests that both per1b and adgrl3.1 act in a similar 

pathway to control ADHD-like behaviours via dopamine neurotransmission. Treatment of per1b-

/- mutants with auriculasin, a prenylated isoflavone extracted from the root of Flemingia 

philippinensis, decreases hyperactivity and normalises the expression of dopamine-pathway genes 

[168]. This shows that auriculasin may represent a novel treatment option for some aspects of 

ADHD, and demonstrates the power of fish models to identify novel drug treatments. The per1b 

mutant is the most extensively characterised zebrafish ADHD model to date, mainly because it is 

a stable mutant line meaning that impulsivity and inattention can be measured in adult fish. 

However, the interpretation of the impulsivity phenotype may need investigating in more detail 

since altered interaction with a mirror could indicate decreased aggression in these mutants 

rather than inattention. 

The Mical family is a conversed group of cytosolic multidomain proteins that are important for 

synaptogenesis, axon guidance and myofilament organisation. Polymorphisms in MICALL2 were 

identified by a genome wide association study and eQTL sequencing of Han Chinese patients 

that display impaired executive inhibition, one of the core symptoms of ADHD [147]. micall2b 

(microtubule associated monooxygenase, calponin and LIM domain containing like protein 2b), 

one of the zebrafish homologues of MICALL2, is expressed in the nervous system, whereas 

micall2a is not [147]. Morpholino knock-down of micall2b triggers hyperactivity in larval zebrafish, 

a phenotype that can be rescued with atomoxetine  [147]. However, neither attention nor 
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impulsivity has been measured in these animals, and the response of morphants to 

methylphenidate has not been measured [147]. This suggests that micall2b needs to be 

investigated in more detail, in particular to understand the role of this gene in nervous system 

development and synaptogenesis. 

The RAB6A GEF Complex Partner 1 (Ric1) protein is important for collagen trafficking from the 

Golgi apparatus through the cell. Human patients with polymorphisms in RIC1 display CATIFA 

syndrome that includes cleft lip, cataract, tooth abnormalities, intellectual disability, facial 

dysmorphism and ADHD [169]. ric1-/- mutant zebrafish exhibit reduced locomotion, a reduced 

forebrain and cerebellum, as well as a craniofacial phenotype and changes to the musculature 

[169]. Some of these phenotypes – such as the reduced forebrain and cerebellum size – may 

represent endophenotypes for ADHD. However, the reduction of locomotion, and lack of 

information regarding attention and impulsivity means that the link between this mutant line 

and ADHD is not very clear. 

Several other ADHD-linked genes have been studied in zebrafish without considering their 

behavioural function. For example, a single nucleotide polymorphism in the last intron of GFOD1 

(Glucose-Fructose Oxidoreductase Domain Containing 1) has been associated with inattention in a 

study of ADHD families [170]. In zebrafish, gfod1 is widely expressed in the zebrafish nervous 

system, both during development and in adult animals [171]. There is prominent expression in 

GABAergic neurons, suggesting that this signalling pathway could contribute to the ADHD 

phenotype in human patients. In a similar approach, SIRBP1 (Signal Regulatory Protein B1) has 

been identified by CNV analysis of patients with a high level of impulsive-disinhibition 

behaviour [172]. Expression analyses in zebrafish show that the fish SIRPB1 homologue is 

expressed in the midbrain and muscle tissue. Further work would be required to understand if 

and how this contributes to impulsivity and ADHD [172].  

3.3. Using zebrafish to investigate comorbid symptoms of ADHD 

As mentioned above, human ADHD patients display a range of comorbidities with other 

psychiatric symptoms, including aggression, ASD and SUD. Zebrafish have been used to 

investigate behaviours linked to all of these disorders.  

Aggression can be measured by either observing the behaviour of two fish in a dyadic fight, or 

recording a single animal’s interaction with its own mirror image (Table 1) [173]. Zebrafish 

display characteristic agonistic postures that include extending their fins, thrashing the tail and 
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attempting to bite an opponent [167]. Zebrafish have been used to investigate novel genes that 

can influence expression of this behaviour [174] and to screen for drugs that decrease aggression 

[175].  

Similar to ADHD, ASD is a complex psychiatric disorder that cannot be fully modelled in 

zebrafish. Although some ASD-linked symptoms can be studied, such as social interactions, other 

symptoms such as language impairment cannot be investigated in this model (Table 1) [176]. The 

zebrafish is a social species, and interactions with conspecifics can be investigated by 

characterising either shoaling, or the interaction with a single or several conspecifics placed in a 

tank compartment [177,178]. Several studies have characterised the expression of genes linked to 

ASD in the brain, and examined their behavioural function [179–181].  

Zebrafish have also been used to measure reward behaviour, a component of drug addiction that 

could help understand SUD (Table 1). For example, a conditioned place preference (CPP) 

paradigm has been used to both identify changes in gene expression caused by exposure to 

amphetamine [182]. In a similar approach, a screen for mutant fish lines that display altered CPP 

behaviour has been used to identify SLIT3 as an important gene mediating nicotine preference in 

both zebrafish and humans [183].  

Together, these approaches demonstrate the power of zebrafish models to investigate a range of 

behavioural endophenotypes of psychiatric disorders. However, to date there are no studies that 

have measured comorbidities seen in human patients in a zebrafish ADHD model.  

3.4. The effect of ADHD treatment drugs on neural development and behaviour 

Current treatment options for ADHD include methylphenidate and atomoxetine, 

psychostimulants that interact with dopamine and noradrenaline neurotransmission. However, 

the effect of long-term stimulus medication on the developing brain has not been explored in 

detail. The zebrafish is an ideal model organism for such studies, because drugs can be applied 

by immersion. The effect of both acute and chronic methylphenidate treatment has been 

examined in wild-type zebrafish [184,185]. Acute immersion in 50 mg/L methylphenidate for the 

first five days of development increased the level of dopamine, noradrenaline and serotonin (5-

HT) in the brain during larval stages [185]. However, this phenotype recovered by one month, 

with drug-treated animals showing similar levels of these neurotransmitters as untreated control 

siblings. Furthermore, methylphenidate exposed larvae spent more time at the bottom of a novel 

tank (an anxiety phenotype) and exhibited decreased choice accuracy in a spatial learning test at 
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adult stages, despite being drug-free for most of their lives [185]. This suggests that exposure to 

methylphenidate during gestation can have long term effects, even if the neurochemical 

phenotype recovered quickly. In a follow up study, Brenner and colleagues applied 

methylphenidate sub-chronically from 14, 21 or 28 days post fertilisation until 12 weeks before 

measuring anxiety, predator avoidance and social interaction. Methylphenidate tended to 

decrease the fish’s response to environmental stimuli, and the drug had a stronger effect on 

behaviour when applied at later stages [184]. This is an interesting study that gives some insight 

into the possible effect of methylphenidate on children, and in particular on non-ADHD patients 

who might use this compound as a cognitive enhancer. It would be particularly insightful to 

repeat this research using a zebrafish ADHD model such as adgrl3.1 or per1b, thereby adding 

more weight to the relevance of these findings to the disease. 

3.5. Investigation of toxins and drugs that may trigger ADHD in humans 

The symptoms of ADHD are caused by a combination of genetic susceptibility and environmental 

factors. Several studies have used zebrafish to examine how exposure to drugs or toxins during 

development can alter behaviour, with potential implications for this disease. Environmental 

exposure to lead can induce ADHD in human patients [186]. Zhang and colleagues treated 

zebrafish embryos with a low concentration of lead and observed a decrease in the number of 

axons forming tracts during development [187]. There were also parallel changes to the 

expression of key developmental genes including eph receptor a4b, netrin 1b, netrin 2 and no 

isthmus. However, the axon tract phenotype recovered by 30 hours post fertilisation, and no 

changes to behaviour were investigated. This study demonstrates that lead exposure can have an 

impact upon neural development, but the link to ADHD is not that clear. In a similar approach, 

zebrafish have been immersed in either polychlorinated biphenyls (PCBs) or the perfluorinated 

compound perfluorooctane sulphonate [148,188]. Both types of pollutant have been linked to an 

increased incidence of ADHD in humans. Embryonic exposure to the PCB mixture Aroclor (A) 

1254 enhanced thigmotaxis (the preference for the side of arena, used as a read-out of anxiety) 

and decreased the response to a visual startle stimulus that could be a measure of attention [188]. 

Treatment with perfluorooctane caused persistent hyperactivity and disorganised spontaneous 

locomotion including fewer bouts of swimming (suggestive of motor impulsivity). This 

phenotype could be rescued with dexamphetamine, indicating that PCB exposure could trigger 

ADHD in human patients [148]. These studies represent an interesting approach to determine 

how environmental effects can lead to the expression of this disease. However, in each case 

inclusion of a genetic model in the study (such as adgrl3.1, per1b) would provide more valuable 
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information about how genetic burden combines with environmental insult to contribute to 

psychiatric disease. 

Zebrafish have also been used to investigate whether pain medication can lead to ADHD-like 

symptoms. Acetaminophen (also known as N-acetyl-p-aminophenol (APAP) or paracetamol) is 

a commonly used over-the-counter pain medication. There is evidence that prolonged 

acetaminophen use during pregnancy may increase the likelihood of a child displaying ADHD 

[189]. However, application of a low dose of acetaminophen during embryogenesis does not alter 

the locomotion of either wild-type of adgrl3.1 morphants at 6 days [162]. Similar results were 

found in a study performed in wild-type mice [190]. This suggests that acetaminophen usage 

during gestation may not trigger ADHD, but further studies  are needed to investigate this in 

more detail. 

3.6. Concluding remarks - Zebrafish 

Zebrafish have already been used as a model to investigate some aspects of ADHD, including the 

expression of candidate genes in the brain and the neurotransmitter signalling pathways they 

influence. Two interesting observations have arisen from these studies. Firstly, although the 

ADHD candidate genes adgrl3.1 and per1b are widely expressed throughout the brain, loss of 

function appears to only affect a select group of dopamine neurons in the diencephalon [145,146]. 

It would be fascinating to understand why these neurons are more susceptible to loss of gene 

function compared to other groups. Secondly, both adgrl3.1 and per1b appear to act in the same 

signalling pathway, and the posterior tuberculum neurons are very important for the control of 

locomotion. A more detailed characterisation of this brain area is needed to understand how it 

relates to groups of dopamine neurons in other vertebrate species.  

Despite progress in establishing zebrafish as a model for this disease, there are some areas of 

research that could be improved. The current measurements of hyperactivity and (cognitive) 

impulsivity are convincing, but attention is still understudied in this species. The only zebrafish 

ADHD model that has been characterised for all three core symptoms of ADHD – hyperactivity, 

impulsivity and inattention – is per1b [146]. Other well-characterised candidate genes, such as 

adgrl3.1 [145,164,191], need to be better characterised to investigate further aspects of this disease.  

Some of the main strengths of fish as a model are the ability to measure behaviour at larval, 

juvenile and adult stages, and the ease with which drug screens can be carried out in this model. 

A comparison of how behaviour and neurobiology change over time could be particularly 
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informative for studies of ADHD, since some patients only express this disease during 

adolescence, whereas others first display symptoms at adult stages [192]. Several studies have 

used complex behavioural readouts to screen for drugs that control behaviour [140,142,175]. This 

approach could be leveraged to identify novel treatments for ADHD – although such an approach 

will likely need to use larval animals in order to increase throughput. One way to overcome this 

problem would be to first screen for drugs that can reduce hyperactivity  at larval stages. A 

second round of screening could involve applying these drugs to adult fish and measuring 

impulsivity and perhaps inattention, followed by confirmation of a drugs effect in mouse. The 

zebrafish has already contributed to understanding of several human psychiatric disorders [138]. 

Coupled to the increasing number of tools available in this species, it seems likely that zebrafish 

are poised to increase our understanding of ADHD, including searching for novel drug 

treatments for this disease.   

      

4. Drosophila Melanogster 

The fruit fly Drosophila melanogaster is a popular model in neurogenetics and has been used to 

establish the link between genes and behaviours for half a century [193,194]. Drosophila is cost-

efficient and has relatively short generation time (~10 days). Approximately 75% of human genes 

have Drosophila equivalents [195]. The simple Drosophila genome is less redundant than the 

human one, and consequently mutations in a gene may cause more prominent phenotypes. The 

nervous system of Drosophila, with 15,000 neurons at larval stage and 250,000 in adulthood [196], 

is a relatively simple yet sufficiently complex model to study nervous system development, 

function, and behaviour. Importantly, while there is little similarity between human and 

Drosophila brain anatomy, the principle building blocks and many neuronal processes and 

mechanisms are conserved [197–199]. 

Drosophila is well suited to study neurodevelopmental and neuropsychiatric disorders, as it 

provides a multitude of approaches to investigate their underlying mechanisms and associated 

pathologies, from a molecular, subcellular, and circuit level to disease-relevant behaviour and 

cognitive processes. Such approaches include genetic or pharmacological induction of disease 

models, the former in a tightly spatiotemporally controlled manner if desired [200,201]. The 

generated models can then be phenotyped and/or molecularly characterized, then, phenotypes 

of interest can be further subjected to modification attempts, e.g. in genetic interaction and/or 

drug rescue experiments. The pool of publicly available stocks that can be readily utilized to 
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manipulate any gene of interest is enormous and steadily increasing [202–207]. Here, we will 

point out the main phenotypic assays that have been and can be applied in Drosophila models of 

ADHD (Table 1). Furthermore, we will highlight the insights that the characterization of ADHD 

risk genes in Drosophila has already provided. Lastly, we briefly discuss the potential and 

perspectives of using Drosophila as a disease model in this field. 

4.1. Drosophila behavioural assays relevant for ADHD 

ADHD is a phenotypically complex disorder, which in its complexity cannot be recapitulated in 

Drosophila or other animal models. Nonetheless, there are many behavioural traits sharing 

biological mechanisms with ADHD that lend themselves for animal modelling, and numerous 

approaches to study them in Drosophila exist [197,199,208]. This also applies to behavioural assays 

that are relevant to the core symptom domains of ADHD: (in)attention, (hyper)activity, and 

impulsivity. 

Hyperactivity. Among the behavioural analyses, those quantifying locomotor activity and sleep 

appear highly relevant to characterize ADHD genes. Locomotor activity in the fly can model the 

hyperactivity component of the ADHD clinical diagnosis. Human ADHD genes were found to 

be enriched among Drosophila genes unbiasedly reported with ADHD face-valid behaviours 

including locomotor hyperactivity [209]. Locomotor activity is classically monitored in Drosophila 

using Trikinetics’ well-established Drosophila Activity Monitoring (DAM) System, which registers 

the number of infrared beam crossings of individual flies at one or multiple positions of a test 

tube (Table 1). Recently, video tracking-based methods have increasingly gained interest due to 

their higher resolution and ability to assess different locomotor components. Video-based 

tracking also allows assessment of additional states and behaviours such as arousal, sleep 

pressure, and feeding [eg. Drosophila Arousal Tracking (DART) system [210], ethoscope [211], 

Activity Recording Capillary (ARC) Feeder or CAFE system [212]]. Furthermore, the 

development of open source software such as Ctrax [213] and JAABA [214], which can be 

customized to detect various Drosophila behaviours, allows video-tracking based methods to be 

developed to assess additional behaviours including attention [215] and grooming [216]. 

Inattention. Attentional deficit is one of the core features of ADHD, however, attentional 

processes are also widely affected in other neurodevelopmental and neuropsychiatric disorders, 

such as intellectual disability (ID), ASD, schizophrenia, and depression [217,218]. In Drosophila, 

attention-like processes have predominantly been studied using vision-based behavioural 

paradigms (comprehensively reviewed previously [219,220]. Attention-like processes are 
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classically measured in tethered flight paradigms arena or in Buridan’s paradigms (Table 1) [221]. 

In tethered flight paradigms, a single fly is secured to a torque meter which records changes in 

flight dynamics in response to visual stimuli presentation [220]. A variation of this paradigm 

measures walking dynamics of a tethered fly on an air-supported ball [222]. Evidence shows that 

dopamine levels influence performance in tethered flight paradigms [223,224]. Buridan’s 

paradigms assess fixation strength on visual objects, which is measured by the angle of deviation 

between the fly’s trajectory and either of the two inaccessible visual landmarks [225]. Transient 

activation of dopamine signalling during development impairs fixation strength in adult [226]. 

An adapted version of Buridan’s paradigm has been used to assess selective attention by 

measuring behavioural responses of flies to distracting secondary stimuli (Table 1) [215,227]. 

Classical visual paradigms have been combined with live brain activity recordings through 

electrophysiology or calcium imaging [228–230]. Such combinatorial approaches allow for more 

comprehensive insights into attention-like processes in Drosophila. Deficits in attention-like 

processes have been shown in radish mutants, a Drosophila model of memory consolidation 

deficits, which could be rescued with methylphenidate [223,230,231]. To date, attention-like 

behaviours have not been tested in Drosophila models of neuropsychiatric disorders. 

Impulsivity. In other organisms, impulsivity is mostly measured with delay discounting or 

response inhibition [232]. To date, only few studies have investigated impulsivity in Drosophila, 

mostly assessing impulsivity in form of courtship disinhibition (Table 1). Exposure to 

psychoactive substances, including ethanol, causes male courtship disinhibition towards both 

females and other males [233]. Such behaviours were identified to be modulated by dopamine 

receptors [234]. 

4.2. Established Drosophila models of ADHD-related genes 

Because of its highly efficient genetics, disease modelling in Drosophila so far has mostly focused 

on characterizing the function of single candidate genes. Several ADHD risk genes have been 

characterized in recent years that monitored ADHD-related phenotypes in Drosophila, 

particularly increased activity. 

SLC6A3, also named DAT, is one of the earliest identified ADHD-associated genes [235]. As 

mentioned above, it encodes the dopamine transporter 1 (DAT1) protein. The length of a variable-

number tandem repeat (VNTR) at the 3’ untranslated region (UTR) of SLC6A3 correlates with the 

level of DAT1 [236]. DAT mutant flies, also termed fumin, exhibit increased dopamine levels and 

hyperactivity [237,238]. Administering the mood stabilizer valproic acid has been shown to 



ANNEX 

  
377 

ameliorate such hyperactivity [239]. In addition, fumin flies display deficits in grooming, sleep, 

and circadian behaviours [238,240,241]. Van der Voet et al. showed that downregulating 

Drosophila DAT, Cirl (the orthologue of ADGRL3), and Nf1 specifically in neurons, respectively, 

increased activity and reduced sleep, and administering methylphenidate rescued the 

phenotypes [209]. NF1 (Neurofibromatosis type 1) is a monogenic neurocutaneous syndrome 

characterized by benign nerve sheath tumors, caused by loss-of-function of the NF1 gene [242]. 

Patients with NF1 also suffer from cognitive impairment ranging from learning disabilities to 

intellectual disability, and are characterized by frequent ADHD features [243–245]. The Drosophila 

model of Nf1 loss-of-function also displays excessive spontaneous grooming [241]. ADGRL3 was 

identified as an ADHD candidate gene from a linkage study based on large multigenerational 

families in a population isolate [159]. Similar findings have also been reported in zebrafish 

[145,164] and rodent ADGRL3 models [165,246], suggesting that the role of ADGRL3 in ADHD-

like behaviours is evolutionary conserved. Another classic ADHD candidate gene is SLC9A9, 

encoding a sodium/proton transporter protein of the solute carrier family. Knockout of Nhe3, the 

Drosophila SLC9A9 orthologue, caused altered electrophysiology upon visual stimuli, similar to 

findings in individuals with ASD [247]. The link between Nhe3 and ADHD-like behaviours in 

Drosophila has yet to be established. 

Massive efforts in past decades have identified a multitude of ADHD candidate genes. As most 

genes are emerging through GWASs, their biological relevance for the etiology of the disorder 

remains to be demonstrated. Using established genetic tools and behavioural assays in Drosophila, 

it is possible to systematically investigate candidate genes in a high-throughput manner [248]. 

Among genes linked to the 12 loci associated with ADHD in the latest GWAS meta-analysis [4], 

FOXP2 has evoked particular interest. FOXP2 is a transcription factor of the forkhead box family, 

which has been in the limelight of research ever since rare mutations were found to cause a severe 

speech disorder [249], sometimes accompanied with mild cognitive impairment [191]. The 

Drosophila FoxP is highly expressed in the nervous system and is required for synaptic 

development and dendritic morphogenesis [250]. It plays a role in behaviours such as learning, 

perceptual decision making, social interaction, and locomotor function [250–253]. Many rodent 

studies have addressed the role of FoxP2 in neurogenesis and behaviours, as described elsewhere, 

suggesting an evolutionary conserved function of FOXP2. However, the role of Drosophila FoxP 

in attention or (hyper)activity has yet to be described. Another high confidence risk gene 

identified in the same GWAS is the transcription factor MEF2C. Foxp2 was found to repress Mef2c 

transcription through DNA binding and repressing Mef2 rescued vocalization and spinogenesis 

defects of Foxp2 knockout mice [254]. In Drosophila, Mef2 has been shown to play a role in ADHD-
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related behaviours. Mef2 is required for maintaining normal circadian behaviour [255,256] and 

neuronal knockdown of Mef2 causes increased locomotor activity and sleep loss [257]. Recently, 

Harich et al. reported a Dutch family with ADHD and cooccurring disorders to segregate with a 

microduplication in 8p23.3, comprising the FBXO25 gene [258]. They then continued to 

functionally validate the newly discovered candidate gene by demonstrating that overexpression 

of Drosophila FBOX25 caused ADHD-like behaviours. 

4.3. Using Drosophila to investigate comorbid symptoms of ADHD 

A striking feature of ADHD clinical manifestation is the frequent co-occurrence with other 

neuropsychiatric conditions [49]. This makes further behavioural traits that can be studied in 

Drosophila relevant to ADHD research and modelling. These include habituation learning, 

working memory, sleep, circadian rhythm, addiction and repetitive behaviour, as well as 

neuromorphological anomalies reported in ADHD and other disorders. 

Habituation 

With ASD as the most commonly comorbid condition of ADHD, it is relevant to measure 

habituation learning. Habituation is a simple, evolutionary conserved form of non-associative 

learning. It is considered a building block of cognition [259]. It is defined as a decrease in response 

to a repeated or prolonged harmless stimulus, which cannot be explained by sensory or motor 

fatigue [259]. Habituation is relevant to ADHD, particularly to (in)attention. Inattention has been 

considered to arise as the failure to filter out irrelevant environmental stimuli [260,261]. Indeed, 

evidence suggests that slower habituation in children and adults with ADHD to visual stimuli is 

correlated with inattention symptoms [262,263]. Habituation was for long considered to result 

from synaptic depression of excitatory neurons. However, emerging evidence, most importantly 

from Drosophila, demonstrated that habituation can result from potentiation of GABAergic 

inhibition, a finding that can readily explain a considerable amount of historic literature [264]. 

Psychiatric disorders, especially ASD and schizophrenia, are hypothesized to be an outcome of 

imbalance in excitatory/inhibitory activity [265,266].  

Habituation can be measured in Drosophila, among other assays [267–270], in the light-off jump 

habituation paradigm (Table 1). This behaviour fulfils all habituation criteria [259,271]. A semi-

automated version of the paradigm allows habituation assessment in a high-throughput manner 

[272]. Using this paradigm, Drosophila models of more than a hundred monogenic 

neurodevelopmental disorders have been shown to display habituation deficits  [272–275]. These 



ANNEX 

  
379 

include the fly models of the disorders caused by mutations in NF1 and numerous other genes 

operating in the Ras-MAPK pathway, as well as genes with synaptic function such as NRXN1, 

DLG2/3 and SHANK2/3, several of these also associated with ADHD-like symptoms in patients.  

Interestingly, habituation deficits were enriched among those Drosophila models that are also 

associated with ASD [272]. 

Working memory 

Working memory has been poorly studied so far in Drosophila but of obvious interest given its 

implication in ADHD and other neuropsychiatric disorders [276]. Meta-analysis studies have 

shown that individuals with ADHD exhibit verbal and visuo-spatial working memory deficits 

[277,278]. Drosophila has been shown to form visuospatial working memory for objects similar to 

vertebrates. In 2008, the Strauss lab described a detour setup, in which they showed that flies can 

remember the position of an object in an arena for several seconds after it has been removed from 

their environment [279] (Table 1). Strikingly, the very first mutant they identified to display 

deficits in this paradigm was ignorant, the orthologue of the RPS6KA3 alias RSK2 gene implicated 

in Coffin-Lowry syndrome, a severe ID syndrome. This visual and spatial working memory is an 

attractive paradigm, even more so since its neuronal substrates have been mapped [280] and nitric 

oxide signalling, a risk pathway for psychiatric disorders [281], has also been implicated in this 

form of working memory [282]. A recent study started to investigate free-movement patterns in 

a Y-maze as a measure for spatial working memory and executive function in humans, mice, 

zebrafish, and fruit flies (Table 1) [283]. They found that flies, like vertebrates, systematically 

explored the maze, apparently remembering their past positions or choices. Translational efforts 

across species are of major importance for future perspectives of modelling neurodevelopmental 

and psychiatric disorders. 

Sleep 

Sleep disturbances are another prominent feature in ADHD. Approximately 25%-50% of children 

with ADHD report sleep problems [284,285]. Sleep disturbances are also more prevalent in 

children with neurodevelopmental disorders than in typically developing children [286]. A recent 

study of Norwegian children revealed that shorter sleep duration was able to predict later 

psychiatric symptoms [287]. Improving sleep behaviour in child with different 

neurodevelopmental disorders, including ADHD, has been shown to improve cognition, mood, 

and behaviours [288]. 
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Drosophila is a suitable model to elucidate the role of ADHD genes in sleep. Drosophila displays a 

sleep-like state which possesses key features characterizing sleep: a species-specific posture 

and/or resting place, modulation by a circadian clock, increased arousal threshold, and a 

homeostatic response to sleep deprivation [289,290]. Furthermore, similar neurobiological 

processes are involved in sleep regulation in mammals and in Drosophila (reviewed in [291]). 

Sleep in Drosophila can be measured by assessing locomotor activity, as described above. It is 

defined as a minimum of 5 minutes of inactivity, as arousal threshold significantly increases after 

5 minutes of inactivity [292]. Both locomotor activity and sleep have been used to characterize 

Drosophila model of ADHD [209]. Neuronal knockdown of DAT, Cirl, and Nf1 have been shown 

to cause sleep loss, as mentioned above. Also, sleep disturbances have been previously reported 

in Nrx-1 mutants Drosophila (ortholog of NRXN1)[293,294] and upon DISC1 overexpression in a 

Drosophila model of schizophrenia [295]. 

Circadian rhythm 

Defects in circadian rhythm has extensively been connected to many neurodevelopmental and 

psychiatric disorders, and is increasingly recognized to contribute to the etiology of the disorders 

rather than only represent a consequence [296,297]. ADHD-associated genes such as DAT, Mef2, 

and period have been shown to play a role in Drosophila circadian rhythm [238,255,256,298,299]. 

Circadian rhythm is generated by a highly conserved molecular clock, which oscillate in a ~24 

hours following the earth rotation period and synchronize behaviours to the time of the day. This 

molecular clock can be synchronized by environmental cues such as light and temperature. 

Drosophila has been instrumental in understanding these processes at the genetic, biochemical 

and circuit level, as reviewed in detail elsewhere [300]. Circadian rhythm in Drosophila was 

initially measured by the rate of flies emerging from their pupal case [301,302]. Such method has 

progressively been replaced by monitoring locomotor activity [303], as already described above. 

Substance abuse 

Reward and addiction-like behaviours have extensively been studied in Drosophila. Assays to test 

these behaviours, the underlying neuronal circuits and molecular pathways as well as their 

parallels to the human behaviours have recently been comprehensively reviewed elsewhere [304] 

(Table 1). Interestingly, a number of circadian genes including period, clock, cycle, and discs 

overgrown have been implicated in ethanol and/or cocaine sensitivity. The classic learning and 

memory genes rutaba and dunce have been shown to regulate appetitive memory and ethanol 

preference [304]. 
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Repetitive behaviour: Grooming 

Grooming is an evolutionary conserved innate animal behaviour that consists of stereotypical 

sequences of actions. Grooming is a repetitive behaviour, thus it may be relevant to several 

neurodevelopmental disorders [305,306]. Fruit flies clean their body parts of dusts and microbes 

using their legs in a fixed repertoire of cleaning movements [307]. Assessment of fly grooming 

behaviour can be done by scoring grooming events [216,241] or efficiency, by quantifying the 

amount of dust removed during grooming [307–309] (Table 1). Several genes have been reported 

to play a role in grooming behaviour in Drosophila, including the D1-like dopamine receptor 1 

dDA1 [310]. In addition, abnormal grooming behaviour is observed in Drosophila model of Fragile 

X syndrome [311] and Neurofibromatosis type 1 [241], both characterized by high frequency of 

ADHD and ASD. 

Neuronal development 

A significant number of human genes associated with neurodevelopmental disorders, including 

ADHD and its frequent comorbidities, are related to synaptic development and function [312–

314]. Post-mortem brain inspection of individuals with ID, ASD, and schizophrenia revealed 

reduced synaptic counts and dendritic spines [315–317]. Multiple well-established ADHD 

candidate genes including DAT1, ADGRL3, CDH13, and SNP25 have been shown to play a role 

in synaptic development and transmission [318–321]. Additionally, pathway analyses on ADHD 

GWAS datasets yielded multiple significantly enriched biological pathways related to synaptic 

function such as transmembrane transport, ion channel activity, and excitatory synapse 

[4,322,323]. The Drosophila neuromuscular junction (NMJ) is a well-established model system to 

study processes related to synapse formation and synaptic functioning. The Drosophila NMJ is 

glutamatergic and shares major features with excitatory synapses in the mammalian central 

nervous system [324,325]. Many genes and processes involved in synaptic biology are conserved 

between Drosophila and humans. The NMJ has been used to characterize other Drosophila models 

of neurodevelopmental disorders including ID, ASD, and schizophrenia [197,199,208,326,327].  

Changes in dendritic morphology have been reported in multiple neurodevelopmental disorders 

[328,329]. ADHD genetic risk factors are enriched in genes related to neurite outgrowth [322,330]. 

Alterations in this process might manifest in later axonal and dendritic anomalies. Thus, neuronal 

morphology is a relevant phenotype to characterize ADHD candidate genes. In Drosophila, the 

dendritic arborization (da) neurons are a popular model choice to study dendritic morphology. 

Da neurons are a part of Drosophila’s peripheral nervous system; they function as sensory neurons 
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and show a complex branching pattern [331,332]. Downregulating the expression of Drosophila 

FOXP2 and STXBP1 orthologues, in humans associated with various neurodevelopmental 

disorders [191,249,333,334], has been shown to cause dendritic branching defects [250,335]. In 

addition, FOXP2 was recently identified as high confidence ADHD risk gene [4] and mutations 

in FOXP2 cause a severe speech disorder with mild cognitive impairment . Mutations in STXBP1 

cause a spectrum of neurodevelopmental disorders, including ID, ASD, ADHD, and epilepsy. 

4.4. Application of Drosophila to investigate therapy options and drug response in 

ADHD 

Drosophila is an ideal model to discover novel treatment approaches through unbiased large-scale 

screening. Many large-scale drug screen studies in Drosophila have successfully identified new 

therapeutic compounds [336,337]. In contrast to classical in vitro drug screens, screening in 

Drosophila allows using ADHD-relevant behaviours as readouts, which may increase the chances 

to discover compounds. 

Methylphenidate is one of the most prescribed drugs for treating ADHD symptoms [338]. In flies, 

methylphenidate has also been shown to ameliorate deficits in attention-like processes in 

Drosophila memory consolidation mutant [230] and hyperactivity-like behaviour in Drosophila 

models of ADHD [209], as already mentioned. Recently, Rohde et al. analysed the genetics 

underlying the behavioural response to methylphenidate using the Drosophila Genetic Reference 

Panel (DGRP) [339], a collection of fully sequenced inbred lines derived from a natural population 

facilitating genotype-phenotype mapping [340]. They identified several genes contributing to 

variability in the drug response and found that the most active wild-type genotypes became less 

active upon acute methylphenidate supplementation. These findings argue that the inverted-U 

shape dose response of methylphenidate is evolutionarily conserved. 

It has been proposed that environmental exposure to toxins such as bisphenol A (BPA) contribute 

to ADHD, particularly in boys [341]. BPA exposure has also been linked to various health issues 

in humans and animals, including fruit fly [342–345]. Early BPA exposure is associated with 

increased neuropsychiatric disorders symptoms in children [346–350]. In flies, Kaur et al. 

reported that BPA exposure to wild-type flies caused abnormal social interaction, reduced 

locomotion, and increased grooming episodes [343]. Together, these findings illustrate the 

potential of Drosophila to study the effect of exposure to risk-conferring environmental toxin to 

behaviours. 
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Additionally, Drosophila has recently been shown to be of utility for studying non-

pharmacological therapies. In an innovative study, Belfer and colleagues reported that a 

behavioural regime, resembling sleep opportunity restriction therapy, increases total sleep in 

short-sleeping Drosophila mutants, including DAT1-deficient flies [351]. Sleep restriction therapy 

(SRT) is widely used as a part of cognitive behaviour therapy for insomnia (CBT-I) and 

performing SRT alone is sufficient to confer most CBT-I benefits [352]. It is yet to be reported 

whether SRT may alleviate ADHD-like behavioural alterations. Findings of Belfer and colleagues 

open a new possibility to use Drosophila as a model to investigate the effect of behavioural therapy 

to disease-relevant phenotypes. 

4.5. Concluding remarks - Drosophila 

Drosophila is a leading model organism that already provided major breakthroughs in monogenic 

neurodevelopmental disorders, including the first drug reversal in Fragile X Syndrome [353], the 

first large-scale approaches to ID/ASD disorders [272,354,355], and countless mechanistic insights 

into specific genetic disorders. Regardless, the study of ADHD in Drosophila is still in its infancy. 

So far, mostly face-valid behaviours, above all locomotor activity, have been used to investigate 

specific aspects of ADHD. Here we summarized the already considerable contribution to our 

understanding of genetics and neurobiology of the disorder. These achievements, with time, are 

increasing the confidence in the relevance of the applied behaviours and paradigms. Beyond 

what we discussed above, there likely are many more phenotypical readouts that are relevant to 

ADHD. Arousal thresholds, for example, is a recurring theme in neurodevelopmental disorders, 

including ADHD [356,357]. Recently, somatic comorbidities, such as obesity or susceptibility to 

infection, are moving into the limelight and could be investigated in Drosophila models of ADHD 

[358–364]. Supported by exceptional toolboxes and resources, it is possible to efficiently address 

the function of candidate genes [365–368], dissect the underlying circuits and mechanisms, and 

critical time frames during development, with important implications for potential reversibility 

of the observed defects. In particular, the cost- and time-efficiency of Drosophila, together with the 

high-throughput manner in which some of the above mentioned assays can be conducted makes 

the fly an organism of choice for approaches highly needed in the ADHD field. These include 

investigating the large amount of emerging candidate genes and variants that require biological 

support [369–371], such as the top 50 or 100 findings of the recent GWAS [4]. Testing larger 

collections of drugs using behavioural assays of confirmed relevance may also generate new 

breakthroughs [337,372]. Many assays however do need significant set-ups and expertise, which 

at present may still limit their widespread application. 
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Supplementary Table S2. List of genes from mouse strains form the Jackson database that have been previously related with ADHD and/or its comorbid 

phenotypes 

Gene Papers on ADHD Disorder 1 Papers 1 Disorder 2 Papers 2 Disorder 3 Papers 3 

Anks1b 31388001 ASD SFARI SCZ 31250731   

Atp1a3 - SUD  anxiety 22933743; 33326973; 

20301294 

  

Camk2a - MD - Aggression 26288127   

Cdkl5 25315662 ASD SFARI     

Cntnap2 19546859; 19546859; 16571880; 

23714751 

ASD SFARI     

Crebbp - ASD SFARI     

Disc1 23389941; 28097908; 26649006 ASD SFARI     

Drd1 22404661; 28237458; 19695183 SUD 30268777; 29383684; 

25907750; 19179847 

    

Drd2 29984470; 22610946;18591481; 

30946941; 30862909;  

SUD 32260442; 30118972; 

26146874; 30268777; 

19179847 

    

Drd3 30051166 SUD 30268777; 25907750; 

19179847 

    

Dtnbp1 - SUD 20615259     

En2 - ASD SFARI     

Esr1 28617822 Aggression 26288127     

Fmr1 22101959; 20981777; 30483160 ASD SFARI aggression 24664669; 18570292 anxiety 30483160; 33195422  

Fxr2 - SCZ 18445270     

Gabrb3 - ASD SFARI     

Gria1 - ASD SFARI SUD 29338492; 26101849; 

27863698 

  

Grin2b 17010153; 27818011 ASD SFARI     

https://www.ncbi.nlm.nih.gov/pubmed/31250731
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Hmox1 - SCZ 15098003; 25937794     

Htt - ASD SFARI     

Il6 28262601; 32418647 MD 27555379; 30944309 anxiety 32769481; 30199144   

Mapt - ASD SFARI     

Nlgn2 26152839 ASD SFARI anxiety 27865048   

Nlgn3 - ASD SFARI     

Npas3 21654738 ASD - SCZ 24674381; 20466522; 

28499489 

  

Nr4a2 15635701 MD 23064081; 23087602 SUD -   

Ppargc1a 31379624 MD 30381832; 21630437     

Rgs4 19124687 ASD -     

Scn1a - ASD SFARI     

Shank2 - ASD SFARI     

Shank3 - ASD SFARI SCZ 20385823; 28371232 SUD - 

Slc6a3 29984470;18591481 SUD 26146874; 31087723; 

29332099 

anxiety 28870407; 27343365; 

24021960 

  

Syngap1 23161826 ASD SFARI SCZ 25034949; 30705251   

Uba6 26284580 ASD -     
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