
 
 

 

The effects of the 15q11.2 BP1-BP2  

copy number variant on white matter microstructure 
 

 

Ana Isabel Silva 

School of Medicine, Cardiff University 

 

	
 

 

Thesis submitted for the degree of 

Doctor of Philosophy  

2019 

 

 



 
 ii 

 



 
 

i 

Declaration 
 

STATEMENT 1 This thesis is being submitted in partial fulfilment of the requirements for the 
degree of PhD 

 

Signed _________________________  

Date _________________________  

 

STATEMENT 2  

This work has not been submitted in substance for any other degree or award at this or any other 
university or place of learning, nor is it being submitted concurrently for any other degree or 
award (outside of any formal collaboration agreement between the University and a partner 
organisation)  

 

Signed _________________________  

Date _________________________  

 

STATEMENT 3  

I hereby give consent for my thesis, if accepted, to be available in the University’s Open Access 
repository (or, where approved, to be available in the University's library and for inter-library 
loan), and for the title and summary to be made available to outside organisations, subject to the 
expiry of a University-approved bar on access if applicable.  

 

Signed _________________________  

Date _________________________  

 

DECLARATION  

This thesis is the result of my own independent work, except where otherwise stated, and the 
views expressed are my own. Other sources are acknowledged by explicit references. The thesis 
has not been edited by a third party beyond what is permitted by Cardiff University's Use of Third 
Party Editors by Research Degree Students Procedure.  

 

Signed _________________________  

Date _________________________  

 

 

WORD COUNT       53600 words 



 
 ii 

  



 
 

iii 

Thesis Summary 
 

The effects of the 15q11.2 BP1-BP2 copy number variant on white matter microstructure 

 

Altered white matter structure has been consistently reported in neurodevelopmental 

disorders. A key question is whether genetic risk variants that are associated with 

neurodevelopmental disorders, are also associated with changes in white matter. The 

15q11.2 BP1-BP2 copy number variant (CNV) is emerging as a recognised syndrome 

and has been associated with several neurodevelopmental disorders, including autism 

spectrum disorders (ASD) and schizophrenia. The cytoplasmic FMR1 interacting protein 

1 (CYFIP1), a gene in this region, is involved in two distinct complexes, known to 

regulate actin cytoskeleton dynamics and protein translation - mechanisms that are crucial 

in white matter dynamics. This thesis describes a translational project combining a 

diverse set of multidisciplinary experiments to investigate the effects of the 15q11.2 BP1-

BP2 CNV on white matter microstructure. 

In Chapters 3 and 4, using diffusion tensor imaging (DTI) methods, I demonstrate a link 

between 15q11.2 BP1-BP2 CNV dosage and altered white matter microstructure in 

human carriers, where bidirectional CNV dosage leads to opposite changes in white 

matter measures.  

In Chapters 5, 6 and 7, using a novel Cyfip1 haploinsufficiency rat model to model the 

low dosage of CYFIP1 in 15q11.2 BP1-BP2 deletion carriers, I investigate how this gene 

could contribute to the phenotype seen in Chapters 3 and 4. Combining DTI, histology 

and in vitro methods, I report that Cyfip1 haploinsufficiency leads to thinning of the 

myelin sheath in the corpus callosum, and suggest that these changes are caused by 

abnormal mechanisms involving myelin basic protein distribution in mature 

oligodendrocytes.   

In conclusion, these results show that variations at the 15q11.2 BP1-BP2 chromosomal 

region lead to white matter abnormalities, and suggest that Cyfip1 influences myelination 

in the central nervous system in a rat model, providing an insight into a possible 

contribution made by low dosage of CYFIP1 to 15q11.2 BP1-BP2 deletion associated 

phenotypes. 
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1.1. The complexity of neurodevelopmental disorders 

Neurodevelopmental disorders encompass a wide spectrum of neuropsychiatric 

symptoms linked to abnormal development of the central nervous system, where general 

symptoms of these disorders emerge in early infancy/childhood and often persist through 

adulthood (Palframan, 1997; Bishop and Rutter, 2009). Autism spectrum disorders 

(ASD), intellectual disability, and attention deficit and hyperactivity disorder (ADHD) 

have been widely characterised as neurodevelopmental disorders (Association, 2013). 

Likewise, schizophrenia has also been proposed to result from neurodevelopment 

disturbances, but with symptoms usually emerging in early adulthood (Owen and 

O’Donovan, 2017).  Clinically, these disorders are highly heterogeneous manifesting 

various degrees of social, cognitive, motor, language and affective deficits (Association, 

2013), making diagnosis a lengthy and complex process. Given the importance of early 

detection and intervention in these disorders, a common goal in neurodevelopmental 

research is to discover ‘indicators’ of disruptions that confer a risk status and occur before 

any behaviour/clinical symptoms. These indicators are commonly termed as biomarkers 

and have been defined as “characteristics that are objectively measured and evaluated as 

indicators of normal biological processes, pathogenic processes, or pharmacologic 

responses to a therapeutic intervention” (Biomarkers Definitions Working Group, 2001; 

Linden, 2012).   

 Neuroimaging allows non-invasive access to the living brain and can be 

particularly useful for identifying core neurobiological mechanisms of 

neurodevelopmental disorders, and thus potential biomarkers in the brain (Linden and 

Fallgatter, 2009; Linden, 2012). With the development of new cutting-edge 

neuroimaging techniques, different aspects of brain structure (anatomical structure) and 

function (intrinsic physical properties of tissues) can be assessed, such as the morphology 

of grey and white matter, integrity and orientation of white matter tracts, brain activation 

patterns, connectivity between regions and networks, and neurochemistry (Linden and 

Fallgatter, 2009; Linden, 2012; Silbersweig and Rauch, 2017). Multimodal studies in 

patients with neurodevelopmental disorders, such as schizophrenia and ASD, have 

repeatedly shown abnormal effects on a structural and functional level (Anagnostou and 

Taylor, 2011; Wheeler and Voineskos, 2014; Kambeitz et al., 2015; Ecker et al., 2015). 

However, the high heterogeneity of these disorders is also reflected in neuroimaging 

studies, where inconsistent results are often found, making it difficult to identify specific 
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clinically robust biomarkers of disease (Ecker and Murphy, 2014). Furthermore, studies 

on patient cohorts do not answer the question of whether these differences were present 

before the onset of the disease (conferring risk to fall ill) or manifested over the course of 

illness (as a consequence of the illness).  

 Several clinical and preclinical studies have pointed to a complex interaction 

between genetic and environmental factors underlying pathogenesis in 

neurodevelopmental disorders (Homberg et al., 2016). Environment is known to play a 

key role in triggering abnormal brain development, given that the developing brain is 

highly plastic and sensitive to environmental changes (Sale et al., 2014). However, the 

high heritability estimates for these disorders suggest that much of the risk is inherited 

(Gottesman, 1991; Abrahams and Geschwind, 2008; Rees et al., 2015). For example, in 

schizophrenia, the heritability of the disorder is estimated to be between 60 to 80% 

(Sullivan et al., 2012). Advances in genetic technology and sequencing tools in the past 

few years have vastly expanded our knowledge of the genetics of neurodevelopmental 

disorders (Hu et al., 2014). It is known that the majority of neurodevelopmental disorders 

do not follow a strict Mendelian disease model where one gene is solely responsible for 

a given trait. Instead, current genetic models have established a polygenic nature for these 

disorders (Hu et al., 2014), identifying rare, common, and de novo risk alleles dispersed 

across a large number of genes. Interestingly, it has also become apparent that disorders 

like ASD, intellectual disability, schizophrenia and ADHD share risk alleles suggesting 

a common genetic aetiology across disorders (Niemi et al., 2018). Recent studies have 

further discovered that inheritance of one neurodevelopmental disorder also confers an 

increased risk for other disorders within the same family (Kendler, 2010; Cheng et al., 

2018). For example, monozygotic twins were found to have a higher chance to develop 

ADHD or intellectual disability, if their co-twin had ASD (Kendler, 2010). Similarly, 

relatives of schizophrenia patients were found to be more likely to develop bipolar 

disorder, depression, and ASD, compared to the general population (Cheng et al., 2018).  

The polygenic nature of these disorders, together with different interactions with 

environmental factors, likely underlie the phenotypic heterogeneity observed in 

behaviour and imaging studies (Bruining et al., 2010). Therefore, studies of genetically 

defined cohorts are needed in order to more precisely capture the biological aspects of 

subgroups within these neurodevelopmental disorders, which could allow more objective 

diagnoses, as well as more targeted interventions (Figure 1.1).  
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Figure 1.1 - Development of biomarkers in order to achieve a personalised diagnosis and treatment 

of neurodevelopmental disorders (NDD).  

Clinical diagnoses based on general behaviour do not account for biological heterogeneity. The 

development of reliable biomarkers is crucial for early detection and phenotypic stratification of individuals 

leading to treatments and interventions designed to the patient’s specific phenotype. Figure adapted from 

Ecker and Murphy, 2014. 

1.2. Copy number variants and neurodevelopmental disorders 

Identifying which genes and variants increase the risk for neurodevelopmental disorders 

and which mechanisms underlie their effect on brain function, is crucial for understanding 

the pathophysiology of these conditions. In this sense, large scale genotyping of the 

human and other mammalian genomes has provided powerful tools for understanding the 

functional/pathogenic implications of human genetic variation. Here, genetic variation is 

present in many forms. Single-nucleotide polymorphisms (SNPs) are individual base 
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changes and are the most common variants in the genome (Ismail and Essawi, 2012). 

Additionally, rare variations were also found in many locations throughout the genome 

(Iafrate et al., 2004; Sebat et al., 2004) and contribute to a substantial proportion of the 

genetic variability in humans. One type of rare variation is known as copy number 

variance. Copy number variants (CNVs) refer to microscopic deletions and duplications 

within the genome, involving more than 1000 base pairs in length but typically less than 

5 megabases (Feuk et al., 2006; Redon et al., 2006; Zhang et al., 2009; Alkan et al., 

2011), and may span many different genes.   

 Two genetic models have been proposed to explain the high complexity behind 

neurodevelopmental disorder phenotypes: the common variant common disease (CVCD) 

and the rare variant common disease (RVCD) models (Malhotra and Sebat, 2012). The 

CVCD model states that the genetic risk results from a combination of high frequency 

variants, which individually have a modest effect on risk (Niemi et al., 2018). For 

example, it is estimated that over 8000 SNPs contribute to schizophrenia, and together 

they are estimated to contribute to between 30% to 50% of the genetic predisposition 

(Ripke et al., 2013). However, individual SNPs typically have an odds ratio of around 

1.10 each for schizophrenia risk (Ripke et al., 2013). In contrast, the RVCD model 

suggests that genetic risk is attributable to rare variants in the form of CNVs, single 

nucleotide variants (SNV, defined as point mutations with a frequency less than 1%), and 

small insertion/deletion (indel) mutations, which individually confer a considerably 

greater risk (Malhotra and Sebat, 2012). Although both models have important 

contributions, large rare CNVs show the strongest and most consistent associations with 

disease (Kirov et al., 2014). It is important to note that, although these variants have a 

higher penetrance than the combined effect of common variants, they only contribute to 

a minority (<10%) of cases of the common neurodevelopmental disorders (Need et al., 

2009; Purcell et al., 2014; Rees et al., 2014). A question that has been raised is whether 

CNVs lead to the same phenotypes as common variants, or manifest in distinct forms, 

where they could be designated as specific syndromes (Owen et al., 2010). This has been 

argued for schizophrenia, however, against this idea studies have shown that CNV 

carriers who developed schizophrenia displayed symptoms that closely resemble those 

with no pathogenic CNVs (Bassett et al., 2003). Schizophrenia is found in carriers in the 

absence of any other disorder, suggesting that psychoses does not occur as a manifestation 

of another primary disorder (e.g. intellectual disability or epilepsy) (Owen et al., 2010). 

These findings suggest that both common and rare risk variants contribute towards 
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disease susceptibility for neurodevelopmental disorders. For the purposes of this thesis, 

which dealt with brain changes related to the 15q11.2 BP1-BP2 CNV, in this section I 

will focus on findings related to rare CNVs and associated risk of neurodevelopmental 

disorders. 

 The association of CNVs with neurodevelopmental disorders was only possible 

with advanced chromosomal microarray (CMA) technology, allowing extensive CNV 

analyses in very large case-control cohorts (Morrow, 2010). Several CNVs have been 

associated to neurodevelopmental disorders in genome-wide association studies 

(GWAS), including intellectual disability, ASD, epilepsy and schizophrenia (Kirov, 

2015). To date, 11 CNVs have been consistently associated with risk of schizophrenia: 

these are deletions at 1q21.1, NRXN1, 3q29, 15q11.2, 15q13.3 and 22q11.2, and 

duplications at 1q21.1, 7q11.23, 15q11.2-q13.1, 16p13.1 and proximal 16p11.2 (Rees et 

al., 2014, 2016). Many of these CNVs were also shown to increase risk for intellectual 

disability, schizophrenia, ASD, ADHD, mood and anxiety disorders (Guilmatre et al., 

2009; Shinawi et al., 2010; Zufferey et al., 2012; Doherty and Owen, 2014; Rees et al., 

2014; Hanson et al., 2015). For example, ASD has been associated with both deletions 

and duplications at 16q11.2 and 1q21.1, as well as 22q11.2 deletion (Doherty and Owen, 

2014). Several studies have estimated the risk of developing any one of these disorders 

when carrying each CNV by calculating its penetrance score (probability of developing 

the disease for individuals carrying the CNV). Although a number of CNVs have been 

associated with schizophrenia, these studies revealed overall modest penetrance values 

(from 2 to 7.4% in most CNVs) for the disorder, suggesting that these CNVs are neither 

sufficient nor necessary for the development of schizophrenia (Kirov et al., 2014; Vassos 

et al., 2010). However, the pathogenicity of these CNVs becomes apparent when 

considering the penetrance to other developmental disorders, like developmental delay 

and ASD, ranging from 10.6% for the 16p13.11 duplication to almost 100% for the 

22q11.2 deletion in Kirov et al., 2014. Furthermore, given the incomplete penetrance of 

these CNVs, many carriers do not develop any clinical condition during their lifespan and 

are apparently healthy. However, these healthy carriers might still have an increased 

burden of cognitive or physical impairments (Kendall et al., 2016) and are extremely 

useful in studying the impact of these variants on brain- and cognitive phenotypes, 

without confounds such as secondary disease effects or medication. 
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1.2.1. Neuroimaging studies in CNVs 

As stated in the beginning of this Introduction, neuroimaging studies on patient cohorts 

have shown that neurodevelopmental disorders lead to structural and functional changes 

in the brain, but fail to show if these changes are inherited and present before the onset of 

the disease, or manifested over the course of illness. Neuroimaging studies in relatives of 

these patients, who had not fallen ill, revealed extensive structural and functional brain 

changes, suggesting a degree of heritability of these phenotypes (Scamvougeras et al., 

2003; White et al., 2002; Belmonte et al., 2010; Thermenos et al., 2013). Therefore, a key 

question for neurobiological research is whether genetic risk factors lead to disruptive 

neurobiological mechanisms that underlie the imaging phenotypes seen in 

neurodevelopmental disorders. Understanding these mechanisms is important for 

establishing biomarkers and may allow targeted design of new therapies. Here, as noted 

above, genetic neuroimaging studies in ‘clinically healthy’ CNV carriers can start 

answering this question by studying brain phenotypes on genetically defined populations 

that are not confounded by secondary disease effects. 

 The mechanisms through which CNVs affect brain and behaviour are poorly 

understood, where the rare occurrence of these CNVs and consequent difficulties in 

identifying sufficient subjects for study can pose practical problems in investigating their 

biological effects in humans. Neuroimaging studies in CNV cohorts have followed 

different approaches; some studies have looked at the impact of individual CNVs in the 

brain, whereas other studies have looked at a converging effect, combining data on 

different CNVs. Studies of individual CNVs are important for investigating the effect of 

targeted genes. These studies, mostly on small cohorts, have indeed shown that CNVs 

lead to brain abnormalities. For some CNVs, these changes were dependent on CNV 

dosage, and reciprocal effects were found in deletion and duplication carriers of the same 

CNV (Chang et al., 2016). However, as pointed out by Drakesmith et al., 2019, brain 

changes are highly heterogeneous across different CNVs where studies have shown 

increases (Hoeft et al., 2007; Chang et al., 2016; Olszewski et al., 2017; Nuninga et al., 

2018) and decreases (Eliez et al., 2000; Kates et al., 2001; Bearden et al., 2007) in brain 

metrics, which is consistent with the notorious phenotypic heterogeneity seen in 

neurodevelopmental disorders. In an effort to detect convergent pathways common to 

different genetic variants, Drakesmith et al., 2019 investigated morphological and 

microstructural alterations in the brain across CNVs and correlated these measures with 
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their penetrance to schizophrenia and developmental delay. Here, the authors found 

effects of penetrance for both disorders on medial white matter structures, more 

specifically a positive correlation with the curvature of the cingulum bundle and in the 

volumetric interrelationships between different segments of the corpus callosum. 

Furthermore, a recent study by Warland et al., 2019 investigated combined data on 

subcortical brain volumes across schizophrenia-related CNVs, and compared these data 

to those of individuals who did not carry any pathogenic variant. The authors found a 

volume reduction in some subcortical structures in CNV carriers, these reductions were 

previously shown to be associated with schizophrenia. 

 The work developed in this thesis aims to understand the consequences of CNVs 

at the 15q11.2 BP1-BP2 region on brain structure and further elucidate possible cellular 

and molecular mechanisms underlying the pathogenicity of this CNV. For this work, two 

previous neuroimaging studies by Stefansson et al., 2013 and Ulfarsson et al., 2017 are 

of high relevance. The authors in both studies reported brain structural and functional 

abnormalities, using magnetic resonance imaging (MRI) data, in both deletion and 

duplication carriers whom did not have a clinical and/or self-reported diagnosis. In 

Stefansson et al., 2013, deletion carriers showed reduced grey matter volume in the 

perigenual anterior cingulate cortex (pACC) and in the left insula, as well as bilateral 

reductions in white matter volume in the temporal lobe and increases in the corpus 

callosum volume. Changes in the pACC and temporal lobe have also been reported in 

schizophrenia (Baiano et al., 2007; Bora et al., 2011). Interestingly, duplication resulted 

in reciprocal changes in the same regions showing alterations in the deletion carriers, 

presenting the first demonstration of dosage-dependent effects of CNVs on human brain 

structure. Ulfarsson et al., 2017 replicated these results and further showed functional 

changes in the fusiform and angular gyri accompanied by a smaller fusiform gyrus in 

deletion carriers. 

1.2.2. Understanding the role of CNVs 

The ability to identify risk genes was a significant step in improving our 

understanding of human diseases. Following this, it was crucial to reveal the mechanisms 

by which these genetic variants influence risk for disorder. Although neuroimaging 

studies in CNV carriers have greatly contributed to finding convergent, as well as distinct, 
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impacts of these genetic variants on brain structure and function, these techniques do not 

provide enough resolution to further elucidate the cellular and molecular consequences 

underlying these effects. Currently, this may only be achieved using histological 

procedures that allow a careful examination of brain tissue. Histological studies in 

humans can only be performed using post-mortem tissue, thus relying on the availability 

of the tissue, making it difficult to control several variables like age, gender and 

conditions prior to death (Monoranu et al., 2009). In this regard, the fast progress in 

genome editing techniques, such as CRISPR, have led to the creation of invaluable animal 

and cellular models of human diseases that allow the study of molecular and cellular 

underpinnings of pathology (McCarthy et al., 2014; Powell et al., 2017). These models 

also allow the targeting of specific genes within a chromosomal region of interest, 

allowing the study of the role and effects of individual genes, which could explain the 

phenotypes associated with a particular CNV. Furthermore, advances in animal imaging 

protocols have allowed translational validity of these models by comparing human and 

animal imaging studies, increasing our confidence on the cellular findings in animals, as 

well as on translation of therapeutics to humans (Figure 1.2). 

  

 

Figure 1.2 - Translational framework combining multi-modal imaging in animal models and humans. 

Similar imaging phenotypes increase our confidence on molecular and cellular findings in the rodent model, 

and may elucidate the mechanisms underlying the imaging phenotype in humans.  
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Given the high penetrance of CNVs for neuropsychiatric disorders, several animal 

models of these CNVs, as well as single genes within them, have been created. Some of 

these models were created for the following CNVs: 22q11.2 (Mukai et al., 2008; S. R. 

Nilsson et al., 2016; Sigurdsson et al., 2010; Tamura et al., 2016; Van et al., 2017), 

7q11.23 (Li et al., 2009), 15q11-13 (Nakatani et al., 2009), 16p11.2 (Horev et al., 2011), 

15q13.3 (Fejgin et al., 2014; Forsingdal et al., 2016; S. R. O. Nilsson et al., 2016; Thelin 

et al., 2017), 1q21.1 (Nielsen et al., 2017), and 15q11.2 BP1-BP2 (Bozdagi et al., 2012; 

De Rubeis et al., 2013; Pathania et al., 2014; Hsiao et al., 2016).  

The work developed in this thesis is focused on the impact of 15q11.2 BP1-BP2 

CNV on white matter microstructure. These findings are described in Chapter 3 and 4, 

and focus on the question of which gene, or genes, in this region could contribute to white 

matter abnormalities. To answer this question, it is important to understand the role of the 

different genes in this region and how they may individually, or collectively influence 

white matter microstructure. Here, different model organisms have been used to identify 

the roles of the genes within the 15q11.2 BP1-BP2 region. In the following section, I will 

elaborate on the clinical and cognitive findings related to this region, and further elaborate 

on findings related to individual genes within this region. 

1.3. The 15q11.2 BP1-BP2 copy number variant 

The chromosome 15q11-13 region contains 5 breakpoints (BP) that have been classified 

as CNVs (Pujana et al., 2002; Locke et al., 2004). The 15q11.2 BP1-BP2 (Burnside-

Butler susceptibility locus) deletion has been gaining particular interest in Prader-Willi 

Syndrome (PWS) and Angelman syndrome studies, where deletions occur between the 

BP3 and BP1 or BP2. These have been classified as Type I when the deletion involves 

genes between the BP1 and BP3, or Type II when genes between BP2 and BP3 are deleted 

(Figure 1.3). Cognitive studies in PWS have suggested that Type I deletions often report 

more severe phenotypes, in particular learning and behavioural deficits, than Type II 

deletions (Butler et al., 2004; Hartley et al., 2005; Varela et al., 2005; Sahoo et al., 2007). 

This suggests a contributing role of the BP1-BP2 region to the severity of  PWS-

associated cognitive phenotypes.  
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Figure 1.3 - Ideogram representing the chromosome 15. 

The location of BP1 and BP2 (at the 15q11.2 band) and BP3 (at 15q13.1 band) are illustrated in the figure. 

Prader Willi Syndrome Type I deletion involving genes in the BP1-BP3 interval, and Type II deletions 

involving genes in the BP2-BP3 interval, are represented in this figure, as well as the BP1-BP2 region. 

Figure adapted from Cox and Butler, 2015.  

 

The isolated BP1-BP2 region was first studied in Murthy et al., 2007 in two 

individuals and further reported in nine individuals in Doornbos et al., 2009, where most 

of these individuals manifested behavioural and neurological abnormalities. A later study 

by Burnside et al., 2011, using a large cohort of patients, found that 0.86% of 

approximately 17 000 individuals had a deletion or duplication of the 15q11.2 BP1-BP2 

region. Other reports have found 0.23% deletion carriers in 6 329 individuals, and 0.37% 

duplication carriers in 4 363 individuals (Pinto et al., 2007; Jakobsson et al., 2008; Itsara 

et al., 2009). In Burnside et al., 2011, having identified 69 deletion and 77 duplication 

carriers showing a range of symptoms consisting of language and motor delays, 

behavioural problems, ASD, seizures and occasionally mild dysmorphic features, the 

authors proposed that this was a susceptibility locus for neurological dysfunction. 

Similarly, a study by Cafferkey et al., 2014 on a cohort of 14 605 patients (primarily 

paediatric) found 83 15q11.2 BP1-BP2 deletion carriers (0.57%), the majority presenting 

some form of behavioural disturbance or developmental/motor delays. Finally, a 

literature review of clinical features by Cox and Butler, 2015, from 200 individuals with 

the 15q11.2 BP1-BP2 deletion, has grouped these phenotypes into five categories: (1) 
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developmental (73% of cases) and speech (67%) delays; (2) dysmorphic ears (46%) and 

palatal anomalies (46%); (3) writing (60%) and reading (57%) difficulties, memory 

problems (60%) and verbal intelligence quotient (IQ) scores ≤75 (50%); (4) general 

behavioural problems (55%); and (5) abnormal brain imaging (43%). The deletion was 

also found to increase susceptibility to schizophrenia (Stefansson et al., 2008; Kirov et 

al., 2009; Rees et al., 2014) and epilepsy (Valente et al., 2013). Although all these 

findings point to an increased risk for neurodevelopmental disorders, the estimated 

penetrance is approximately 2% for schizophrenia and 10.4% for developmental 

delay/ASD (Kirov et al., 2014), which is considerably lower than other CNV deletions 

(Figure 1.4A). However, the frequency of this CNV is higher than other pathogenic 

CNVs (Figure 1.4B), and a recent study using ultra-high resolution CMA reported the 

15q11.2 BP1-BP2 deletions as the most frequent finding in those with only ASD or those 

with ASD combined with intellectual disability and congenital anomalies (Ho et al., 

2016). 

 

 

Figure 1.4 - Penetrance and frequency of different CNVs in controls and different 

neurodevelopmental disorders. 

A Penetrance of schizophrenia-related CNVs for schizophrenia (represented in grey) and the combined 

group of development delay (DD), ASD, and various congenital malformations (CM) (represented in 

black). B Frequencies of CNVs in control groups (represented in yellow), individuals with DD/ASD/CM 

(represented in black), schizophrenia (represented in red) and bipolar disorder (represented in blue). The 

frequencies of the CNVs are represented in the y-axis. Figure 1.4A was taken from Kirov et al., 2014, and 

Figure 1.4B was taken from Kirov, 2015. PWS/AS, Prader-Willi /Angelman syndrome; del, deletion; dup, 

duplication; VCFS, velo-cardio-facial syndrome; WBS, Williams-Beuren syndrome. 

 

 



 
 14 

The 15q11.2 BP1-BP2 duplication has been linked to a similar list of 

neurodevelopmental disorders, including intellectual disability, motor and speech delay, 

ASD, ADHD, ataxia, seizures and dysmorphic features, as summarised by a review of 52 

subjects in Burnside et al., 2011. However, in a recent large-scale genetic study the 

duplication did not show a significant risk for developmental delay (Coe et al., 2014), 

and it is not considered a risk locus for schizophrenia (Kirov et al., 2014). Therefore, the 

pathogenicity of the duplication is still unclear, and more studies are needed in this matter.  

As stated previously, carriers of CNVs who do not develop a clinical condition 

may still show cognitive and physical impairments. Both Stefansson et al., 2013 and 

Ulfarsson et al., 2017 showed dosage-dependent brain abnormalities in healthy carriers 

of the 15q11.2 CNV. When it comes to cognitive measures, in Stefansson et al., 2013 the 

15q11.2 BP1-BP2 deletion showed modest effects on neuropsychological tests but was 

strongly associated with difficulties in reading and mathematics, assessed by 

questionnaires designed to detect difficulties indicative of dyslexia and dyscalculia [adult 

reading history questionnaire (ARHQ) and adult mathematical history questionnaire 

(AMHQ)]. The structural and functional findings described in the previous section, also 

overlap with previous studies showing brain changes in dyslexia and dyscalculia, and 

may contribute to the cognitive phenotype in deletion carriers. Interestingly, although 

reciprocal effects in brain structure were found in association with both deletion and 

duplication, these opposite effects were not found for ARHQ and AMHQ scores, where 

the duplication carriers performed similar to controls with no pathogenic CNVs 

(Stefansson et al., 2013). Overall these results, together with the fact that the duplication 

seems to be less pathogenic on a clinical level than the deletion, suggest that the 

duplication may have a less damaging effect than the deletion. 

Given the risk associated with the 15q11.2 BP1-BP2 deletion for 

neurodevelopmental disorders and cognitive impairment, it is important to identify which 

genes contribute to the observable phenotypes. The 15q11.2 BP1-BP2 region contains 

four genes (Figure 1.3): non-imprinted in Prader-Willi/Angelman syndrome 1 gene 

(NIPA1), non-imprinted in Prader-Willi/Angelman syndrome 2 gene (NIPA2), 

cytoplasmic FMR1 interacting protein 1 (CYFIP1), and tubulin gamma complex 

associated protein 5 gene (TUBGCP5) (Chai et al., 2003). Supportive of the hypothetical 

role of BP1-BP2 region in the severity of PWS associated symptoms is a study by Bittel 

et al., 2006, where the authors found the amount of messenger RNA (mRNA) within the 
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BP1-BP2 region to explain between 24% to 99% of the phenotypic variability in 

behavioural and academic measures.  

The four genes mentioned above are expressed in the central nervous system, and 

some work has been done to understand their individual roles. For example, NIPA1 is 

known to mediate Mg2+ transport (Rainier et al., 2003), and has been associated with 

autosomal dominant hereditary spastic paraplegia and postural disturbances, which could 

result from impaired magnesium transfer (Goytain et al., 2007). Furthermore, NIPA1 was 

also found to inhibit bone morphogenic protein (BMP) signalling via interaction with 

BMP receptor type II (Tsang et al., 2009). In a Drosophila model, Wang et al., 2007 

showed a role for BMP signalling in axonal microtubule maintenance and axonal 

transport, and further showed that this function is inhibited when the Drosophila 

melanogaster NIPA1 ortholog spichthyin is mutated. The NIPA2 gene encodes for 

proteins used in renal Mg2+ transport and metabolism, and mutations in this gene have 

been associated with childhood absence epilepsy (Xie et al., 2014). The TUBGCP5 gene 

encodes a member of the gamma-tubulin small complex involved in microtubule 

nucleation and dynamics (Murphy et al., 2001; Raynaud-Messina and Merdes, 2007). 

This gene is highly expressed in the subthalamic nuclei, a region linked to obsessive-

compulsive disorder and ADHD (Grabli et al., 2004). More is known about the CYFIP1 

gene. This gene is involved in two independent roles associated with actin remodelling 

and regulating mRNA translation through interactions with fragile X mental retardation 

protein (FMRP) (De Rubeis et al., 2013). Both functions are crucial for synapse 

development, axon targeting, and cytoskeleton organisation, processes that ultimately 

shape our brain and were found to be dysregulated in neurodevelopmental disorders (Lee 

and Dominguez, 2010; Yan et al., 2016; Amorim et al., 2018).  

Each of these four genes have the potential to influence brain development and 

function. However, it is unknown to what extent they are associated with the increased 

risk for psychiatric disorders in 15q11.2 BP1-BP2 CNV carriers (Cox and Butler, 2015). 

Substantial rodent and human models have considered CYFIP1 as a prominent candidate 

gene contributing to the 15q11.2 BP1-BP2 brain and psychological phenotypes (Bozdagi 

et al., 2012; De Rubeis et al., 2013; Yoon et al., 2014; Pathania et al., 2014; Oguro-Ando 

et al., 2015; Nebel et al., 2016). Moreover, a study looking at the relationship between 

SNPs across the 15q11.2 BP1-BP2 region and brain structures found an association 

between rs4778298, a common variant at CYFIP1, and variations in the surface area 

across the left supramarginal gyrus (Woo et al., 2016). This cortical structure is implicated 



 
 16 

in speech and language, and could contribute to the language impairment seen in 15q11.2 

BP1-BP2 deletion carriers. Most of the work was done in animal models and showed that 

dysregulations in Cyfip1 gene have an effect on structure and function of synapses. In the 

following sections, I will elaborate on these findings elucidating the role of CYFIP1 in 

the brain, and how dysregulations in this gene may affect synaptic morphology and 

physiology.  

1.4. Molecular functions of the CYFIP1 gene 

 As stated earlier in this Introduction, the creation of animal and cellular models 

allows the targeting of single genes in order to understand their individual roles. The first 

study modelling a reduction of CYFIP1 was performed by Schenck et al., 2003, using a 

Drosophila melanogaster model with a dCyfip mutation. Using this model, Schenck et 

al., 2003 were the first to identify the dual role of CYFIP1. Following this, Bozdagi et al., 

2012 created a Cyfip1-haploinsufficient mouse to model the low dosage of CYFIP1 in 

15q11.2 BP1-BP2 CNV deletion carriers. Here, complete knockout of Cyfip1 was 

attempted but found to be embryonically lethal in the mouse (Bozdagi et al., 2012; 

Pathania et al., 2014) and fly (Schenck et al., 2003; Zhao et al., 2013).  

1.4.1. CYFIP1 role in actin cytoskeleton remodelling 

CYFIP1 has a prominent role in cytoskeleton remodelling. The cytoskeleton of a cell is 

made of microtubules and actin filaments. Microtubules are the largest filament type, and 

are composed of a protein called tubulin. Actin filaments are essential for the formation 

and function of lamellipodia, also known as membrane ruffles at the cell periphery. These 

ruffles form processes that are called microspikes when the actin filaments do not project 

beyond the cell edge and filopodia when they do (Small et al., 2002). Lamellipodia are 

essential for cell motility, organisation of membrane domains, phagocytosis and the 

development of substrate adhesions (Small et al., 2002).  

Actin is the most abundant intracellular protein in a eukaryotic cell, and can exist 

in two forms: as globular monomers (g-actin) or can form linear chains of these 

monomers in filamentous polymers (f-actin or actin filaments). In order to form actin 
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filaments, essential for lamellipodia formation, polymerisation of g-actin into f-actin must 

occur. Likewise, other processes require the rapid disassembly of f-actin into g-actin. This 

ability of g-actin to polymerise into f-actin and of f-actin to depolymerise into g-actin is 

an important property of actin, making the actin cytoskeleton extremely dynamic. 

The actin cytoskeleton is involved in a variety of biological functions, and 

understanding the mechanisms underlying actin dynamics is critical in cell biology with 

important implications for health and disease. In earlier studies, three members of the Rho 

small guanosine triphosphatase (GTPase) family were found to be key regulators of actin 

dynamics, and play an important role in the organisation of the actin cytoskeleton (Hall, 

1998). These were identified as Rho, Rac1, and Cdc42. Studies in 3T3 fibroblasts first 

showed that Rho activation lead to the assembly of contractile actin-myosin filaments 

(stress fibres) and associated focal adhesion complexes (Ridley and Hall, 1992). Rac1 

was then analysed and found to drive actin polymerisation at the cell periphery to produce 

lamellipodia in mouse-derived Swiss 3T3- and human-derived KB cells (Ridley et al., 

1992; Nishiyama et al., 1994). Later, activation of Cdc42 was found to also contribute to 

actin assembly and induce the formation of filopodia (Kozma et al., 1995). Although the 

effects of Rho GTPases on actin cytoskeletal dynamics were initially characterised in 

fibroblasts, later studies looked extensively at these effects in neuronal cells. Here, it was 

shown that axonal growth was driven by actin polymerisation within the growth cone – a 

highly dynamic structure at the end of the axon (Figure 1.5), consisting of lamellipodial 

and filopodial protrusions (Hall, 1998; Dent and Gertler, 2003; Omotade et al., 2017).  
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Figure 1.5 - Schematic representation of a neuron, and detailed view of the growth cone and main 

cytoskeletal components (filopodia, lamellipodia, microtubules and actin filaments). 

 

It was suggested that the coordinated actions of Rho GTPases were possible 

through interactions with multiple target proteins (Hall, 1998). To better understand 

cellular cytoskeletal dynamics and lamellipodia formation, several studies were 

conducted to identify the protein targets of the small GTPase Rac1, leading to the 

discovery of a link between Rac1 and CYFIP1 protein. Using affinity purification 

methods in the bovine brain cytosol, CYFIP1 was found to be specifically co-purified 

with the active GTP-bound form of Rac1, but not with Rac1 in its inactive guanosine 

diphosphate (GDP)-bound state (Kobayashi et al., 1998). This interaction, established by 

the N-terminus of the CYFIP1 protein, was of particular interest since activation of Rac1 

is essential for inducing actin polymerisation. CYFIP1 was first characterised as Rac1-

associated protein 1 (Sra-1) in Kobayashi et al., 1998, since no interaction with the other 

Rho family members Cdc42 or Rho was found. This study provided the first functional 
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characterisation of CYFIP1, and showed that CYFIP1 co-sedimented with filamentous 

actin in KB cells, further suggesting a crucial role for a Rac1-CYFIP1 interaction in actin 

polymerisation and lamellipodia formation.  The molecular pathway linking CYFIP1 to 

actin polymerisation through Rac1 activation was yet to be determined. 

It was first shown that Cdc42 regulated actin assembly by activating the actin-

related protein 2/3 (Arp2/3) through binding with N-WASP, a member of the Wiskott–

Aldrich syndrome protein (WASP) family. After binding with Cdc42, N-WASP becomes 

active and binds to Arp2/3, generating filopodia (Ma et al., 1998; Miki et al., 1998). The 

Arp2/3 was also found to interact with the Wiskott-Aldrich syndrome protein family 

verprolin homologous protein (WAVE) regulatory complex (WRC) to initiate actin 

assembly. CYFIP1 is a member of this complex, which is an assembly of the proteins 

WAVE1/2/3, CYFIP1/2, Nck-associated protein 1 (NCKAP1), ABI interactor 1/2 

(ABI1/2) and haematopoietic stem cell protein 300 (HSPC300) (Dai and Pendergast, 

1995; Shi et al., 1995; Eden et al., 2002; Kunda et al., 2003; Schenck et al., 2003; Chen 

et al., 2010). Both the WASP and WAVE family proteins share a common domain 

architecture: a proline-rich stretch followed by a verprolin-homology central acidic 

(VCA) region located at the carboxyl terminus (Kurisu and Takenawa, 2009). The VCA 

simultaneously binds to an actin monomer (g-actin) and to Arp2/3 through the V and CA 

domain, respectively, to trigger actin polymerisation. In the WRC, the CYFIP1 protein 

binds to the VCA region, making it impossible to bind to Arp2/3, and therefore inhibiting 

WAVE activity (Chen et al., 2010). Rac1 was shown to activate WRC and trigger actin 

polymerisation, similar to how Cdc42 activates N-WASP protein. However, contrary to 

what was seen in Cdc42 and N-WASP interactions, Rac1 does not directly bind to the 

WAVE protein (Pollard and Borisy, 2003; Chen et al., 2010). Instead, Rac1 binds to 

CYFIP1, triggering a conformational change in the protein (De Rubeis et al., 2013) that 

releases the subcomplex of CYFIP1/2, NCKAP1 and ABI1/2 from the WRC (Cory and 

Ridley, 2002; Eden et al., 2002; Derivery et al., 2009). As a result, the VCA region of the 

WAVE protein becomes activated and able to bind to g-actin monomers and Arp2/3. This 

mechanism, summarised in Figure 1.6, supports the CYFIP1-Rac1 interactions in actin 

polymerisation, previously reported in Kobayashi et al., 1998.  

Supportive of an inhibitory role of CYFIP1 in actin polymerisation is the fact that 

Cyfip1 haploinsufficiency was shown to increase levels of f-actin in rodent and 

Drosophila models (Schenck et al., 2003; Zhao et al., 2013; Pathania et al., 2014; Hsiao 

et al., 2016). However, it is important to mention that some conflicting evidence has been 
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reported regarding the direction of change in f-actin levels. Although most studies have 

reported increased f-actin levels upon reduction of Cyfip1 levels, De Rubeis et al., 2013 

found decreased f-actin levels in cortical neurons from 15-day-old Cyfip1 heterozygous 

mice. Furthermore, other studies have proposed different versions of the WRC-actin 

assembly mechanism, suggesting that Rac1-binding triggers a conformational change in 

CYFIP1 that exposes the VCA domain without dissociation of CYFIP1 and other WRC 

members (Ismail et al., 2009; Chen et al., 2010; Derivery and Gautreau, 2010). 

 

 

Figure 1.6 - Schematic illustration of CYFIP1 protein dynamics as an inhibitor of WAVE regulatory 

complex (WRC) and actin polymerisation.  

When Rac1 is inactive (GDP-Rac1) CYFIP1 binds the VCA region of WAVE1 inhibiting this complex. 

Upon activation of Rac1, GTP-Rac1 binds to CYFIP1, inducing a conformational change that results in the 

release of the sub-complex CYFIP1/2, NCKAP1 and ABI1/2 sub-complex. Following this, the VCA region 

becomes free to interact with the Arp2/3 complex, which becomes active and starts polymerising actin 

(assembly of g-actin into f-actin). Scheme adapted from Abekhoukh and Bardoni, 2014.  
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1.4.2. CYFIP1 role in mRNA translation 

CYFIP1 also plays an important role in regulating mRNA translation through interactions 

with FMRP. The control and fine regulation of protein translation is essential for both 

synaptic and axonal development in response to different developmental cues and other 

stimuli (Martin et al., 2000; Steward and Schuman, 2003; Lin and Holt, 2008). FMRP, 

encoded by the FMR1 gene, is an RNA-binding protein that tightly regulates the 

localisation, stability, and translation of a large range of RNAs that are critical to neuronal 

development, synaptic plasticity and dendritic spine architecture (Braat et al., 2015; 

Contractor et al., 2015; Richter et al., 2015; Banerjee et al., 2018). Silencing of the 

FMR1 gene results in fragile X syndrome (FXS), which is the most common form of 

inherited intellectual disability as well as the most frequent known cause of ASD (Verkerk 

et al., 1991; Lozano et al., 2014). In order to better understand the pathophysiology 

underlying FXS, a few studies have looked for interaction partners of FMRP. Here, 

CYFIP1 was found to physically interact with the N-terminal part of FMRP (Schenck et 

al., 2001).  

 FMRP acts as a negative regulator of mRNA translation by binding to the L5 

protein on the ribosomal 80S subunit, thus inhibiting the binding of transfer RNA (tRNA) 

and elongation factors to the ribosomal subunit (Chen et al., 2014). An additional 

mechanism of translation repression involves controlling the initiation of translation. In 

order for translation to begin the eukaryotic translation initiation factor (eIF4F) must bind 

to the modified guanosine molecule (termed cap) of the mRNA at the 5’ end. This is 

established by the assembly of the eIF4A, eIF4G and eIF4E components of the eIF4F 

complex, a process often regulated by eIF4E-binding proteins (4E-BPs), which interfere 

with the eIF4E-eIF4G interaction (Richter and Sonenberg, 2005). Given that CYFIP1 

was identified as an FMRP interacting protein, different studies have looked at its 

involvement in translation control. Here, CYFIP1 was found to also directly bind to 

eIF4E, acting as a 4E-BP protein and preventing eIF4E from binding to eIF4G (Napoli et 

al., 2008; Di Marino et al., 2015). The interactive domain of CYFIP1 that binds to eIF4E 

forms a characteristic “reverse L shaped” structure that is also assumed by the canonical 

eIF4E-binding motif (Marcotrigiano et al., 1999). Therefore, this proposed mechanism 

suggests that FMRP can repress translation of target mRNAs through binding to CYFIP1. 

In a nutshell, FMRP recruits target mRNAs to CYFIP1, stabilising CYFIP1 at the 5’ end 

of the target mRNAs, which then binds eIF4E, preventing translation initiation (Figure 
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1.7) (Napoli et al., 2008). Consistent with this mechanism, Cyfip1 haploinsufficiency 

results in increased levels of newly synthesised FMRP-targeted mRNAs in a mouse 

model (Napoli et al., 2008; Hsiao et al., 2016). 

 

Figure 1.7 - Schematic illustration of CYFIP1-FMRP complex dynamics as an inhibitor of mRNA 

translation.  

FMRP recruits target mRNAs to CYFIP1 stabilising CYFIP1 at the 5’ end of the target mRNAs. CYFIP1 

binds to eIF4E, preventing translation initiation. When CYFIP1 and FMRP are released from the complex, 

eIF4E is free to interact with eIF4G in order to assemble the eukaryotic translation initiation factor (eIF4F) 

and start translation. Scheme adapted from figure in De Rubeis et al., 2013, and based on description from 

Napoli et al., 2008. 

 

It is widely accepted that CYFIP1 acts as a negative regulator in both actin 

polymerisation and mRNA translation. However, the structure of CYFIP1, when 

assembled in the WRC, does now allow CYFIP1 to simultaneously bind to eIF4E (Napoli 

et al., 2008), and it was further shown that CYFIP1 can only interact with one of these 

pathways at a time (De Rubeis et al., 2013). In De Rubeis et al., 2013, the authors also 

found that CYFP1 is exchanged between the FMRP-eIF4E complex and WRC, thereby 

linking protein translation to actin remodelling. Neuronal signalling can mediate the 

equilibrium of CYFIP1 between the two complexes. For example, translation is regulated 

by brain-derived neurotrophic factor (BDNF) or activation of group 1 metabotropic 
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glutamate receptors (mGluRs). Here, BDNF was found to activate Rac1, triggering the 

dissociation of CYFIP1 from eIF4E, thus releasing CYFIP1 and allowing mRNA 

translation (Napoli et al., 2008; De Rubeis et al., 2013). As mentioned above, activation 

of Rac1 was also suggested to trigger the dissociation of CYFIP1 from WRC, although 

some studies indicate that Rac1 activates the WRC complex without dissociation of its 

elements. This discrepancy in the literature reflects the complex nature of CYFIP1, and 

its implication in different cell pathways makes it a difficult subject to study. 

Nevertheless, several studies have looked at the impact of dysregulations in CYFIP1 on 

neuronal function, especially on synaptic morphology and physiology using animal 

models. In the following section, I will summarise some of these studies.  

1.4.3. Impact of Cyfip1 on dendritic and spine morphology and physiology 

 Neurodevelopmental disorders have been linked to abnormalities in both dendritic 

architecture and synaptic formation (see review Nakai et al., 2018). These defects can 

produce network-wide effects in neuronal networks, ultimately resulting in aberrant 

cognitive processing. Several studies have indicated a key role of actin cytoskeletal 

dynamics in the establishment and maintenance of both dendritic arborisations and 

spines, as well as in driving rapid changes in spine morphology important for synaptic 

plasticity (Basu and Lamprecht, 2018; Nakahata and Yasuda, 2018). As stated in the 

beginning of the previous section, the actions of actin polymerisation during axonal 

growth can help elucidate how this mechanism influences the formation of dendrites and 

spines (Figure 1.5). Furthermore, also crucial for synaptic plasticity is the controlled and 

local synthesis of the right set of proteins at the synapses, modulating their activity 

(Martin et al., 2000; Steward and Schuman, 2003). Since Cyfip1 was found to be highly 

enriched at inhibitory and excitatory synapses in mice (Pathania et al., 2014; Davenport 

et al., 2019), effects of Cyfip1 dosage on density, size and shape of dendritic spines, as 

well as their role in synaptic plasticity have been investigated in several studies.  

 Several lines of evidence, from both in vitro and in vivo mouse models, propose 

a dosage-dependent effect of Cyfip1 on spine maturation and morphology. Maturation of 

the spines is usually assigned to four morphological classes: mature (“stubby” and 

“mushroom”) and immature (long thin and filopodia).  In Pathania et al., 2014, decreased 

levels of Cyfip1 led to reduced dendritic complexity, as well as an increased number of 
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long and thin spines both in vitro and in the CA1 area of the hippocampus in vivo, whereas 

spine density remained unchanged. This phenotype was also seen in De Rubeis et al., 

2013, where Cyfip1-silenced cortical neurons had a reduced number of mature spines, 

higher number of elongated immature-looking spines and increased spine length, 

compared to controls. Corresponding findings were obtained with overexpression 

models, where Oguro-Ando et al., 2015 showed in vitro, using a human derived cell line 

SH-SY5Y, that overexpression of CYFIP1 resulted in increased cell size and abnormal 

neurite outgrowth in neuron cells. These results were replicated in a mouse model both 

in vitro and in vivo. In the mouse, overexpression of Cyfip1 also resulted in increases in 

dendritic complexity, spine density and proportion of pyramidal neurons showing a 

mature spine morphology (mature “stubby” spines), as well as an increase in abnormal-

looking spines in the frontal cortex in vivo. These findings suggest a dosage-dependent 

effect of Cyfip1, where bidirectional dosage of Cyfip1 leads to opposite changes on spine 

morphology. With the aim of showing further evidence of a Cyfip1 dosage effect, 

Abekhoukh et al., 2017 used RNA interference techniques to downregulate Cyfip1 

mRNA, and thus Cyfip1 protein, levels in mouse neurons in order to achieve lower levels 

of the protein while bypassing the lethality of Cyfip1 homozygous embryos. Using this 

technique, Cyfip1 mRNA was successfully reduced by 70-80% and this led to a greater 

reduction in dendritic arborisation when compared to the other studies in Cyfip1-

heterozygous mouse models. 

An important characteristic of dendritic spines is the dynamic regulation of spine 

volume and density that underlie synaptic plasticity. This is mediated by stimuli that 

induce long-term potentiation (LTP) and long-term depression (LTD), leading to rapid 

changes in spine volume. LTP and LTD are both dependent on N-methyl-D-aspartate 

(NMDA)-type glutamate receptors activity. LTP occurs when the pre- and postsynaptic 

neurons are coincidently active. In this condition, glutamate is released from the 

presynaptic bouton and binds the NMDA receptor, leading to the release of Mg2+ from 

the receptor, allowing the influx of large quantities of calcium. This maximal calcium 

influx through the receptor strengthens the synaptic connection. On the other hand, LTD 

is induced when presynaptic neurons are repeatedly activated without postsynaptic 

activity. However, the blockage of NMDA receptors by Mg2+ is incomplete, leading to 

some calcium influx. Presumably, this repeated occurrence of lower calcium influx 

triggers synaptic depression (Lüscher and Malenka, 2012). During LTP and LTD, a 

redistribution of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type 
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glutamate receptors occurs, where more receptors are added to potentiate the synapse, or 

receptors are removed to weaken synapses. In Cyfip1-heterozygous neurons, an increased 

mobility of AMPA receptor was found, indicating a lack of stability of these receptors 

(Pathania et al., 2014), which can have a marked impact on synaptic plasticity (Huganir 

and Nicoll, 2013). Furthermore, Pathania et al., 2014 observed that spine shrinkage could 

be induced following NMDA administration in wild-type neurons, but no differences in 

spine volume were observed in Cyfip1-heterozygous cultured hippocampal neurons under 

the same conditions. Bozdagi et al., 2012 also found enhanced mGluR-dependent LTD 

in hippocampal slices from 4- to 6-week-old Cyfp1 heterozygous mice, while LTP 

remained unchanged. These findings were identical to those of Fmr1-knockout mice, 

suggesting a link to the mRNA translational pathway connecting FMRP and CYFIP1. 

Altogether, these results suggest a role of Cyfip1 in activity-dependent changes in spine 

volume during synaptic plasticity. 

One question arises from the findings of an impact of CYFIP1 on dendritic spine 

morphology and maturation: which of the two CYFIP1-associated mechanisms (actin 

cytoskeleton dynamics or FMRP-target mRNAs translation) contribute to the observed 

phenotypes? Here, evidence showing dendritic spine effects in Fmr1-knockout mice 

might be of relevance. Both Fmr1-knockout and Cyfip1-heterozygous mice show an 

increase in dendritic spines with immature morphology, and fewer with mature 

morphology (Grossman et al., 2006; He and Portera-Cailliau, 2013; De Rubeis et al., 

2013; Pathania et al., 2014). This phenotypic overlap suggests that regulation of protein 

synthesis, as a result of CYFIP1-FMRP complex action, may be essential for spine 

maturation. On the other hand, Fmr1-knockout mice exhibited increased spine density 

and dendritic complexity (Nimchinsky et al., 2001; Abekhoukh et al., 2017), which is 

similar to the findings in the Cyfip1-overexpression mouse model, but opposite to the 

Cyfip1-heterozygous model. Therefore, it is possible that reduced dendritic complexity 

may be linked to disruptions in actin cytoskeletal dynamics due to Cyfip1-Rac1 

interactions, since Rho GTPases have been implicated in spine formation, maturation and 

stability (Luo, 2002; Cingolani and Goda, 2008). Actin dynamics in spines are also 

necessary for AMPA receptor trafficking (Hanley, 2014), and dysregulations in actin 

polymerisation could lead to the increased motility of these receptors seen in the Cyfip1-

heterozygous mice (Pathania et al., 2014). In an attempt to answer the question of which 

mechanism is responsible for spine defects, De Rubeis et al., 2013 looked at the 

individual impact of each complex. The authors created mouse mutants missing the 
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interaction with either eIF4E or NCKAP1 in order to separately study the impact of 

Cyfip1 on mRNA synthesis and actin cytoskeleton dynamics, respectively. Here, both 

mutants failed to rescue the spine phenotype, suggesting that both Cyfip1 complexes are 

equally important for spine formation.   

Recently, Cyfip1 was shown to be enriched both in excitatory and inhibitory 

synapses (Davenport et al., 2019). Furthermore, in Davenport et al., 2019  study, the 

effect of a complete conditional Cyfip1 knockout, as well as its overexpression, on 

excitatory and inhibitory (E/I) balance was examined. Here, in cultured hippocampal 

neurons, Cyfip1 overexpression led to a decrease in miniature inhibitory postsynaptic 

current (mIPSC) amplitude, increased miniature excitatory postsynaptic current (mEPSC) 

frequency and increase in the excitatory-to-inhibitory synaptic ratio, consistent with the 

findings on mIPSC and mEPSC. In contrast, forebrain-specific Cyfip1-knockout mice 

showed an increase in mIPSCs in CA1 pyramidal cells, increased inhibitory postsynaptic 

clustering and enhanced expression of neuroligin 3 and GABAAR b-subunits in vivo. 

These results suggest a link between CYFIP1 dosage and synaptic inhibition and 

excitation, leading to an altered E/I balance that can result in abnormal network 

connectivity (Osterweil, 2019). Conversely, a recently published study did not show any 

differences in phasic GABAergic inhibition, nor in properties of spontaneous IPSCs in 

DG granule cells from the hippocampus (Trent et al., 2019). Differences between these 

findings may indicate a different effect of Cyfip1 on different hippocampal subfields (DG 

vs CA1), or may be due to differences in gene dosage, since a full Cyfip1-knockout was 

used in Davenport et al., 2019, whereas a Cyfip1-haploinsufficient mouse model was used 

in Trent et al., 2019. Although full knockout models are relevant to investigate 

mechanisms and cell pathways of different proteins, in the context of human pathology 

the 15q11.2 BP1-BP2 deletion never results in CYFIP1 homozygosity, as this is lethal. 

1.5. An effect beyond synapses – neurodevelopmental disorders 
and white matter 

Altogether, the above findings establish a link between dendrite formation and Cyfip1 -

associated mechanisms, suggesting a possible route by which Cyfip1 haploinsufficiency 

could lead to neural dysfunction and result in psychiatric problems. Additionally, early 

evidence from a Drosophila Cyfip1 null mutant model has showed a link between dCyfip1 
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haploinsufficiency and abnormal axonal growth, axonal pathfinding and axonal 

branching (Schenck et al., 2003). More recently, a study also found Cyfip1 to be a 

mediator of axonal growth in zebrafish (Cioni et al., 2018). These observations suggest 

that CYFIP1 might also influence different axonal characteristics, suggesting an impact 

beyond synapses. Although synaptic dysfunction is a major hallmark for 

neurodevelopmental disorders, multiple functional studies have emerged showing 

extensive brain connectivity changes associated with these disorders. While abnormal 

synapses can influence brain connectivity, this is mainly characterised by abnormal 

information transfer among neurons, which is established by axons in white matter.  

The development of sophisticated techniques, such as diffusion tensor imaging 

(DTI) MRI, have allowed more detailed in vivo characterisation of axonal projections in 

the brain. DTI has the ability to quantify the diffusion of water molecules in the brain, as 

well as characterise the direction of their movement. This is particularly useful in white 

matter microstructure, where water molecules are constrained by the axon walls and 

forced to move preferentially along the main direction of the axons. Different tissue 

components contribute to this movement restriction, such as cell membranes, 

macromolecules, myelin sheaths and fibre tracts (Beaulieu, 2002). Therefore, any 

changes in these components affect the diffusion of water molecules, and this translates 

to alterations in DTI signal, making this a sensitive technique for detecting changes in 

white matter microstructure (Beaulieu, 2002; Jones and Leemans, 2011; Soares et al., 

2013). Different measures can be extracted from DTI data. A more elaborate description 

of this technique, including the underlying physics and outcome measures, will be 

explained in the following chapter. In order to have a comparative measure between 

findings, most studies in literature use fractional anisotropy (FA), a measure that reflects 

how restricted the water molecules are, which is associated with axonal integrity. FA is 

decreased when water molecules are less restricted (random movement) and increased 

when these are more restricted (moving preferentially in one direction).  

In the past few years, DTI has been widely used to explore white matter 

abnormalities in neurodevelopmental disorders. Generally, FA is globally decreased in 

patients, and lower FA values are usually associated with poorer cognitive performance 

in healthy populations, as well as in some clinical populations (Taylor et al., 2004; 

Walther et al., 2011; Travers et al., 2012; Fitzsimmons et al., 2013). There are exceptions, 

however. Increases in FA have been reported, in individuals with schizophrenia and ASD, 

in some white matter tracts that were associated with worse clinical or cognitive outcomes 
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(Hubl et al., 2004; Seok et al., 2007; Cheng et al., 2010). White matter abnormalities 

have also been detected in healthy individuals carrying neurodevelopmental CNVs, 

where white matter changes were reported in 16p11.2 (reciprocally for deletion and 

duplication) (Chang et al., 2016), in Williams syndrome (caused by deletions at the 

7q11.23 region) (Hoeft et al., 2007), and in 22q11.2 deletion (Nuninga et al., 2018). Some 

of these findings will be explored in the discussion of Chapter 3.  

As mentioned previously in this introduction, some evidence for regional changes 

in white matter volume were found in carriers of the 15q11.2 BP1-BP2 CNV (Stefansson 

et al., 2013; Ulfarsson et al., 2017). However, no studies to date have looked at white 

matter microstructural changes associated with the 15q11.2 BP1-BP2 region. The work 

developed in this thesis will begin with an investigation of white matter microstructural 

changes in deletion and duplication carriers of the 15q11.2 BP1-BP2 in two different 

populations using DTI methods. These findings are described in Chapters 3 and 4. This 

work raises the question of which gene, or genes, in this region could influence white 

matter. As mentioned, previous work has already suggested a link between CYFIP1 and 

axonal growth and guidance, which may result in white matter abnormalities. 

Furthermore, DTI studies in FXS have shown extensive white matter abnormalities in 

patients (Barnea-Goraly et al., 2003; Haas et al., 2009; Green et al., 2015; Hall et al., 

2016), which could be a consequence of dysregulations in the FMRP-CYFIP1 complex.   

Considering the role of actin dynamics and protein synthesis in cell differentiation and 

function, an impact of CYFIP1 dysregulations on several other aspects of the central 

nervous system is likely. A striking example are the glial cells, which are dependent on 

actin dynamics to undergo morphological transitions during differentiation, as well as to 

move around and reshape their projections. Some evidence has suggested that CYFIP1 

may be expressed in glial cells, where a recent study has shown a highly expression of 

Cyfip1 in microglia cells in mice (Haan et al., 2018, not peer-reviewed). Additionally, 

CYFIP1-interacting proteins were found to be expressed in glial cells; in particular, 

FMRP and WAVE1 were shown to be expressed in oligodendrocytes, the myelin 

producing cells of the central nervous system (Wang et al., 2004; Kim et al., 2006; 

Giampetruzzi et al., 2013). New lines of evidence have been proposing glial cells as 

essential modulators of neuronal function, where neuron-glia interaction has emerged as 

a potential contributor to pathogenesis of neurodevelopmental disorders (Bernstein et al., 

2015; Jäkel and Dimou, 2017; C. Wang et al., 2015). 
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1.6. Neurodevelopmental disorders and glial cells  

The growing evidence for neuronal dysfunction in neurodevelopmental disorders 

as a result of abnormalities in both synapses and axons has driven most of research to a 

“neuron-centric” hypothesis underlying mental illness. However, with recent advances in 

genetics and systematic biology, it has become increasingly clear that glial cells also play 

a crucial role in regulating neuronal function, and dysfunction in these cells may underlie 

several disrupted mechanisms in central nervous system diseases. The glial cell 

population can be subdivided into four major groups (Jäkel and Dimou, 2017): (1) 

microglia, (2) astrocytes, (3) oligodendrocytes, and (4) their progenitors NG2-glia 

(Figure 1.8).  

Microglia are essential cells for maintaining homeostasis within the central 

nervous system, where they are also known to produce immune responses to 

inflammation (Lenz and Nelson, 2018). Besides surveying healthy tissue, microglia cells 

have also been shown to directly contact synapses, and play an important role in synaptic 

pruning and modulation during development (Bar and Barak, 2019; Sellgren et al., 

2019). Abnormal microglia activity, morphology, and gene expression have been widely 

associated with neurodevelopmental disorders (Vargas et al., 2005; Garey, 2010; Gupta 

et al., 2014). In ASD and schizophrenia, increased numbers of microglia have been 

reported in post-mortem studies, along with evidence of increased microglia activation in 

patients from neuroimaging studies using positron-emission tomography (PET) and high-

field MRI (van Berckel et al., 2008). Decreased synapse density in patients with 

schizophrenia has also been linked to excessive synaptic pruning as a result of 

dysregulations in microglia activity (Sellgren et al., 2019).  

Astrocytes are the most abundant type of glial cells in the adult brain (Jäkel and 

Dimou, 2017). The roles of astrocytes encompass numerous aspects of brain physiology. 

Briefly, astrocytes provide structural and nutritional support for neurons and blood 

vessels, regulate water and ion homeostasis, modulate neurotransmitters, and secrete a 

number of cytokines that regulate inflammatory responses (Sloan and Barres, 2014; C. 

Wang et al., 2015; Jäkel and Dimou, 2017). Thus, astrocyte dysfunction may have a large 

effect on many processes in the brain. For example, astrocyte dysfunction can result in 

neurotransmitter dysfunction, which may contribute to pathology, and has been largely 

linked to schizophrenia (Bernstein et al., 2015).  
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Oligodendrocytes are the most investigated glial cells in neuropsychiatry. When 

mature, these cells are known to generate multiple layers of myelin membrane that 

insulate the axons, allowing a fast saltatory nerve conduction, as well as providing trophic 

support to axons (Nave, 2010).  

NG2-glia were discovered more recently and, although characterised as 

precursors of mature oligodendrocytes within the oligodendrocyte lineage, they were 

considered an independent glial population due to their additional characteristics 

(Kettenmann and Verkhratsky, 2008). These cells are present in both grey and white 

matter through postnatal development and into adulthood. Furthermore, NG2-glia 

activate upon many types of injury or pathological conditions, by changing cell 

morphology and proliferation rate (Jin et al., 2018). Dysfunction of NG2-glia can result 

in abnormal development of oligodendrocytes. 

 

 

Figure 1.8 - Diagram showing the different types of glial cells in relation to a neuron.  

Microglia are the immune cells in the brain removing toxic agents and dead cells from the brain. Astrocytes 

have a crucial role in providing structural and nutritional support for neurons. Oligodendrocytes produce 

myelin to insulate the axons. NG2-glia are the oligodendrocyte precursor cells. Image adapted from C. 

Wang et al., 2015. 
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A number of studies involving gene expression, animal models, and histological 

analysis of human post-mortem brain tissue have suggested that white matter 

abnormalities in neurodevelopmental disorders are related to neurobiological 

mechanisms affecting central nervous system myelination and myelin-producing cells 

(oligodendrocytes) (Flynn et al., 2003; Vostrikov et al., 2007; Fields, 2008; Roussos and 

Haroutunian, 2014). These studies have been highly predominant in schizophrenia, 

where altered expression of different genes associated with oligodendrocyte and myelin 

development was found (Hakak et al., 2001), resulting in oligodendrocyte dysfunction 

(Uranova et al., 2007; Mauney et al., 2015) and myelin damage (Uranova et al., 2001). 

It has been suggested that these changes could be caused by some types of medication, or 

drug abuse, affecting the expression of these genes, as well as white matter properties in 

patients with schizophrenia (Narayan et al., 2007). However, a study by Hakak et al., 

2001 observed reduced expression of oligodendrocyte/myelin genes in a subset of 

patients who were off medication for a prolonged period of time. Furthermore, 

experimental manipulation of genes that regulate oligodendrocyte development and 

myelination caused behavioural changes characteristic of schizophrenia (Fields, 2008). 

Although not conclusive, these studies suggest a primary role for oligodendrocyte/myelin 

dynamics in schizophrenia. Fewer studies have looked at a relationship between ASD and 

oligodendrocyte dysfunction. Of relevance is a recent study, using an ASD mouse model, 

that showed reductions in both the number of oligodendrocytes and myelin thickness in 

important brain areas for social behaviour (Graciarena et al., 2019).  

The above findings suggest that changes in myelination might be a principal 

contributor to the abnormal network connectivity seen in neurodevelopmental disorders. 

Damage to myelin is a characteristic of multiple sclerosis, a known condition leading to 

motor problems and disability. Recently, myelination has also been proposed as having a 

dynamic role in learning (Fields, 2015). In fact, changes in myelination can alter the 

timing of arrival of action potentials in different regions of the brain, disturbing the 

temporal coherence of neuronal circuitry. Therefore, precise production of myelin in 

different regions of the brain is essential for normal brain function. Myelin is also required 

for long-term axonal integrity and survival (Griffiths et al., 1998; Kassmann et al., 2007). 

Generation of myelin occurs in the central nervous system by mature oligodendrocyte. 

Before maturation, oligodendrocytes undergo proliferation, migration, and changes in 

their cytoskeleton (Michalski and Kothary, 2015). When mature oligodendrocytes contact 

the axons, they extend a differentiated plasma membrane to produce myelin. Hence, actin 
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cytoskeletal dynamics is a major element driving oligodendrocyte differentiation and 

myelin wrapping. Moreover, an efficient and controlled transport and translation of 

proteins and lipids towards the axon-oligodendrocyte contact site is crucial for the 

production of large amounts of myelin (Sherman and Brophy, 2005). It is therefore 

plausible that dysregulations in these two processes could lead to abnormalities in the 

myelination process. By virtue of being involved in regulation of both actin dynamics and 

protein synthesis, dysregulations in CYFIP1 could influence myelination and lead to 

white matter abnormalities and network dysfunction. For a better understanding of the 

potential role of CYFIP1 on oligodendrocyte-myelin dynamics, in the following section 

I will elaborate on different aspects of oligodendrocyte differentiation and the 

myelination process. 

1.6.1. The role of actin polymerisation on oligodendrocyte differentiation 

 Oligodendrocyte lineage cells represent all the oligodendrocyte cells in different 

stages of maturation, from early progenitors to mature myelinating-cells (Figure 1.9A). 

During development, oligodendrocyte precursor cells (OPCs) originate from neural stem 

and progenitor cells during late embryonic development (Emery, 2010). OPCs are also 

known as NG2-glia, and are highly proliferative and migrate through the central nervous 

system into different regions of the brain. A substantial number of NG2-glia persist in the 

adult brain (Hughes et al., 2013), and are thought to be responsible for myelin 

maintenance, where they are actively recruited for myelin remodelling and de novo 

myelination (Young et al., 2013). When these cells differentiate into oligodendrocytes, 

they extend multiple highly ramified processes. These processes will then contact 

unmyelinated axons, triggering myelination. This ability to extend long and complex 

processes is an important characteristic of oligodendrocytes, allowing the cell to 

myelinate multiple axons simultaneously (Simons and Nave, 2016). Oligodendrocyte 

differentiation represents one of the most significant changes in cell morphology, and is 

tightly regulated by several mechanisms involving actin, actomyosin- and tubulin-based 

cytoskeleton, and membrane adhesion complexes. 

 The rapid and sustained growth of oligodendrocyte is dependent on its two major 

cytoskeletal components: microtubules and microfilaments (f-actin), which act 

independently or together during oligodendrocyte differentiation (Bauer et al., 2009; 
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Michalski and Kothary, 2015). In immature oligodendrocytes, f-actin is highly 

concentrated at the leading edge of the processes. Lamellipodia, consisting of f-actin 

bundles, lead the growth of the processes by pushing against the membrane edge and 

generating extrusions of actin at the surface. These extrusions are also known as filopodia, 

as previously explained. It is noted that the growth of these processes is similar to that of 

a neuronal growth cone (see Figure 1.5 for neuronal growth cone) (Fox et al., 2006). The 

oligodendrocyte growth cones have three different domains: a microtubule rich central 

domain, an f-actin rich peripheral domain, and a transient domain where microtubules 

and f-actin overlap (Figure 1.9B). A few exploratory microtubules penetrate the f-actin 

rich peripheral domain, and are thought to be important for directing growth. 

Mechanically, actin filaments and microtubules are different. Actin filaments have more 

flexibility and higher turnover rates than microtubules, enabling rapid re-organisation that 

is crucial for migration and growth (Michalski and Kothary, 2015). The microtubules in 

the oligodendrocytes have the central role of providing stability, increasing the levels of 

tubulin with maturation (Lunn et al., 1997). In the first days of differentiation, 

oligodendrocyte arborisation was shown to be highly dependent on actin and tubulin 

polymerisation. Highly branched oligodendrocytes start the process of maturation by 

establishing more distal interbranch connections with fewer invasions of microtubules 

(Michalski and Kothary, 2015). At the final stages of maturation, the oligodendrocytes 

undergo a shift from process outgrowth to membrane production, resulting in a 

progressively sparse cytoskeleton where the projections become thin and with an 

appearance similar to a spider’s web (Figure 1.9A).  

 The role of actin polymerisation in early stages of oligodendrocyte differentiation 

and process extension is clear. Hence, several studies have investigated which 

polymerising proteins are present at the leading end of these processes. Although no study 

has looked at CYFIP1 expression on oligodendrocytes, these cells were shown to express 

other actin-polymerising proteins, including the Arp2/3 complex, N-WASP, WAVE 

proteins, and the small Rho GTPases, Rac1, Cdc42 and RhoA (Song et al., 2001; Fox et 

al., 2006; Kim et al., 2006; Bacon et al., 2007). Therefore, it has been proposed that the 

WASP family members (N-WASP and WAVE1) are responsible for f-actin 

polymerisation at the leading end of the oligodendrocytes’ processes, through interactions 

with Arp2/3 complex (Figure 1.9B). The fact that WAVE1 is expressed at the leading 

end of these processes may indicate that actin polymerisation occurs in the same way as 

explained previously for dendrite and spine formation in neurons. Therefore, 
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dysregulations in elements of the WRC, such as CYFIP1, could lead to abnormal 

oligodendrocyte differentiation. Furthermore, manipulation of different actin regulators 

led to abnormal oligodendrocyte-myelin dynamics, where oligodendrocyte 

differentiation and myelin wrapping were shown to be affected by knockouts of specific 

proteins: the WAVE1 and integrin-linked kinase (ILK) influences oligodendrocyte 

differentiation and axon ensheathment (Kim et al., 2006; Michalski et al., 2016), while 

the Arp2/3 complex influences process branching but not myelin wrapping (Zuchero et 

al., 2015), and Rho GTPases, Cdc42 and Rac1 regulate myelin sheath formation 

(Thurnherr et al., 2006). The influence of these proteins on myelination will be further 

elaborated in the discussion section of Chapter 6.  

 

 

Figure 1.9 - Actin dynamics during oligodendrocyte differentiation and process extension.  

A Dynamics of the oligodendrocyte cytoskeletal dynamics during differentiation process. Initially, OPCs 

extend long processes that create a star-shape oligodendrocyte. Here, actin filaments are present at the 

leading edge of the processes, and microtubules are present both in cell body and processes. After 3 days 

of differentiation in vitro, most oligodendrocytes form extensive and branched projections, a process highly 

dependent on actin and tubulin polymerisation. These highly complex oligodendrocytes start the process 

of maturation by establishing more distally interbranch connections of actin, which is proceeded by actin 
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depolymerisation in the final step. After 6 days of differentiation in vitro, most oligodendrocytes show 

mature features. Figure taken from Domingues et al., 2018. B Schematic representation of the cytoskeletal-

mediated growth of the oligodendrocyte processes. Distribution of microtubules (in green) and f-actin (in 

red) in the oligodendrocyte cell. Oligodendrocyte growth cones have three different domains: a microtubule 

rich central domain (C), an f-actin rich peripheral domain (P), and a transient domain where microtubules 

and f-actin overlap (T). F-actin bundles (represented as long red stands) lead the growth of the processes 

by pushing against the membrane edge and generating filopodia. Key cytoskeleton assembly proteins that 

drive the spreading of oligodendrocyte processes are represented on the right. Bellow there is an 

immunofluorescent representation of an immature oligodendrocyte with f-actin in red and a-tubulin in 

green, with the growth-cone-like structure on the right. Scale bar: 50 µm. Figure taken from Michalski and 

Kothary, 2015. 

1.6.2. The role of actin depolymerisation in myelin wrapping 

 As described by Luse, 1959, myelination begins when the processes of an 

oligodendrocyte contacts an axon to form a specialised membrane junction. This is now 

known to be a specialised membrane domain for intercellular communication between 

the oligodendrocyte and the axon, which is carried out through cytoplasmic channels 

(Pedraza et al., 2009; Sobottka et al., 2011; Wake et al., 2011; Snaidero et al., 2014). 

The mechanisms that drive the myelin wrapping around the axons have been a subject of 

debate. A recent study followed the axonal ensheathment by oligodendrocytes using high 

resolution imaging methods (Snaidero et al., 2014). Using a zebrafish model and electron 

microscopy, the authors employed a pressure-freezing technology to preserve high 

quality resolution of fine myelin structure, and looked at the shape of single myelin layers 

and their development over time. The authors showed that the oligodendrocytes form a 

triangular membrane upon connecting with the axon. Then, expansion of this membrane 

and consecutive wrapping of the axon occur due to an advancing inner tongue (leading 

edge) that deposits new layers underneath the previously formed membrane layers (see 

Figure 1.10 for mechanism proposed by Snaidero et al., 2014). The individual layers of 

myelin expand laterally along the axon, wrapping the axon in concentric layers of 

membrane in a nonuniform manner (Luse, 1959; Sobottka et al., 2011; Snaidero et al., 

2014). In order to form a stable myelin sheath, compaction of the membrane must occur, 

where cytoplasm is expelled from the layers between the outer tongue and the inner 

tongue, creating individual segments of mature myelin. The segments of mature myelin, 

still connected to the oligodendrocyte, are termed internodes, where the unmyelinated 

space between internodes forms the nodes of Ranvier, containing a high density of sodium 
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channels. Myelin sheaths enable the rapid saltatory conduction of action potential, by 

localising voltage-gated sodium channels in these Ranvier nodes (Snaidero et al., 2014; 

Michalski and Kothary, 2015). Altogether, these findings suggest that myelin grows via 

two distinct coordinated motions: the inner tongue leading the wrapping around the axon, 

and a lateral extension of myelin membrane towards the Ranvier node. Thus, both the 

inner tongue and the lateral edges stay in close contact with the axonal surface. The 

myelin membrane at the innermost, outermost and lateral edge regions remain 

uncompacted. 

 

 

Figure 1.10 - Model of myelin wrapping in the central nervous system. 

A Schematic representation of myelin ensheathment model in wrapped, unwrapped and cross section view. 

The unwrapped view shows the localisation of cytoplasmic channels, which connect the cell body of the 

oligodendrocyte to the growth zone of the inner tongue. The growth zone is represented by pink, while 

compact myelin is represented by dark purple. The wrapped view shows the position of the layers along 

the axon, whereas the cross section shows the stage of compaction during myelin growth. B Schematic 

representation of the myelin membrane layers in the early and later stages of myelin wrapping, indicating 

the inner and outer tongues, as well as compact myelin formation. Figures taken from Snaidero et al., 2014.  
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 Although f-actin is abundant in oligodendrocyte projections, both in vitro and in 

vivo models showed that compact myelin does not contain f-actin (Nawaz et al., 2015; 

Zuchero et al., 2015), but contains high levels of g-actin. Two recent studies by Zuchero 

et al., 2015 and Nawaz et al., 2015 used complementary methods to demonstrate a highly 

dynamic mechanism involving actin remodelling during myelination, where actin 

assembly is essential for oligodendrocyte extension and wrapping initiation, and actin 

disassembly is crucial for myelin compaction and formation of mature myelin. Using 

Lifeact-RFP and an f-actin marker in developing zebrafish, Nawaz et al., 2015 showed 

that f-actin is first widely expressed in oligodendrocytes in early stages, and then confined 

to the leading edges during maturation. Moreover, in vitro observations of the 

oligodendrocyte maturation process showed that the initially abundant f-actin, over time 

becomes concentrated at the leading edge of the cells, and it is lost when the processes 

are converted into myelin-like membrane sheets (Figure 1.9A) (Nawaz et al., 2015; 

Zuchero et al., 2015). It was further shown that the total actin levels remained unchanged, 

suggesting a transition from f-actin to g-actin (actin disassembly) during maturation. 

Consistent with this are the RNA sequencing data indicating that actin depolymerising 

proteins are significantly upregulated in myelinating oligodendrocytes (Zhang et al., 

2014). In order to investigate how actin depolymerisation drives myelin sheath formation, 

Nawaz et al., 2015 used a laser trap and atomic force microscopy to show that loss of f-

actin resulted in reduced membrane tension, facilitating membrane spreading and cell 

attachment. However, it is unknown whether this spreading mechanism would alone be 

sufficient to move the leading edge of the myelin membrane. The authors also proposed 

that f-actin is still present at the inner tongue during active growth, and could promote its 

extension. Zuchero et al., 2015 on the other hand, addressed the role of actin assembly 

during myelin wrapping by inhibiting the Arp2/3 complex. Here, early inhibition of the 

Arp2/3 complex in oligodendrocyte differentiation led to impairments in oligodendrocyte 

branching and axon myelination. However, when Arp2/3 was conditionally deleted in 

oligodendrocytes after ensheathment, during active wrapping, no differences were found 

in the distribution or number of membrane wraps. This finding suggests that Arp2/3-

dependent actin assembly is required for oligodendrocyte differentiation, but not for 

wrapping of myelin. Therefore, the two studies propose two mechanisms: Nawaz et al., 

2015  proposes that during myelination, actin polymerisation at the inner tongue is the 

driving force for myelin wrapping, while actin depolymerisation allows membrane 

spreading and myelin compaction; while Zuchero et al., 2015 proposes that actin 
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depolymerisation alone provides the force to drive myelin wrapping. Although the exact 

mechanism is not yet fully understood, both studies show that a rapid switch from actin 

assembly to actin disassembly is required for myelin compaction and maturation.   

 Actin disassembly is controlled by cofilin and gelsolin family proteins, which are 

highly enriched in active myelinating oligodendrocytes. These proteins become active 

after their release from a phospholipid component of the plasma membrane, specifically 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). Both Nawaz et al., 2015 and Zuchero 

et al., 2015 showed that, when cofilin1 is conditionally deleted, a significant reduction in 

myelin thickness is observed, providing additional evidence for a crucial role of actin 

disassembly in promoting myelin sheath formation. Myelin basic protein (MBP) is 

another major structural element of myelin in the central nervous system, interestingly 

also known to bind the PI(4,5)P2 on the oligodendrocyte plasma membrane. Early studies 

using a Shiverer mouse model (in which the MBP protein is absent due to a mutation in 

the gene encoding MBP) showed that MBP is crucial for myelin membrane compaction 

and myelin wrapping (Readhead et al., 1987). Therefore, it is possible that somehow 

MBP could be linked to actin disassembly mechanisms. Noting this, Zuchero et al., 2015 

investigated the relationship between MBP and actin disassembly during myelination. 

Here, the authors found that MBP expression increases with actin disassembly, but MBP 

levels did not co-localise with actin filaments in oligodendrocytes. Furthermore, in the 

Shiverer mouse model, the authors found that, while f-actin levels dropped in wild-type 

mice during development, white matter in Shiverer mice maintained high levels of actin 

filaments, which was independent of the number of OPCs. These mice also showed an 

abnormal accumulation of f-actin in mature oligodendrocytes. The authors explored how 

MBP could influence actin disassembly. Since there was no evidence for co-localisation 

between MBP and actin filaments in oligodendrocytes, direct contact was unlikely. Since 

depolarising proteins were found to be enriched in myelinating oligodendrocytes, an 

interaction between MBP and these proteins was investigated. Here, the fact that MBP 

binds to the plasma membrane PI(4,5)P2 component is highly relevant, since proteins like 

cofilin and gelsolin are kept inactive through their binding to this component. The authors 

tested the hypothesis that MBP could regulate actin disassembly by binding to membrane 

PI(4,5)P2 and competing with cofilin and gelsolin, enabling their release and subsequent 

activation. This was supported by the fact that increases in MBP levels led to a complete 

block of cofilin1 binding and also blocked, to a lesser extent, the binding of gelsolin.  
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1.6.3. The role of protein synthesis during myelination – MBP mRNA 

transport to localised translation 

In the central nervous system, the major myelin proteins include the proteolipid protein 

(PLP), 2’-3’-cyclic nucleotide 3’-phosphodiesterase (CNP), myelin-associated 

glycoprotein (MAG) and MBP (Fulton et al., 2010). PLP and MBP are the most abundant 

myelin proteins in the central nervous system, being widely distributed within the myelin 

sheath, and seem to play a key role in compaction of the multi-layered structure of mature 

myelin. MAG is localised at the lateral edges of the myelin membrane and may play a 

role in facilitating cell-to-cell interactions between myelin and axonal membranes during 

myelination. The role of CNP is less understood, and it has been proposed that CNP 

prevents the premature compaction of myelin by MBP at the inner tongue (Snaidero et 

al., 2017).  

 The synthesis of major myelin proteins, such as PLP and MBP, occurs in the 

oligodendrocyte, beginning when OPCs reach the maturation phase of differentiation and 

are considered pre-myelinating oligodendrocytes (Baron and Hoekstra, 2010). 

Generation of myelin is a complex process, where individual myelin proteins are 

expressed at different times, and transported to the myelin sheath by different 

mechanisms. Recent evidence has proposed a transcytotic transport mechanism for PLP, 

indicating transport of de novo synthesised PLP from the endoplasmic reticulum to the 

myelin membrane via the oligodendrocyte plasma membrane. This is followed by the 

subsequent internalisation and transport of PLP to the basolateral-surface-like myelin 

sheath. Newly arrived PLP appears to be internalised from the plasma membrane via 

clathrin-independent but cholesterol-dependent endocytosis. Data from mouse derived 

Oli-neu cell lines suggest that endosomal compartments may serve as sites of storage, 

prior to a neuronal signal-triggered delivery of the protein to the myelin membrane 

(Baron et al., 2015).  

On the other hand, MBP was shown to be translated and inserted within the myelin 

membrane on site, at the oligodendrocyte-axonal contact region (Colman et al., 1982). It 

was found that large quantities of newly synthesised MBP protein can be detected in the 

myelin membrane as early as 2 minutes after translation (Ainger et al., 1993). 

Microinjection experiments with labelled MBP mRNA further revealed the formation of 

RNA transport granules, which are moved through the cytoplasm on microtubules to the 

distal ends of the oligodendrocyte processes, towards the myelin sheath (Figure 1.11) 
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(Ainger et al., 1993; Carson et al., 1997). It is therefore proposed that MBP mRNA is 

sorted into stress granules containing all necessary molecules for the translation of the 

mRNA, and is transported to the oligodendrocyte processes in a translationally inactive 

state (Müller et al., 2013). In these granules, several proteins have been identified, that 

may play a role in the transport as well as inhibiting the premature mRNA translation. 

For example, it was proposed that the transport of these granules is mediated by the 

heterogeneous nuclear ribonucleoprotein hnRNP A2, which recruits hnRNP E1 to the 

granules to inhibit mRNA translation (White et al., 2012). Furthermore, activation of Fyn 

kinase was shown to initiate mRNA translation through phosphorylation of hnRNP A2, 

which lead to the dissociation of hnRNP A2 and E1 from the stress granules, stimulating 

MBP synthesis (White et al., 2008). The reason why MBP mRNA synthesis is repressed 

during transport is not fully understood. However, given its strong adhesive properties, 

this mechanism of local translation seems to be important for avoiding inappropriate 

adhesive interactions with other intracellular membranes (Müller et al., 2013). This 

mechanism also allows a fast and selective production and insertion of MBP into myelin 

membranes, which may be important for the production of a defined amount of myelin in 

response to different determinants like axon diameter or activity (Müller et al., 2013).  
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Figure 1.11 – Schematic representation of MBP synthesis in oligodendrocytes.  

The synthesis of MBP occurs at the axon-oligodendrocyte contact site. This is possible through the transport 

of stress granules from the nucleus to the myelin membrane, that contain the mRNA, RNA binding proteins, 

motor proteins, and parts of the (possibly the entire) protein synthesis machinery, including ribosomes. 

 

Both MBP and PLP have complementary roles during compaction of the myelin 

membrane. Myelin compaction starts with PLP mediating the correct apposition of the 

extracellular leaflets of the bilayer membrane, contributing to the stabilisation of the 

myelin membrane structure. This setup facilitates MBP to mediate the apposition of the 

internal surface, leading to the extrusion of cytoplasm and subsequent myelin compaction 

(Figure 1.12) (Frank, 2000; Baron and Hoekstra, 2010). MBP was shown to be the only 

myelin-specific vital and indispensable protein for myelin biogenesis. This was 

demonstrated in Shiverer mice, with findings of extensive hypomyelination in the central 

nervous system, shivering symptoms and premature death (Readhead and Hood, 1990). 

Different MBP isoforms are developmentally regulated and have different cellular 

distributions, which may reflect the multifunctionality of this protein family in myelin 
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maintenance. Furthermore, different roles have been assigned to this protein, which may 

explain the drastic phenotypes observed in its absence. As explained previously, MBP 

seems to play a role in actin disassembly during myelin wrapping, which is imperative 

for myelin formation (Zuchero et al., 2015). The composition of the myelin membrane is 

unique compared to other membranes, with a high lipid to protein ratio (80:20). MBP is 

also thought to regulate this ratio by acting as a molecular filter, forming a cohesive 

protein meshwork blocking the diffusion of membrane proteins with a large cytosolic 

domain from entering myelin membrane sheaths (Aggarwal et al., 2011). All these 

findings suggest that MBP is essential for many aspects of oligodendrocyte homeostasis 

and myelin formation.  

  

 

Figure 1.12 – Schematic representation of the major myelin-key proteins PLP and MBP.  

Compact myelin is first formed by PLP, which is responsible for the apposition of the external surfaces of 

the myelin bilayer. This facilitates MBP in mediating the apposition of the internal surfaces and the 

extrusion of cytoplasm, forming a dense layer. Figure taken and adapted from Baron and Hoekstra, 2010.  

 

 The process of myelination involves the tightly-regulated coordination of several 

components, and many other aspects that are not mentioned in this introduction contribute 

to this process. Pre-myelinating oligodendrocytes extend and retract their processes into 

their environment with the aim of finding axons to myelinate (Hughes et al., 2013). 

However, it is unclear whether this mechanism is dependent on axon-oligodendrocyte 

interactions or occurs randomly. It is known that oligodendrocytes continue to extend 

their processes, in the absence of any axons in vitro (Kachar et al., 1986). However, it 

has also been noted that oligodendrocyte processes can recognise and ensheath only a 
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subset of axons in the central nervous system, leaving dendrites and neuronal cell bodies, 

as well as some axons, unmyelinated. Furthermore, individual oligodendrocytes respond 

to axons with different diameters by producing different amounts of myelin (Almeida et 

al., 2011). Therefore, the influence of axonal activity on oligodendrocyte differentiation 

and myelin production cannot be discounted. There is a clear synergistic relationship 

between neuronal activity and oligodendrocyte function that modifies myelin plasticity 

in the central nervous system. However, the signalling pathways contributing to this 

interaction are still poorly understood (Bercury and Macklin, 2015). 

The above findings suggest that both transport and translation control of myelin-

related proteins are essential for myelin formation. This plays together with highly 

dynamic changes in actin remodelling during oligodendrocyte differentiation and myelin 

formation. Given the known roles of CYFIP1 in regulating both actin polymerisation and 

translation of some targeted mRNAs, it is of great interest to investigate the possible 

consequences of CYFIP1 haploinsufficiency in oligodendrocyte differentiation and 

myelination process. Furthermore, it was found that FMRP is expressed in OPCs and 

immature oligodendrocytes  (Wang et al., 2004; Giampetruzzi et al., 2013), whereas 

contradicting findings report both absence (Wang et al., 2004) and presence 

(Giampetruzzi et al., 2013) of FMRP in mature oligodendrocytes. It was proposed that 

FMRP could be a repressor of MBP synthesis leading to the inhibition of MBP expression 

in immature oligodendrocytes, which was validated in in vitro and in vivo experiments 

(Wang et al., 2004; Giampetruzzi et al., 2013). However, some results contradict this 

idea, where mature oligodendrocytes in vitro were shown to also express FMRP, and no 

differences in MBP expression were found between Fmr1-knockout and WT mice in vivo 

(Giampetruzzi et al., 2013). Nevertheless, the presence of both WAVE1 and FMRP in 

oligodendrocytes may indicate a role of CYFIP1-associated mechanisms in myelination. 

Disruptions in these mechanisms can ultimately lead to extensive white matter 

microstructural changes that can underlie the cognitive and clinical phenotypes associated 

with CNVs at the 15q11.2 BP1-BP2. 

1.7. Thesis aims 

The aim of this thesis is to investigate how variations in the 15q11.2 BP1-BP2 

chromosomal region influence white matter microstructure. Using DTI methods, I first 
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established a link between variations at 15q11.2 BP1-BP2 CNV dosage and alterations 

of white matter microstructure in humans, some of these data were published in Silva et 

al., 2019b. Then, given the potential role of CYFIP1 in 15q11.2 BP1-BP2 associated 

phenotypes, I then focused on looking at the impact of Cyfip1 on white matter structure 

in a novel rat model. This Cyfip1 haploinsufficiency rat model (hereafter designated 

Cyfip1+/-), created in our laboratory using CRISPR/Cas9 technology, modelled the low 

dosage of CYFIP1 in 15q11.2 BP1-BP2 deletion carriers. Using this model, white matter 

changes associated with Cyfip1 haploinsufficiency were investigated. To this end, I 

combined DTI methods, allowing a whole-brain analysis, with in vivo and in vitro 

assessments of the cellular causes underlying these changes., some of these data were 

published in Silva et al., 2019a. 

The experimental work in the thesis starts in Chapter 2 with a description of the 

Cyfip1+/- animal model, together with a more detailed explanation of DTI. Following this, 

Chapter 3 will describe white matter microstructural changes associated with 15q11.2 

BP1-BP2 CNV dosage. Here, DTI data from deletion and duplication carriers, drawn 

from a large genotyped population sample from Iceland and with no clinical diagnosis, 

will be analysed. In order to confidently establish a link between variations at 15q11.2 

BP1-BP2 CNV and altered white matter microstructure, Chapter 4 will comprise a 

replication of these findings in a more heterogeneous sample drawn from the UK Biobank 

project. In the following chapters 5,6 and 7, I will focus on investigating the impact of 

Cyfip1 haploinsufficiency on white matter microstructure in the Cyfip1+/-  rat model. First, 

Chapter 5 will comprise a DTI study, using analogous methods to the ones used for the 

human data in Chapter 3, where a whole-brain analysis will provide information on white 

matter regions affected by low dosage of Cyfip1. This information is used in Chapter 6, 

where a comprehensive ultrastructural analysis, using transmission electron microscopy 

(TEM), focused on the corpus callosum, allowing the investigation of changes in axon 

density and calibre, as well as myelin thickness in this structure. Finally, these analyses 

led to an in vitro assessment, where primary OPC cultures were used to investigate the 

effect of Cyfip1 haploinsufficiency on oligodendrocyte differentiation. This study is 

described in Chapter 7 and is followed by a general discussion in Chapter 8, where wider 

implications of the experimental data, and suggestions and plans for future experiments 

will be discussed.  
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Chapter 2  

General Methods 

 

 
 

 

 
 

 
 

 
 

 
 

 
 



 
 46 

  



 
 

47 

2.1. Abstract  

This chapter will describe general methods used in more than one chapter in this thesis. 

First, I will briefly describe the procedures for the creation of the Cyfip1+/- rat model, 

where additional  technical details are provided in the Appendix 1. Then, I will elaborate 

on the DTI MRI technique, giving a brief overview of the underlying physics and DTI 

measures used in the thesis. 

2.2. Animals 

All procedures were carried out in accordance with the UK Animals Scientific Procedures 

Act (1986), the ARRIVE guidelines and the UK Home office License PPL 30/3135. All 

the rats used in this study were Long Evans and males. The rats were produced from 

breeding stocks held at Charles River (UK) using a wild-type (WT) x heterozygous design 

resulting in an average 1:1 WT to Cyfip1+/- rat. The mutation was transmitted in 

Mendelian fashion with no sex bias and the rats were healthy and viable showing no 

general ill effects of the mutation. The rats were transported to Cardiff at 8 to 10 weeks 

of age. At Cardiff the rats were housed in mixed-genotype groups of 2 to 3 rats. The rats 

had daily free access to food and water and lived under the conditions of 12 hours 

light/day cycle (lights at 7:00 am), room temperature 21±2C°.  

2.2.1. Creation of the Cyfip1 haploinsufficiency rat model 

The creation of the Cyfip1+/- rat model was done by a collaboration between Cardiff 

University and Horizon Discovery (St Louis, USA) using CRISPR-Cas9 targeting 

(https://www.horizondiscovery.com). This was possible with the support from a 

Wellcome Trust Strategic Award, DEFINE. Briefly, CRISPR/Cas9 targeting of the exon 

7 of the Cyfip1 gene at the location 1: 36974-36977 led to the generation of a founder 

female Long Evans rat with a 4bp out of frame heterozygous deletion in exon 7, and a 

resulting bioinformatics prediction of an early stop codon in exon 8. A reduction in 

Cyfip1 mRNA and protein were validated using qPCR and Western Blot to measure 

mRNA expression and protein level, respectively. Here, off target effects were assessed 

and excluded. The F1 founder female was mated with WTs at Horizon Discovery and 
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generated F2 progeny containing the mutation confirming germ-line transmission. 

Subsequent F2 generation positive males were exported to Charles River in Lyon, France 

for re-derivation by embryonic transfer. The resulting specific pathogen free (SPF) 

progeny were sent to Charles River, Margate, UK, for routine breeding, as explained 

above. Full information on the creation of the model, confirmation of the heterozygous 

deletion, assessment of off-target effects, re-derivation, breeding and genotyping can be 

found in Appendix 1. The data presented in Appendix 1 were kindly provided by Dr. 

Simon Trent at Cardiff University, who conducted the molecular specification of the 

novel heterozygous Cyfip1 rat line. 

2.3. Diffusion Tensor Imaging of the brain 

The work developed in this thesis involved the use of DTI methods, allowing a non-

invasive quantification of white matter microstructural changes in both human carriers of 

the 15q11.2 BP1-BP2 CNV (Chapters 3 and 4) and Cyfip1+/- rats (Chapter 5). In order to 

understand the sensitivity of this technique to white matter changes, a description of the 

physical principles and measures taken will be described in this section.   

More than 80% of the human body tissue is composed of water and fat that contain 

many hydrogen atoms. MRI is based on the principle of applying radio frequency (RF) 

pulses to excite these hydrogen nuclei (protons) in the tissues, and recording the energy 

released when they return to their relaxed state. Briefly, before entering the MRI scanner, 

the protons within the body are randomly oriented, and all present a uncoordinated 

wobbling motion, called precession (Figure 2.1A). The MRI scanner includes a powerful 

magnetic field. When entering the MRI scanner, the protons within the body will change 

their orientations to align with the direction of the scanner magnetic field (Figure 2.1B). 

Following this, the application of an RF pulse causes a 90° deflection in the orientation 

of the protons, that are now transversely oriented with the magnetic field (Figure 2.1C). 

The RF pulse also forces the protons to precess at the same time (in phase). When the RF 

is suspended, the deflected protons return to their previous orientation (aligned with the 

magnetic field), while emitting their stored energy (Figure 2.1D). The time they take to 

recover the initial orientation is called T1. As they relax, they also start losing their 

coordinated motion, and their precessing becomes uncoordinated (out of phase). The time 
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it takes the protons to fall out of phase is called T2. When leaving the scanner, the protons 

return to their random orientations within the body (Figure 2.1E) (Kagawa et al., 2017). 

 During MRI acquisition, a series of short RF pulses are applied following a period 

of waiting, so the protons can recover and emit MR signal. The signal emitted from the 

protons is called magnetic echo, and the time between the RF pulse application and the 

resulting magnetic echo is called echo time (TE). In spin echo MRI imaging, double RF 

pulses are used, where the time between consecutive pulses is called repetition time (TR). 

Different tissues exhibit different T1 and T2 times, giving rise to different contrasts 

between tissues (Figure 2.1F). Here, manipulating the TE and TR will result in different 

contrasts of MR images.  

 

 

Figure 2.1- Conceptual diagram of image acquisition in MRI.  

A Protons are usually oriented in random directions within the body. B When in contact with a powerful 

magnetic field, generated by the MRI magnet, the protons change their orientation to align with the 

magnetic field. C When an RF pulse is applied, the protons become deflected by 90° and start precessing 
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in synchrony (in phase) storing the energy from the RF pulse. D When the RF is suspended, the deflected 

protons return to their orientation, aligned with the magnetic field, and lose their coordinated precessing 

while emitting their stored energy. E After the scan, the protons become reoriented in random directions 

within the body. F Protons in different tissues will release energy in different speed, giving rise to the tissue 

contrast seen in MRI scans. Here, representative figures of MRI scans are shown. Figure adapted from 

Kagawa et al., 2017. 

 

 Diffusion-weighted MRI (DWI) is based on conventional MRI principles. DWI 

measures the dephasing of protons in the presence of a spatially-varying magnetic field. 

This is achieved by using several magnets, called gradients, in different directions that 

are rapidly switched ‘on’ and ‘off’. This setup is particularly useful to capture the 

diffusion of water molecules in the human brain (Jones et al., 2013). The diffusion of 

water molecules is characterised by a random motion, also known as Brownian motion. 

If not restricted, the water molecules will have an isotropic diffusion, moving freely in all 

directions. When restricted, the water molecules are forced to move in a certain direction, 

which is known as anisotropic diffusion. The mobility of water molecules in the brain is 

not always the same in different tissues. For example, in the cerebrospinal fluid (CSF), 

the water molecules usually display isotropic diffusion. On the other hand, water 

molecules movement is highly restricted in white matter by the axon walls and myelin 

sheaths, where diffusion is usually anisotropic (Soares et al., 2013). 

 When applying a gradient, the water molecules moving along the direction of the 

gradient will cause a signal attenuation. Hence, the degree of anisotropy (how restricted 

the water movement is) can be easily detected by observing variations in the MR signal 

when the direction of the gradient is changed. The degree of signal loss can be enhanced 

by increasing the strength and duration of the diffusion-encoding gradients which are 

characterised by the b value (s/mm^2). The first quantification of diffusion changes was 

pioneered by Stejskal and Tanner, 1965, who defined the Stejskal-Tanner equation for 

the b value: 

 

! = g#$#d# %D− d
3( 

where, g is the gyromagnetic ratio, and G, d, D are the amplitude, duration and interval of 

the diffusion gradient, respectively (Figure 2.2). 
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Figure 2.2 – Diffusion-weighted spin echo sequence. 

The addition of the two gradients (represented by grey blocks) induces and then reverses a spatially-

dependent phase shift. Figure taken from Winston, 2012. 

 

DWI are acquired by applying many gradients in different directions, in order to 

calculate the dominant magnitude of water molecule diffusion within each image voxel. 

It is therefore understandable why this technique became increasingly popular to 

characterise white matter structure. As explained, water molecules that travel inside white 

matter fibres are forced to move within the axon walls. Therefore, by measuring the 

dominant magnitude of diffusion, we can infer the direction of movement of water 

molecules and therefore the orientations of the white matter fibres. Here, the introduction 

of the diffusion tensor (P.J. Basser et al., 1994a; P.J. Basser et al., 1994b) was essential 

for white matter characterisation and fibre reconstruction. The diffusion tensor is a 

symmetric 3x3 matrix, described by its eigenvalues (l1, l2, l3) and eigenvectors (e1, e2, 

e3). This tensor, illustrated in Figure 2.3B, is calculated in each image voxel, where the 

eigenvalues represent the magnitude of diffusion and the corresponding eigenvectors 

reflect the direction of diffusion (Soares et al., 2013). The diffusion tensor shape reflects 

the degree of anisotropy; assuming an ellipsoidal shape when diffusion is anisotropic and 

a spherical shape when diffusion is isotropic. Colour-coded images indicating the 

direction of diffusion tensor can be used to represent fibre orientation. In Figure 2.3A, 

red, green and blue colours characterise the right-left, anterior-posterior, and superior-

inferior directions of the fibre orientations, respectively (Pierpaoli et al., 1996).  
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Figure 2.3 – Diffusion tensor and DTI measures.  

Representation of A DTI images, B the diffusion tensor, and C quantitative measures extracted from DTI 

data. The diffusion tensor assumes an ellipsoidal shape when the diffusion of the water molecules is 

anisotropic. This is characteristic in white matter tracts, where the water molecules are forced to move 

along the axons. When diffusion is isotropic, the diffusion tensor assumes a spherical shape. 

 

Various quantitative measures can be extracted from the diffusion tensor 

reflecting the degree of anisotropy of water molecules (Soares et al., 2013). In this thesis, 

the quantitative measures extracted from DTI data were FA, axial diffusivity (AD), radial 

diffusivity (RD) and mean diffusivity (MD), as shown in Figure 2.3C. FA derives from 

the standard deviation of the three eigenvalues and reflects the degree of anisotropy, 

ranging from 0 to 1, where values close to 0 reflect isotropic diffusion and values close 

to 1 reflect anisotropic (more restricted) diffusion. FA can be calculated with the 

following formula (Pierpaoli and Basser, 1996): 

 

)* =	,32
.(l0 − 1)# + (l# − 1)# + (l4 − 1)#

5l0# + l#
# + l4

#
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1 = 1
3 (l0 +	l# +	l4) 

 

AD is the largest eigenvector (l1) and reflects the direction of water diffusivity. RD is the 

mean of the diffusivities perpendicular to the main axis of diffusion [(l2+l3)/2]. Finally, 

MD is the average diffusion across all directions [(l1+l2+l3)/3]. As explained previously, 

different tissue components contribute to the restriction of water movement in white 

matter microstructure, such as cell membranes, macromolecules, myelin sheaths and axon 

walls. Changes in any of these components can contribute to changes in anisotropy, 

making DTI a sensitive technique for detecting alterations in white matter microstructure 

that might not be detectable using conventional MRI (Beaulieu, 2002).  

2.3.1. DTI data analyses 

The DTI measures explained above can be extracted for each voxel, generating FA, AD, 

RD, and MD maps. The analysis of these maps can be performed using whole-brain 

approaches or confined to specific anatomical regions or white matter tracts (Figure 2.4). 

To this end, many studies have employed similar approaches to voxel-based 

morphometry (VBM), which was initially developed for analysis of structural MRI data 

(Ashburner and Friston, 2000; Good et al., 2002). VBM is an automated approach, where 

each DTI map is first registered into a standard space, and then voxel-wise statistics are 

carried out to find areas of the brain that correlate to the covariate of interest (e.g., carrier 

vs non-carrier). However, several concerns have been raised related to the exact 

alignment of very fine structures and to the standard practice of spatially smoothing data 

before computing voxel-wise statistics, which can greatly affect the final result (Abe et 

al., 2010; Jones et al., 2005). Smith et al., 2006 developed a new approach to carry out 

voxel-by-voxel analysis, named Tract-Based Spatial Statistics (TBSS), which confines 

the analyses to a thinned white matter skeleton based on a “mean FA skeleton”. In this 

approach, DTI data is projected into a common space in a way that is not dependent on 

perfect nonlinear registration, and no spatial smoothing is necessary during image 

processing.  

Single-voxel analyses is done by testing each voxel separately. This analysis is 

inherently limited given to the potential noise in each individual voxel. Furthermore, the 
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very large number of statistical tests involving tens of thousands of voxels requires 

adjusting the p-values for multiple comparisons, and this procedure may reveal only the 

voxels with higher noise, instead of real effects. Cluster-based threshold methods were 

shown to provide higher sensitivity to finding true signals than single-voxel analysis. In 

this method, clusters of multi-voxel data are compared to each other. However, a 

limitation of this method is the need to define, a priori, an initial cluster-forming 

threshold, which can largely impact results. Here, Smith and Nichols, 2009 developed the 

Threshold-free cluster-enhancement (TFCE) method for enhancing cluster-like features 

in a statistical image, without having to previously define these clusters. This method was 

found to provide greater sensitivity in general, than commonly-used methods.  

 Region-of-interest (ROI) approaches, like atlas-based segmentation of DTI maps 

and tractography, allow the investigation of anatomically pre-defined brain regions. In 

both approaches, specific white matter tracts are defined and a mean DTI value is 

extracted from each tract. Atlas-based segmentation of DTI maps is done automatically 

by aligning all subjects to a template, where mean DTI values are extracted from regions 

delineated in the atlas. Tractography methods allow for an in vivo reconstruction of 

specific fibre pathways in the brain, providing a better tract-specific anatomical validity 

than segmentation of DTI maps. Using the information from the diffusion tensor, fibre 

tractography pieces together the orientation of diffusion in each voxel to infer fibre 

trajectories. Here, mathematical methods were developed to extract these trajectories 

within each voxel in discrete steps to form white matter tracts, allowing the visual 

representation of diffusion directions along white matter fibres (Pierpaoli et al., 1996; 

Mori et al., 1999; Jones et al., 1999; Catani et al., 2002). This method relies on manually 

delineation of ROIs and visual inspection to exclude any tracts that do not belong to the 

tract-of-interest. 
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Figure 2.4 – Different approaches to analyse DTI data.  

In whole-brain TBSS analysis, the analysis is confined to a thinned white matter skeleton (represented in 

green) based on a “mean FA skeleton”. Here, areas showing significant changes in DTI measures can be 

visualised by overlying a p-value map, where a threshold can be used (e.g., p<0.05) to only visualise 

significant changes (represented in red). Regional-of-interest analyses can be done using an automated 

atlas-based segmentation, where mean values from defined regions are extracted from the DTI maps. 

Tractography allows the reconstruction of white matter tracts providing a better tract-specific anatomical 

validity.  

 

 A single white matter voxel contains hundreds of thousands of fibres, as well as 

other tissue components. In each voxel, distinctly different fibre configurations may be 

present. The presence of crossing fibres have a remarkable impact in DTI signal, where 

it has been reported that between 60% to 90% of white matter voxels contain crossing 

fibres (Jeurissen et al., 2013). Some methods have been developed to resolve this 

problem, but their application was not possible in this thesis (see discussion in Chapter 

3). Furthermore, several cellular consequences can affect the DTI signal, making it 

difficult to interpret the physiological meaning of DTI outcomes. One way to validate and 

further explore cellular causes underlying DTI outcomes is by performing histology on 

the brain tissue. Nevertheless, DTI allows a non-invasive in vivo characterisation of white 

matter microstructure, where specific regions affected by a certain condition can be 

identified (Jones et al., 2013).  
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Chapter 3  

White Matter Changes Associated With Copy 

Number Variation at 15q11.2 BP1-BP2 
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3.1. Abstract 

Background 

The 15q11.2 BP1-BP2 CNV has been associated with a range of neurodevelopmental 

disorders including learning and motor delays, ASD, and schizophrenia. CYFIP1 is a 

candidate gene in this region, and dysregulations in this gene are thought to be strongly 

associated with 15q11.2 BP1-BP2 associated phenotypes. CYFIP1 gene product is known 

to play important roles in control of cytoskeletal dynamics and protein translation. The 

regulation of protein translation occurs due to interactions with FMRP, and absence of 

FMRP is known to cause FXS. Since abnormal white matter microstructure has been 

reported in both FXS and neurodevelopmental disorders, this study will investigate the 

impact of 15q11.2 BP1-BP2 dosage on white matter microstructure. 

 

Methods 

DTI data were collected from a sample of individuals divided in carriers of the 15q11.2 

BP1-BP2 deletion (n=30), carriers of the reciprocal duplication (n=27), together with an 

IQ-matched control group of subjects with no large CNVs (n=19). All the subjects were 

recruited from a large genotyped population sample from Iceland and none had a clinical 

diagnosis. Here, brain-wide voxel differences were explored, using the TBSS method, 

and regional differences were further quantified using a regional atlas-based approach. 

Furthermore, age and gender interactions with 15q11.2 BP1-BP2 CNV dosage were also 

assessed. 

 

Results 

Global mirror effects (deletion > control > duplication) were found on FA, whereas 

effects in the opposite direction (duplication > control > deletion) were found in RD and 

MD. Significant white matter differences between groups were found between deletion 

and duplication carriers. The largest effect sizes for increased FA in the deletion carriers 

were found bilaterally in the posterior limb of the internal capsule, left inferior 

longitudinal fasciculus and in the left external capsule. Further preliminary and 

exploratory analyses suggest different trajectories of white matter integrity with age in 

each group, and different magnitude of effect in males and females.  
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Conclusions 

These results show a reciprocal effect of the 15q11.2 BP1-BP2 CNV on white matter 

microstructure, providing evidence that reciprocal chromosomal imbalances may lead to 

opposite changes in brain structure. Findings in the deletion carriers overlap with previous 

white matter differences reported in FXS patients, suggesting common pathogenic 

mechanisms derived from disruptions of CYFIP1-FMRP complexes. These data begin to 

identify specific components of the neural phenotypes associated with copy number 

variation at 15q11.2 BP1-BP2 and thus neurobiological mechanisms of potential 

relevance to the increased risk for neurodevelopmental disorder associated with variation 

at this chromosomal locus. 
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3.2. Introduction 

The 15q11.2 BP1-BP2 CNV microdeletion is emerging as a recognised syndrome and 

has been associated with developmental, speech, language, and motor delays (Butler, 

2017; Cox and Butler, 2015), and also increased susceptibility for epilepsy (de Kovel et 

al., 2010), ADHD (Cox and Butler, 2015), ASD (Chaste et al., 2014), and schizophrenia 

(Stefansson et al., 2008). Not all the individuals with the microdeletion/microduplication 

are affected, and the genes in this region have variable expressivity. Previous research 

(Stefansson et al., 2013) has suggested that individuals with the deletion, and without a 

current clinical diagnosis, frequently report mild-to-moderate impairments in motor 

function and deficits across several cognitive domains, revealing more severe 

impairments in mathematics and reading skills; while individuals with the reciprocal 

duplication perform to a similar level as population control subjects with no large CNVs. 

In a recent study by Ulfarsson et al., 2017, these cognitive deficits in clinically healthy 

deletion carriers were shown to be accompanied by structural changes in the brain, as 

assessed by structural MRI, showing reciprocal structural effects between the deletion 

and the duplication, as well as different patterns of functional activation in the brain when 

combining functional MRI with tasks involving reading and mathematics. In both 

Stefansson et al., 2013 and Ulfarsson et al., 2017 studies, evidence of white matter 

macrostructural changes was found, where both studies reported increases in the corpus 

callosum (CC) volume in deletion carriers, and mirrored reductions in duplication 

carriers. However, the effects on white matter microstructure cannot be assessed using 

structural MRI, and DTI studies are needed.  

 Altered white matter microstructure has been consistently reported in 

developmental disorders. Several DTI studies in schizophrenia have suggested a degree 

of heritability of white matter phenotypes on the basis that disrupted white matter is also 

often observed in close relatives of these patients (Baaré et al., 2001; White et al., 2002; 

Scamvougeras et al., 2003). Therefore, a key question for neurobiological research is 

whether genetic risk factors contribute to neurobiological mechanisms that underlie white 

matter changes associated with developmental disorders, and more specifically whether 

individual CNVs that increase risk for neurodevelopmental disorders are also associated 

with changes in white matter and brain connectivity; and if so how disruptions in 

individual genes may contribute to these phenotypes. Previous studies have looked at 

white matter phenotypes in different CNVs, where white matter changes were reported 
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in 16p11.2 (reciprocally for the deletion and duplication) (Chang et al., 2016), in 

Williams syndrome (caused by deletions at the 7q11.23 region) (Hoeft et al., 2007), and 

in 22q11.2 deletion (Nuninga et al., 2018) CNVs. However, no study to date has looked 

at white matter microstructural changes associated with the 15q11.2 BP1-BP2 region. 

 The 15q11.2 BP1-BP2 region contains four genes: NIPA1, NIPA2, CYFIP1, and 

TUBGCP5 (Chai et al., 2003). The four genes are highly conserved and expressed in the 

brain (Bittel et al., 2006) and may be of potential relevance to psychopathology. 

Moreover, mutations in each gene have been associated with different disorders: NIPA1 

with autosomal-dominant hereditary spastic paraplegia (Rainier et al., 2003), NIPA2 with 

childhood absence epilepsy (Xie et al., 2014, p. 2), TUBGCP5 with ADHD and obsessive-

compulsive disorder (Grabli et al., 2004), and CYFIP1 with increasing susceptibility to 

ASD (Toma et al., 2014) and schizophrenia (Tam et al., 2010). When it comes to 

mechanisms with potential impact on white matter integrity, NIPA1 and CYFIP1 were 

shown to be involved in mechanisms that, when dysregulated, have the potential to affect 

white matter microstructure. NIPA1 was found to inhibit the BMP signalling via 

interaction with BMP receptor type II, which is crucial for typical axonal growth, 

guidance, and differentiation (Tsang et al., 2009). In a Drosophila model, enhanced BMP 

signalling resulted in abnormal distal axonal overgrowth at the presynaptic 

neuromuscular junction (X. Wang et al., 2007). CYFIP1, on the other hand, is known to 

be involved in a number of key brain plasticity-related functions, having a crucial role in 

actin remodelling during neural wiring (Eden et al., 2002; Steffen et al., 2004; Chen et 

al., 2010), in which dysregulations could result in changes in axonal density, organisation, 

and myelination (Dent and Gertler, 2003; Bauer et al., 2009; Kevenaar and Hoogenraad, 

2015). Furthermore, CYFIP1 protein is known to interact with FMRP, the gene product 

of FMR1, to regulate mRNA translation in neuronal dendrites, which underlies synaptic 

plasticity and brain development (De Rubeis et al., 2013; Napoli et al., 2008). Mutations 

in FMR1 are causative for FXS, a condition associated with intellectual disability and a 

range of psychiatric symptoms (Lozano et al., 2014).  

Abnormal white matter microstructure has been previously reported in FXS 

patients, where two recent studies (Green et al., 2015; Hall et al., 2016) used DTI to 

assess white matter microstructural changes in FXS patients, comparing this group with 

subjects without FXS but with similar IQ and levels of autistic symptoms (minimising 

confounding effects owing to intellectual ability). The authors found increased FA, as 

well as decreased RD and MD across several white matter tracts. Given the close 
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molecular links between CYFIP1 and FMRP, it is anticipated that some degree of 

phenotypic overlap may be present in FXS and 15q11.2 BP1-BP2 deletion.  

In this chapter, DTI methods will be used to explore how variations in the 15q11.2 

BP1-BP2 CNV region affect white matter microstructure in an adult sample. This sample 

was selected from the Icelandic population, and analysed through a collaboration with the 

deCODE genetics Institute in Iceland. None of the subjects included in the study had a 

clinical diagnosis of a neurodevelopmental disorder, thereby minimising the potential 

confound of illness-related effects such as psychotropic medication. Deletion and 

duplication carriers were compared to a sample of population controls with no large 

CNVs but matched IQ in order to evaluate the extent of any reciprocal effects on white 

matter microstructure. The analyses comprised a brain-wide voxel-based approach and a 

regional atlas-based analysis, allowing quantification of the magnitude of regional 

changes. This chapter further includes exploratory preliminary analyses looking at age 

trajectories in relation to DTI metrics and sex differences dependent on dosage. The aim 

of this study was to begin to identify specific components of the 15q11.2 BP1-BP2 

phenotype and mechanisms of potential relevance to the increased risk for disorder. 

3.3. Material and Methods 

3.3.1. Participants 

In total, 30 individuals with the 15q11.2 BP1-BP2 deletion, 27 with the reciprocal 

duplication, and 19 controls without large CNVs (NoCNV) were recruited from a large 

genotyped sample, as part of the ongoing gene discovery work in deCODE genetics 

institute, based in Reykjavik in Iceland. None of the subjects included in this study carried 

any other large CNVs. This study was possible through a collaboration involving Cardiff 

University and deCODE genetics institute. The gene discovery work in deCODE genetics 

institute involved the collection of genotypic and medical data from more than 160 000 

volunteer participants, representing half of the Icelandic population, allowing large-scale 

studies of common diseases, and in particular neuroimaging studies on carriers of genetic 

risk variants for neurodevelopmental disorders (Stefansson et al., 2013). The sample was 

genotyped by Illumina HumanHap (300, 370, 610, 1M, 2.5M) and Illumina Omni (670, 

1M, 2.5M, Express) SNP arrays. BeadStudio (Illumina, version 2.0) was used to call 
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genotypes, normalise signal intensity data and establish the log R ratio and B allele 

frequency at every SNP. Samples passing quality control were examined using PennCNV 

(K. Wang et al., 2007). All putative neuropsychiatric CNVs and other CNVs not known 

to be associated with schizophrenia or autism were visually inspected using DosageMiner 

software (developed at deCODE genetics). In 101 655 subjects, more than 1200 subjects 

carrying one or more neuropsychiatric CNVs were found (1.16% of the sample). More 

information can be found in the supplementary table 1 of Stefansson et al., 2013 study. 

The recruited subjects for this study were aged between 21 and 66 years old, and 

the number of females and males  was the same (38 males and 38 females) and balanced 

in each condition group. Approval for this study was obtained from the National Bioethics 

Committee of Iceland and the Icelandic Data Protection Authority. Subjects were not 

included in the study if they had: 

1) ICD-10 or DSM-IV diagnoses for schizophrenia, schizoaffective or bipolar 

disorder; if they were diagnosed with autism, intellectual disability, or 

developmental delay at the State Diagnostic and Counselling Centre of Iceland 

(serves children and adolescents with a disability);  

2) Psychosis criteria on the MINI (Sheehan et al., 1998) interview;  

3) Diagnosis for schizophrenia, schizoaffective, bipolar disorder, autism, 

intellectual disability, or developmental delay according to self-reports (or 

reports from parents) or if they were using antipsychotic medication.  

 

The IQ scores were assessed using an Icelandic version of the Wechsler Adult 

Intelligence Scale (WASI-I) (Woerner and Overstreet, 1999; Guðmundsson, 2016) 

including four subtests: vocabulary and similarities, both tests of verbal IQ, and matrix 

reasoning and block design, both tests of performance IQ. The psychologists evaluating 

all subjects were blind to genotype. There were no significant differences in the IQs 

between groups (deletion vs NoCNV: t = 1.37, p = 0.2; duplication vs NoCNV: t = 1.55, 

p=0.1), as assessed by an unpaired two-tailed t-test. It is important to notice that, although 

all the individuals with the deletion were tested, only 11 out of 19 NoCNV, and 26 out of 

27 duplication groups were tested. Demographic information is described in Table 3.1, 

and family relationships between subjects are further described in Appendix 1. The 

recruitment, genotyping, cognitive testing, and collection of neuroimaging data was done 

at deCODE genetics institute before the beginning of this project. 
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Table 3.1- Subject characteristics. 

Abbreviations used: F – Female, IQ - intelligence quotient, M – Male, NoCNV – with no large copy number 

variants, sd – standard deviation. 

15q11.2  

BP1-BP2 
 

Mean age in years 

(sd, range) 
 Gender  

IQ scorea 

(sd) 

Number 
of 

subjects 

Deletion  42.83 (12.5, 21 – 65)  14 M, 16 F  101.2 (13.8) 30 

NoCNV  38.95 (10.56, 22 – 59)  12 M, 7 F  108.3 (16.9) 19 

Duplication  43.48 (13.51, 22 – 66)  12 M, 15 F  100.8 (11.8) 27 

a Icelandic version of the WASI-I including four subtests (Vocabulary, Similarities, Block Design and 

Matrix Reasoning) (Woerner and Overstreet, 1999). The test was performed in all individuals with 

the deletion, in 11 out of 19 individuals with NoCNV and in 26 out of 27 individuals with the 

duplication. 

3.3.2. Diffusion MRI acquisition and pre-processing 

MRI data were acquired on a Philips Achieva 1.5T system (Phillips Healthcare, 

Eindhoven, The Netherlands). A diffusion-weighted spin-echo echo planar imaging (EPI) 

sequence with sensitivity encoding (SENSE) acceleration was used. 17 non-co-linear 

gradient diffusion-weighted images at b=800 s/mm2 and one non-weighted (b=0 s/mm2) 

image were acquired with the following parameters: TE=72 ms, TR=9024 ms, 60 slices, 

slice thickness=2 mm, field-of-view (FoV)=240×240 mm, acquisition matrix=144×144, 

resulting in data acquired with a 1.67×1.67×2 mm voxel resolution. 

 DWI data were pre-processed using ExploreDTI v.4.8.3 (Leemans et al., 2009) in 

MATLAB R2015a (The MathWorks, Inc., Natick, Massachusetts, United States). First, 

the Brain Extraction Tool (BET, http://www.fmrib.ox.ac.uk/fsl/) was used to remove non-

brain tissue. The EPI acquisition allows a rapid scanning, but is highly sensitive to 

inhomogeneities in the magnetic field, producing nonlinear geometric distortions, which 

can result in displacement of anatomical structures (Wu et al., 2008). The strong gradients 

used for diffusion encoding also create eddy currents, which contribute to increased 

geometric distortions. Within the ExploreDTI pipeline, eddy currents and head motion 

corrections were performed using an affine registration to the non-diffusion weighted B0-

images, with appropriate rotation of the encoding vectors (Leemans and Jones, 2009). 

EPI distortions were corrected by registering each image volume to high resolution T1-
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weighted images. Each DWI was nonlinearly warped to the T1-weighted image using the 

FA maps from the DWIs as a reference. Warps were computed using Elastix (Klein et al., 

2010), by using normalised mutual information as the cost function and constraining 

deformations to the phase-encoding direction (PA). The corrected DWIs were therefore 

transformed to the same (undistorted) space as the T1-weighted structural images. 

ExploreDTI was used to generate whole-brain maps of FA, AD, RD, and MD.  

3.3.3. Tract-Based Spatial Statistics Analysis (TBSS) of DTI 

The corrected FA, AD, RD, and MD maps were analysed using the TBSS (Smith et al., 

2006) tool available in FMRIB Software Library (FSL, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). TBSS is a whole-brain analysis that starts with a 

non-linear registration of the FA maps to a standard FA template, in this case the standard 

FMRIB58_FA (FSL FA adult template) was used. Following registration, a mean FA 

map was calculated, thinned and averaged to represent a study-specific mean FA skeleton. 

An optimal threshold of 0.2 was applied to the mean FA skeleton to exclude voxels that 

were primarily grey matter or cerebrospinal fluid (therefore with lower FA values), in 

order to create a binary white matter skeleton mask. Afterwards, all the AD, RD, and MD 

maps were also registered to the FMRIB58_FA template. Using the registered maps, the 

local FA-maxima, as well as the AD-, RD- and MD- maxima of each subject was 

projected onto the white matter skeleton. 

 General linear models were created to investigate copy number effects at 15q11.2 

BP1-BP2. Statistically significant differences were first assessed with a multiple 

regression model (duplication>NoCNV>deletion and deletion>NoCNV>duplication). 

Total intracranial volume (TIV), age, and sex were included as covariates of no interest.  

Differences in DTI measures between groups were assessed using voxel-wise 

independent t-tests (deletion vs NoCNV, duplication vs NoCNV, and deletion vs 

duplication), where six different contrasts were used to assess group differences (Table 

3.2). The randomize function from FSL was used with the TFCE approach (Smith and 

Nichols, 2009), generating cluster-size statistics based on 5000 random permutations. To 

correct for multiple comparisons, a family-wise error (FWE) approach was used with a 

threshold of p<0.05. Anatomical white matter regions showing significant group 
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differences were identified with the John Hopkins University (JHU) white matter atlas 

(ICBM-DTI-81) (Mori et al., 2005). 

3.3.4. Regional DTI Parameters analyses 

Regional values of FA, AD, RD, and MD were obtained by averaging over the 

intersecting voxels between the white matter DTI maps with the JHU white matter atlas 

(ICBM-DTI-81), which comprises 48 tracts (Mori et al., 2005). From the atlas, the mean 

values from 30 segmented white matter tracts were considered for analyses (Table 3.3). 

Statistical analyses were carried out in RStudio statistical software version 1.1.463 (R 

Foundation for Statistical Computing, Vienna, Austria). Before statistical analyses, all 

DTI variables within each white matter tract were checked for Gaussian distribution, 

using Shapiro-Wilk test, and for homogeneity of variance, using Levene’s test (p<0.05). 

Data that failed normality test were visual inspected using histograms and further Q-Q 

plots were examined to assure that residuals were normally distributed. Furthermore, data 

were inspected for outlier detection, where data points placed three standard deviations 

from the mean were considered outliers. Log-transformations were also applied for data 

that failed the normality check even after outlier removal. All the analyses where 

performed with all data points and with data after outlier removal and transformations. 

Both analyses lead to similar results, which showed that the results were not driven by 

outliers in the data. Therefore, results presented in this chapter include all the data points.  

To investigate the effect of dosage within white matter regions, linear regression 

analyses were performed for each DTI measure and for each white matter tract, regression 

out age, sex and TIV as covariates of no interest. Following this, post hoc pairwise 

comparisons were performed to measure differences between groups (deletion vs NoCNV, 

duplication vs NoCNV, and deletion vs duplication). To account for multiple testing, the 

standard false discovery rate (FDR) method based on the Benjamini-Hochberg approach 

(Benjamini and Hochberg, 1995) was used, considering the relation between different 

white matter tracts and between DTI metrics. In Benjamini-Hochberg approach, a p-value 

is considered significant when the FDR corrected p-value (p.adjusti) is smaller than 0.05, 

where p.adjusti is determined by the rank (Ri) of the p-value (pi), after putting the 

individual pi from each test in ascending order, and the number of tests (n): p.adjusti = 

pi*(n/Ri). 
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After evaluating the statistical significance of these differences, the substantive 

significance was also determined by calculating Cohen’s d effect sizes (Cohen, 1977). In 

order to investigate the magnitude of reciprocal effects in the deletion and duplication 

cohort, Cohen’s d effect sizes were calculated comparing deletion vs NoCNV and 

duplication vs NoCNV and plotted using diverging bars. Cohen’s d effect sizes were also 

calculated for differences between deletion and duplication cohorts. The Cohen’s d effect 

sizes were calculated by measuring the standardised differences between two groups: 

adj_mean (group1) – adj_mean (group2) / standard deviation, where adj_mean is the 

adjusted mean of each group corrected for age, sex, and TIV. The adjusted mean of each 

group was computed using the residuals from the linear regression model: lm(genotype 

~ age + sex + TIV). Cohen classified effect sizes as negligible (d<0.2), small (d>0.2), 

medium (d>0.5), and large (d>0.8), in accordance with Cohen, 1977.  

3.3.5. Age trajectories 

As a preliminary analysis, age-by-dosage and the quadratic age2-by-dosage interactions 

were also evaluated in the regional analysis for each white matter tract. For the white 

matter tracts showing a significant linear or quadratic interaction (without correction), 

linear or quadratic models were fit to global FA, MD, RD, and AD over age, separately 

for deletions, NoCNVs, and duplications.  

3.3.6. Sex differences 

In order to examine differences between male and female phenotypes in relation to CNV 

dosage, a sex-by-dosage interaction was also evaluated. As an exploratory investigation 

of sex differences, the effect sizes for the male and female cohorts were further analysed 

separately, in the same way described for the whole-group analysis. 
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3.4. Results 

3.4.1. Between-group TBSS analysis  

TBSS was used to assess group-wise microstructural differences in major white matter 

pathways throughout the brain. F statistics showed extensive significant differences in 

the direction deletion>NoCNV>duplication in FA, and duplication>NoCNV>deletion in 

AD, RD, and MD. Further pairwise comparisons showed extensive and global increased 

FA, and decreased AD, RD, and MD in deletion carriers compared to duplication carriers. 

These differences were seen in major white matter tracts, such as the corpus callosum 

(CC), superior longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF), and 

internal capsule (IC). Moreover, the deletion also showed increased FA when compared 

with NoCNV in the posterior thalamic radiation (PTR). The duplication showed 

significantly increased AD when compared with NoCNV. The contrasts that gave rise to 

significant voxel-wise results (p<0.05, FWE corrected) are summarised in Table 3.2 and 

TBSS results are displayed in Figure 3.1. 

Table 3.2  – Summary of between group TBSS analyses results. 

Significant voxel-wise comparisons (p<0.05) are presented with a + (less significant), ++ (more 

significant), and non-significant results (p>0.05) by a –. All the p-values were corrected using the TFCE 

algorithm in TBSS. 

  Whole-group analysis  

Contrasts  FA AD RD MD  

Del > NoCNV  + ⎼ ⎼ ⎼  

NoCNV > Del  ⎼ ⎼ ⎼ ⎼  

NoCNV > Dup  ⎼ ⎼ ⎼ ⎼  

Dup > NoCNV  ⎼ + ⎼ ⎼  

Del > Dup  ++ ⎼ ⎼ ⎼  

Dup > Del  ⎼ + ++ +  
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Table 3.3- White matter tracts and abbreviations used. 

White matter tracts Abbreviations 

Genu Corpus Callosum GCC 

Body Corpus Callosum BCC 

Splenium Corpus Callosum SCC 

Right and left Corticospinal tract CST_R; CST_L 

Right and left Anterior Limb of the Internal Capsule ALIC_R; ALIC_L 

Right and left Posterior Limb of the Internal Capsule PLIC_R; PLIC_L 

Right and left Anterior Corona Radiata ACR_R; ACR_L 

Right and left Superior Corona Radiata SCR_R; SCR_L 

Right and left Posterior Corona Radiata PCR_R; PCR_L 

 Right and left Posterior Thalamic Radiation PTR_R; PTR_L 

Right and left Inferior Longitudinal Fasciculus ILF_R; ILF_L 

Right and left External Capsule EC_R; EC_L 

Right and left Cingulum (cingulate gyrus portion) C_CG_R; C_CG_L 

Right and left Cingulum (hippocampal portion) C_HIP_R; C_HIP_L 

Right and left Superior Longitudinal Fasciculus SLF_R; SLF_L 

Right and left Uncinate Fasciculus UF_R; UF_L 
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Figure 3.1 - TBSS whole-group voxel-based analysis.  

Significant results for the two-sample t-test showing group differences between subjects with the deletion 

(Del, n=30), duplication (Dup, n=27), and no large copy number variants (NoCNV, n=19), for fractional 

anisotropy, axial diffusivity, radial diffusivity, and mean diffusivity maps. Here, only contrasts that gave 

rise to significant results after correction are displayed (p<0.05, FWE corrected). Within the significant 

results, red and blue code for less significant results and yellow and green for more significant results. The 

deletion showed widespread increased FA compared with duplication and NoCNV groups, and decreased 

AD, RD, and MD compared with duplication group.  The duplication showed increased AD compared with 

NoCNV group. 

3.4.2. Between-group regional analyses 

Results from the atlas-based segmentation analysis were consistent with the whole-brain 

TBSS analysis. Plots of the data confirmed the overall pattern of increased FA in the 

deletion compared to the duplication cohort, with the NoCNV group lying intermediate 

between these groups, and indicating a mirror effect of 15q11.2 BP1-BP2 dosage (Figure 

3.2). The pairwise comparisons showed differences that, after FDR correction, were only 

significant between the deletion and duplication carriers (Table 3.4). Figure 3.3 shows 

the Cohen’s d effect sizes for deletion and duplication carriers when compared to the 

NoCNV group. Here, a clear reciprocal effect can be noticed, where deletion carriers 

predominantly show increased FA, and decreased RD and MD, whereas duplication 

carriers show decreased FA, and increased RD and MD. There were a few white matter 

tracts where a reciprocal effect was not observed: left anterior limb of the internal capsule 

(ALIC_L), right cingulum of the hippocampal portion (C_HIP_R), and left uncinate 

fasciculus (UF_L). Interestingly, deletion carriers showed an increased FA trend in all 

white matter tracts with exception of the fornix and right and left corticospinal (CST_R, 

CST_L), where reciprocal effects are seen in the opposite direction (decreased FA in 

deletion and increased FA in duplication carriers) – however, these effects were 

negligible. Figure 3.3 also shows that, although the results are very consistent in FA, RD 

and MD metrics, changes in AD seem to be less consistent where increases and decreases 

in AD in different white matter changes are seen in deletion and duplication carriers. 

 The largest effect size for the significant differences seen between deletion and 

duplication carriers, was observed in the right and left posterior limb of the internal 

capsule (PLIC_R, PLIC_L) and in the left external capsule (EC_L) for increased FA and 

decreased RD in the deletion carriers Figure 3.4. Across the whole-brain (average FA 
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skeleton), the effect size was medium in FA (Cohen’s d = 0.74), RD (Cohen’s d = -0.66), 

and MD (Cohen’s d = -0.65), and small for AD (Cohen’s d = -0.36), according to Cohen’s 

criteria (Cohen, 1977).  

As some of the subjects were related, the data were reanalysed using only one 

member from each family. The results were consistent with initial findings/primary 

analyses. However, a few white matter tracts became non-significant, possibly due to the 

loss of power from reducing the sample to 65 subjects (Appendix 1). 
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Table 3.4 - Group differences between deletion and controls with NoCNV, duplications and NoCNV, 

and deletions and duplications carriers. 

Effect of 15q11.2 BP1-BP2 CNV dosage are shown for FA, AD, RD, and MD. Groups were compared as 

defined in the dependent variable column, and the direction of effect is represented by a positive or negative 

value. Here only white matter tracts showing significant differences when comparing deletions to 

duplications carriers are shown. (* < 0.05, ** < 0.01, ***<0.001). White matter tracts abbreviations can be 

found on Table 3.3.  

 

 

 

 

 Dependent 
variable ROI t value p-value 

p-value  

(FDR) 
Effect 

size 

FA 

Del vs NoCNV 

PLIC_R 2.54 0.013 0.28 0.77 

PLIC_L 1.97 0.05 0.42 0.57 

ILF_L 2.26 0.03 0.36 0.71 

EC_R 2.99 0.004 0.15 0.85 

EC_L 3.57 0.0006 0.08 1.03 

C_CG_L 1.48 0.14 0.47 0.42 

Dup vs NoCNV 

PLIC_R -0.64 0.52 0.78 -0.23 

PLIC_L -1.66 0.1 0.78 -0.51 

ILF_L -0.59 0.56 0.78 -0.21 

EC_R 0.19 0.85 0.93 0.003 

EC_L -0.2 0.84 0.93 -0.15 

C_CG_L -1.05 0.3 0.78 -0.36 

Del vs Dup 

PLIC_R 3.68 0.0004 0.01* 1 

PLIC_L 4.20 0.00007 0.005** 1.19 

ILF_L 3.29 0.002 0.03* 0.85 

EC_R 3.26 0.002 0.03* 0.80 

EC_L 4.38 0.00004 0.005** 1.05 

C_CG_L 2.93 0.004 0.04* 0.77 

AD 

Del vs NoCNV 
BCC -2.52 0.01 0.28 -0.72 

PLIC_L 1.12 0.27 0.57 0.30 

Dup vs NoCNV 
BCC 0.52 0.61 0.78 0.23 

PLIC_L -1.37 0.18 0.78 -0.50 

Del vs Dup 
BCC -3.52 0.0008 0.02* -0.88 

PLIC_L 0.88 0.005 0.04* 0.76 
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RD 

Del vs NoCNV 

PLIC_R -1.81 0.07 0.43 -0.53 

PLIC_L -1.81 0.08 0.43 -0.55 

ACR_R -0.44 0.66 0.87 -0.15 

EC_R -1.87 0.066 0.43 -0.58 

EC_L -3.02 0.004 0.15 -0.95 

C_CG_L -1.35 0.18 0.47 -0.39 

Dup vs NoCNV 

PLIC_R 0.67 0.5 0.78 0.24 

PLIC_L 1.45 0.15 0.78 0.44 

ACR_R 2.11 0.04 0.62 0.64 

EC_R 0.55 0.58 0.78 0.21 

EC_L 0.34 0.73 0.89 0.15 

C_CG_L 1.38 0.17 0.78 0.46 

Del vs Dup 

PLIC_R -2.88 0.005 0.04* -0.77 

PLIC_L -3.77 0.0003 0.01* -1.05 

ACR_R -2.95 0.004 0.04* -0.75 

EC_R -2.81 0.006 0.04* -0.71 

EC_L -3.89 0.0002 0.009** -1.00 

C_CG_L -3.16 0.002 0.03* -0.84 

MD 

Del vs NoCNV 

BCC -2.02 0.04 0.43 -0.62 

SCC -0.61 0.54 0.76 -0.20 

ACR_R -0.27 0.79 0.93 -0.10 

EC_L -2.11 0.04 0.43 -0.68 

Dup vs NoCNV 

BCC 0.68 0.5 0.78 0.24 

SCC 2.15 0.03 0.62 0.66 

ACR_R 2.3 0.02 0.62 0.69 

EC_L 0.51 0.61 0.78 0.18 

Del vs Dup 

BCC -3.13 0.003 0.03* -0.80 

SCC -3.19 0.002 0.03* -0.83 

ACR_R -2.96 0.004 0.04* -0.76 

EC_L -3.04 0.003 0.03* -0.82 
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Figure 3.2 - Boxplots showing group differences for atlas-based segmentation analyses. 

Significant pairwise group differences after FDR correction (p<0.05) are shown for A fractional anisotropy, 

B axial diffusivity, C radial diffusivity and D mean diffusivity. *p<0.05, **p<0.01, ***p<0.001. White 

matter tracts (x axis) abbreviations can be found in Table 3.3.   
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(Figure continues on next page) 
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Figure 3.3 - Diverging bars for Cohen d’ effect sizes for group differences when comparing deletion 

and duplication carriers versus controls. 

Diverging bars for Cohen d’ effect sizes for group differences when comparing deletion and duplication 

versus controls with no large copy number variants, for the different DTI metrics: A fractional anisotropy, 

B axial diffusivity, C radial diffusivity, and D mean diffusivity. The thresholds where an effect size is 

considered to be large (0.8) or medium (0.5), according to Cohen’s criteria (Cohen, 1977), are represented 

by a vertical red or green dashed line, respectively. White matter tracts abbreviations can be found in Table 

3.3. 
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(Figure continues on next page) 
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Figure 3.4 - Cohen d’ effect sizes for group differences when comparing deletion versus duplication 

carriers. 

Cohen d’ effect sizes for group differences when comparing deletion versus duplication carriers for the 

different DTI metrics: A fractional anisotropy, B axial diffusivity, C radial diffusivity, and D mean 

diffusivity. The thresholds where an effect size is considered to be large (0.8) or medium (0.5), according 

to Cohen’s criteria (Cohen, 1977), are represented by a vertical red or green dashed line, respectively. White 

matter tracts abbreviations can be found in Table 3.3. 
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3.4.3. Age trajectories  

In order to examine differences in the effects of age on FA, AD, RD and MD between 

each group, age-by-dosage and age2-by-dosage interaction tests for each ROI were 

performed. A significant (p-value uncorrected) age-by-dosage interaction was observed 

in: 

1) FA, bilaterally in the PLIC (PLIC_R; F(2,65)=4.29, p=0.02 and PLIC_L; 

F(2,65)=3.25, p=0.04), and in the right PCR (PCR_R; F(2,65)=4.5, p=0.02); 

2) AD, in the left PTR (PTR_L; F(2,65)=3.18, p=0.05), and bilaterally in the C_HIP  

(C_HIP_R; F(2,65)=3.23, p=0.05 and C_HIP_L; F(2,65)=3.8, p=0.03); 

3) RD, in the right PCR (PCR_R; (F(2,65)=3.36, p=0.04), right C_HIP (C_HIP_R; 

F(2,65)=3.28, p=0.04), and left SLF (SLF_L; (F(2,65)=3.32, p=0.04); 

4) MD, bilaterally in both the C_HIP (C_HIP_R; F(2,65)=3.94, p=0.02 and C_HIP_L; 

F(2,65)=3.24, p=0.04) and the SLF (SLF_R; F(2,65)=3.31, p=0.04 and SLF_L; 

F(2,65)=3.33, p=0.04).  

Significant interactions with the quadratic term age2-by-dosage (p-value uncorrected) 

were observed in: 

1) FA, in the splenium of the CC (SCC; F(2,65)=4.6, p=0.01), right PTR (PTR_R; 

F(2,65)=4.72, p=0.01), bilaterally in both the EC (EC_R; F(2,65)=5.88, p=0.004 and 

EC_L; F(2,65)=7.09, p=0.002) and uncinate fasciculus (UF_R; F(2,65)=3.4, p=0.04 

and UF_L; (F(2,65)=4.09, p=0.02); 

2) AD, in the right C_HIP (C_HIP_R; F(2,65)=3.55, p=0.03); 

3) RD, in the body of the CC (BCC, F(2,65)=3.77, p=0.03), splenium of the CC (SCC; 

F(2,65)=4.29, p=0.02), bilaterally in both the EC (EC_R; F(2,65)=3.46, p=0.04 and 

EC_L; F(2,65)=5.12, p=0.009) and UF (UF_R; F(2,65)=4.02, p=0.02 and UF_L; 

F(2,65)=3.57, p=0.03); 

4) MD, in the body of the CC (BCC; F(2,65)=3.72, p=0.03), right C_HIP (C_HIP_R; 

F(2,65)=4.93, p=0.01), and right UF (UF_R; F(2,65)=3.28, p=0.04).  

 

In order to visualise these interactions, age trajectory plots are shown for the 

significant white matter tracts for deletion, NoCNV and duplication groups. For FA linear 

and quadratic interactions can be visualised in Figures 3.5 and 3.6, respectively.  



 
 82 

 

 

Figure 3.5 - Linear age trajectories for deletion (red), NoCNV (yellow), and duplication (blue) groups. 

Linear relationship between fractional anisotropy and age for the following white matter tracts: A PLIC_R, 

B PLIC_L, C PCR_R, and D averaged white matter skeleton (Whole Brain). Shaded regions represent 95% 

confidence intervals. White matter tracts abbreviations can be found in Table 3.3. 
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Figure 3.6 - Quadratic age trajectories for deletion (red), NoCNV (yellow), and duplication (blue) 

groups. 

Quadratic relationship between fractional anisotropy and age for the following white matter tracts: A SCC, 

B PTR_R, C EC_R, D EC_L, E UF_R, F PCR_R, and G averaged white matter skeleton (Whole Brain). 

White matter tracts abbreviations can be found in Table 3.3. 
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3.4.4. Sex Differences 

A sex-by-dosage interaction model was used to investigate sex differences in relation to 

15q11.2 BP1-BP2 dosage. No significant interaction effect was found across the whole-

brain. However, when analysing the effect sizes for males and females separately, the 

male sub-group followed the same direction of effects seen in the whole-group analyses 

(increased FA in deletion carries and decreased FA in duplication carriers), whereas in 

the female subgroup the reciprocal trend is not seen in the genu of the CC (GCC), BCC, 

CST_R, CST_L, right and left superior corona radiata (SCR_R, SCR_L), PCR_R, 

PTR_L, SLF_R, and SLF_L white matter tracts – instead, decreased FA in both deletion 

and duplication carriers is noted (Figure 3.7). It is also observable that, in female deletion 

carriers, there is a large effect size for decreased FA in the fornix, which is negligible in 

the male deletion carriers.  

When analysing the effect sizes of the deletion vs duplication comparison, a 

significant difference in effect size was found between males and females, as assessed by 

a two-tailed paired t-test. Males showed larger effect sizes for increased FA (t = 2.79, p-

value = 0.009) compared to females, and an overall large effect size in the whole-brain 

(Cohen’s d = 0.99), whereas females showed a medium effect size (Cohen’s d = 0.52), 

Figure 3.8. This result was expected since there were fewer reciprocal effects in the 

female subgroup. Of particular interest is the fact that, when analysing only the male 

carriers as opposed to the whole-group analyses, some additional white matter tracts 

showed a large effect size. In the male carriers the following white matter tracts showed 

differences with large effect sizes: GCC, BCC, ALIC_L, PLIC_R, PLIC_L, ACR_L, 

PCR_L, PTR_R, ILF_L, EC_R, and EC_L. Females, however, showed a large effect size 

for increased FA in the C_CG_L, that is not seen in the males.  
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Figure 3.7 – Gender differences in Cohen d’ effect sizes, when comparing deletion and duplication 

carriers versus controls.   

Cohen d’ effect sizes for group differences when comparing deletion and duplication carriers versus 

controls with no large CNV for fractional anisotropy in A males and B females. The thresholds where an 

effect size is considered to be large (0.8) or medium (0.5), according to Cohen’s criteria (Cohen, 1977), are 

represented by a vertical red or green dashed line, respectively. White matter tracts abbreviations can be 

found in Table 3.3. 
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Figure 3.8 - Gender differences in Cohen d’ effect sizes, when comparing deletion versus duplication 

carriers.   

Cohen d’ effect sizes for group differences when comparing deletion versus duplication carriers for 

fractional anisotropy in A males, and B females. The thresholds where an effect size is considered to be 

large (0.8) or medium (0.5), according to Cohen’s criteria (Cohen, 1977), are represented by a vertical red 

or green dashed line, respectively. White matter tracts abbreviations can be found in Table 3.3.  



 
 

87 

3.5. Discussion 

This was the first study to date looking at white matter microstructural changes associated 

with copy number variations in the 15q11.2 BP1-BP2 region. An initial whole-brain 

analysis showed significant widespread increased FA, and decreased AD, RD, and MD 

in 15q11.2 BP1-BP2 deletion carriers when compared to the duplication group. The 

whole-brain analyses also showed widespread increases in AD in the duplication group, 

compared to the NoCNV group. Quantification of these changes using a regional atlas-

based approach indicated that, in most white matter tracts, the NoCNV group was 

intermediate between the deletion and duplication, evidencing a “mirrored phenotype” 

related to CNV dosage. The magnitude of the differences between the CNV carriers and 

NoCNV group revealed, however, that the deletion had a greater impact on white matter 

microstructure, by showing larger effect sizes than the duplication. In the regional 

analyses, only differences between the deletion and duplication carriers were significant 

after FDR correction, and the largest effects for these differences were seen bilaterally in 

the PLIC, ILF_L, and EC_L. Further preliminary analyses related to white matter changes 

progression with age suggests different direction of changes with age between groups. 

Finally, preliminary evidence of some sex differences was also found where females 

showed different direction of effects in some white matter tracts, compared to males and 

whole-group analyses, and males showed generally larger effect sizes than females. 

3.5.1. Increased FA in 15q11.2 BP1-BP2 deletion carriers - how it relates to 

DTI findings in neurodevelopmental disorders and other CNVs 

DTI has been widely used in identifying white matter phenotypes in 

neurodevelopmental disorders (Taylor et al., 2004), and changes in FA have been 

consistently reported in learning disabilities, schizophrenia (Alba-Ferrara and de 

Erausquin, 2013) and ASD (Travers et al., 2012). The general common finding in 

neurodevelopmental disorders points to reductions in FA in several white matter tracts 

(Fitzsimmons et al., 2013). DTI studies in advanced schizophrenia have consistently 

found reduced FA values in frontal regions, which correlated with cognitive and motor 

deficits (Walther et al., 2011). There are, however, some reports of increased FA in fibres 

connecting temporal regions (such as the superior longitudinal fasciculus), where 

increased FA values were found to be associated with increased severity of hallucinations 
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in schizophrenia patients (Hubl et al., 2004; Rotarska-Jagiela et al., 2009; Seok et al., 

2007; Shergill et al., 2007); therefore contradicting the general idea that higher FA is 

always associated with better outcomes. Furthermore, only a few studies have 

investigated white matter microstructural phenotypes in the early preclinical stage, and 

current literature is inconsistent showing both increases and decreases in FA (Francis et 

al., 2013; Gilmore et al., 2010; Satterthwaite et al., 2016). In ASD research, adults with 

ASD often report general decreased FA in the brain, but most consistently in regions such 

as the corpus callosum, cingulum and regions of the temporal lobe (Travers et al., 2012). 

Recent longitudinal neuroimaging studies have supported a theory of atypical 

developmental trajectory of white matter microstructure in patients with ASD, where 

ASD children displayed abnormal age-related changes with higher FA and brain volume 

at younger ages, but lower FA and volume in older ASD children, when compared to 

typical developing children (Cheng et al., 2010; Travers et al., 2015; McLaughlin et al., 

2018).  

In this study, carriers of the 15q11.2 BP1-BP2 microdeletion showed consistent 

increases in FA. This result was surprising initially since the microdeletion has been 

strongly associated with dyslexia and dyscalculia, with a moderate increased risk for 

schizophrenia and ASD – all disorders that have been generally associated with global 

decreased FA in the brain. Given the highly genetic heterogeneity of these disorders, and 

the potential confounds associated with disease onset, DTI studies investigating the effect 

of individual neuropsychiatric genetic variations on the “healthy brain” have recently 

emerged. Surprisingly, several studies on carriers of other neurodevelopmental CNVs 

have also shown increases in FA. An example is the study by Hoeft et al., 2007, where 

individuals with Williams syndrome (caused by a hemizygous deletion of up to 28 genes 

on chromosome 7q11.23 (Morris et al., 1988)) reported increased FA in the superior 

longitudinal fasciculus, which was correlated with poor outcomes in a visuospatial 

construction task. Furthermore, increased FA was also reported in both children and 

adults carrying the 16p11.2 deletion, where reciprocal changes were found in the 

duplication (Chang et al., 2016). Finally, a recent study in patients with cognitive decline 

carrying the 22q11.2 deletion showed significant increased FA in the bilateral superior 

longitudinal fasciculus, the bilateral cingulum bundle, the left internal capsule and the left 

superior frontal-occipital fasciculus as compared with 22q11.2 deletion carriers without 

cognitive decline (Nuninga et al., 2018).  
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The biological nature of these changes reported in this, and in other CNV studies, 

is highly speculated, and increased FA could point to either a compensatory mechanism 

in response to primary deficits protecting against disease onset, or to a diffuse 

dysregulation of neuronal dynamics, increasing the risk for psychiatric disorder.  

3.5.2. Increased FA in 15q11.2 BP1-BP2 deletion carriers – Possible cellular 

causes 

DTI measures water diffusion, and water diffusion is highly sensitive to changes in the 

underlying tissue microstructure, making this a powerful method of assessing the 

orientation and integrity of white matter tracts. However, a major limitation of DTI is the 

difficulty of understanding the underlying cellular nature of these changes. DTI changes 

can either be attributed to microscopic factors, such as axonal properties (the diameter 

and number of axons) and myelin thickness, or to macroscopic factors, such as the 

coherence of axonal orientation within a voxel (parallel versus crossing fibres) (Beaulieu, 

2002). Higher FA and reduced MD are usually associated with higher density, diameter, 

degree of organisation and myelination of axons. Changes in FA are modulated by 

changes in AD and RD: AD is thought to reflect fibre coherence, whereas RD is inversely 

correlated with myelin thickness and fibre density (Wheeler-Kingshott and Cercignani, 

2009; Aung et al., 2013). Here, although all DTI changes seem to be consistent throughout 

the brain, regional analyses show increases and decreases in AD in different white matter 

tracts in deletion carriers (Figure 3.3). Since FA reflects the relative contribution of AD 

and RD and we find global increased FA, including in areas where AD is decreased, the 

RD contribution seems to be stronger. Hence, the increased FA and markedly decreased 

RD observed in the deletion carriers in the present study could potentially be driven by 

higher myelination or denser axonal packing, or both. It is also important to mention that 

reduction of white matter bundles in crossing fibre regions could also result in increased 

FA. Furthermore, areas with reduced AD could be a result of reduced axonal integrity. 

 A central question in addressing possible underlying mechanisms is how each 

gene within the 15q11.2 BP1-BP2 CNV region could contribute to the observed 

phenotype. It is known that all the four genes in this region are highly conserved and 

expressed in human central nervous system, therefore potentially playing a role in 

15q11.2 BP1-BP2 associated phenotypes. Within these four genes, NIPA1 and CYFIP1 
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were found to be involved in mechanisms that, when dysregulated, potentially impact 

white matter microstructure: (1) deletions of NIPA1 gene could result in increased 

abnormal axonal density, through interactions with BMP signalling, leading to increased 

anisotropy in the white matter tracts; (2) whereas deletions in CYFIP1 gene were already 

shown to impact dendritic branching (De Rubeis et al., 2013; Pathania et al., 2014; 

Oguro-Ando et al., 2015), and may as well result in changes in axonal density, 

organisation and myelination, due to its known effects on actin remodelling and 

interactions with FMRP (see General Introduction). 

 Recently, two articles (Green et al., 2015; Hall et al., 2016) by the same group 

reported increased FA and decreased RD and MD in FXS patients compared with IQ-

matched control subjects. There is, therefore, a marked degree of overlap between 

changes in 15q11.2 BP1-BP2 deletion carriers and in FXS patients, consistent a priori 

with the suggested molecular link between CYFIP1 and FMRP. If these common neural 

mechanisms are the cause of the overlap in white matter phenotypes, the question arises 

on what cellular causes could explain these changes. Here, evidence that both FMRP and 

CYFIP1 influence diverse aspects of synaptic function, as well as effects on dendritic 

architecture, may be of relevance. In FXS patients and FXS animal models (mouse, 

Drosophila) a major phenotype consistently reported is the presence of dendritic spines 

that are longer, thinner and denser than normal (Comery et al., 1997; Irwin et al., 2000; 

Abekhoukh et al., 2017). Despite this increased dendritic complexity, mice harbouring 

deletions in the Fmr1 gene were also shown to have increased ratio of immature-to-

mature mushroom-shaped dendritic spines (Comery et al., 1997; Abekhoukh et al., 2017). 

In a mouse model, Cyfip1 haploinsufficiency was shown to reduce dendritic complexity, 

as opposed to what was observed in the Fmr1 mouse knockout model (Pathania et al., 

2014). However, reduced levels of Cyfip1 also lead to an increased number of immature 

spines in the hippocampus (Pathania et al., 2014). The common abnormal maturation of 

dendritic spines seen in both Fmr1 knockout and Cyfip1 heterozygous mice could be 

explained by altered processing, localisation, or translational regulation of mRNAs 

encoding pre- and post-synaptic proteins due to the absence of the CYFIP1-FMRP 

complex, whereas the opposite effects on dendritic complexity and length could be due 

to dysregulations of the WAVE regulatory complex caused by absence of CYFIP1 protein 

(De Rubeis et al., 2013; Bardoni and Abekhoukh, 2014). A study has also explored the 

impact of Cyfip1 overexpression in a mouse model, showing a mirror phenotype 

characterised by increased dendritic length and complexity, with reduced number of 
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immature thin spines, and increased number of mature stubby and abnormal spines 

(Oguro-Ando et al., 2015). While the relationship between neuronal density and number 

of synapses per neuron is still not well understood, the observed increased FA in FXS 

(Green et al., 2015; Hall et al., 2016), and 15q11.2 BP1-BP2 (this study) could be caused 

by an increased neuronal density as an adaptive response to an increased number of 

immature spines and reduced functional synapses.  

 Further speculations as to cellular/molecular mechanisms underlying the observed 

white matter phenotype should, at this stage, be made with caution. DTI data are difficult 

to relate to underlying cellular changes, but ultrastructural magnetic resonance imaging 

methods could provide the necessary resolution to visualise and quantify myelin/axon 

density changes in the living human brain (Shi and Toga, 2017). However, a more 

comprehensive investigation would require histological studies of brains of human 

carriers post mortem, or animal studies. Translational models of human disease in animals 

are indeed a very attractive alternative to explore individual genotype-phenotype 

relationships, where direct access to brain tissue would allow an analysis of underlying 

cellular changes relevant to the DTI findings. Given the previous evidence highlighting 

CYFIP1 as a strong candidate for the 15q11.2 BP1-BP2 phenotype, in this project I started 

to address these questions by exploring white matter changes in a novel Cyfip1 

haploinsufficiency rat model modelling the reduced dosage of CYFIP1 in 15q11.2 BP1-

BP2 deletion carriers (see Chapters 5-7).  

3.5.3. White matter changes and relation with functional outcomes 

This study showed that the 15q11.2 BP1-BP2 chromosomal region is associated with 

extensive global changes in white matter microstructure. However, some white matter 

tracts seemed to be more affected than others, showing larger effect sizes. The largest 

effects for increased FA were seen in the left ILF, left EC, and bilaterally in the PLIC, 

when comparing deletion to duplication carriers. These were accompanied with large 

effects for decreased RD in the left EC, and also bilaterally in the PLIC.  

 Motor delays are often reported in 15q11.2 BP1-BP2 deletion carriers (Cox and 

Butler, 2015). The PLIC is known to carry fibres from the corticospinal tract, carrying 

motor information from the primary motor cortex to the lower motor neurons in the spinal 

cord (Kretschmann, 1988). Therefore, the large effect sizes seen in the PLIC (Figure 3.3 
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and 3.4) are of high relevance, where increased FA could putatively be related to these 

motor deficits or may result from compensatory mechanisms – since decreased FA in the 

PLIC has previously been shown to correlate with poor motor outcomes in motor neuron 

disease (Puig et al., 2011). Interestingly, and maybe indicative of a compensatory 

mechanism, AD was also increased in the PLIC bilaterally. The PLIC also carries sensory 

information from the thalamus to the cortex, a key sensorimotor relay area implicated in 

schizophrenia (Pergola et al., 2015) and ASD (Schuetze et al., 2016).  In individuals with 

schizophrenia, decreased FA in the internal capsule has been reported (McIntosh et al., 

2005). However, functional studies in ASD patients have pointed to an increased 

functional connectivity between motor regions of the thalamus and cortex (Mizuno et al., 

2006). A longitudinal study by McLaughlin et al., 2018 suggested that this was due to an 

atypical development trajectory of the thalamus and internal capsule in ASD patients, in 

which increasing connectivity through adolescence and adulthood was seen. In this 

present study, a significant (uncorrected) linear age-by-dosage interaction was found 

bilaterally in the PLIC for FA, where deletions and duplications seem to follow different 

developmental trajectories than NoCNV carriers (Figure 3.5) - FA values decrease with 

age in the NoCNV control group but maintain in the deletion carriers. Deletion carriers 

seem to have, in early adulthood, lower FA than NoCNV carriers and higher FA in later 

adulthood. Interestingly, a similar trajectory is seen in McLaughlin et al., 2018 study, 

where reduced FA is seen in the PLIC of the youngest individuals with ASD (3-20 years 

old), compared with typical developing controls, and shift in young adulthood (~20 

years), where the ASD group seems to have a more accentuated increased FA than the 

control group (Figure 2 in McLaughlin et al., 2018 study). Understandably, a direct 

comparison between McLaughlin’s study and this study cannot be made since the 

inclusion of a group of subjects under 20 years old would be needed, as well as a bigger 

sample with more individuals in each age interval. Although the present data does not 

allow any strong conclusion in this matter, this preliminary analysis may suggest possible 

differences in white matter development between early (~20 years) and late adulthood 

(~60 years). Furthermore, the increased FA in the PLIC of the 15q11.2 BP1-BP2 deletion 

carriers could be a result of an abnormal thalamus and IC development, which could 

arguably be associated with motor delays often reported in children with the deletion. 

 The 15q11.2 BP1-BP2 deletion was previously shown to confer a high risk of a 

combined phenotype of dyslexia and dyscalculia (Ulfarsson et al., 2017). Reading 

involves a series of complex cognitive components that involve visual, phonological, and 
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semantic processes, where effective communication between specific brain areas is 

crucial. A number of DTI studies in dyslexic individuals have shown that white matter 

bundles connecting temporo-parietal and frontal areas have disrupted integrity, 

particularly in the superior longitudinal fasciculus (Vandermosten et al., 2012) - a key 

connection in phonological processing (Yeatman et al., 2011). In the 15q11.2 BP1-BP2 

deletion, a large effect size for decreased AD was found in this white matter tract, 

compared to NoCNV (Figure 3.3), which could potentially be associated with worse 

reading outcomes, even though differences in FA were negligible. Significant increased 

FA in deletion carriers, when compared to duplication carriers, was also noted in the left 

ILF – a major white matter tract also involved in dyslexia and thought to be critical to 

semantic processing (Menjot de Champfleur et al., 2013). Furthermore, deletion carriers 

were previously shown to have a smaller fusiform gyrus (Ulfarsson et al., 2017), a 

structure that connects with ILF and shown to play a role in reading and mathematics 

(Peters et al., 2018). A large effect size was also found for differences in both FA and 

RD in the EC. The EC is a route for cholinergic fibres within the cholinergic circuitry, 

known to be highly associated with cognitive performance in schizophrenia (Ross et al., 

2010). Finally, although of negligible effect, the only white matter tract reporting lower 

FA values in deletion carriers was the fornix – a compact bundle of white matter fibres 

projecting from the hippocampus (a brain structure frequently implicated in 

schizophrenia) to the septum, anterior nucleus of the thalamus and the mamillary bodies. 

The fornix has been shown to be implicated in cognitive disturbances and memory 

function in schizophrenia (Fitzsimmons et al., 2009; Baumann et al., 2016). 

3.5.4. Age trajectories and gender differences 

Atypical white matter development has been reported in longitudinal studies of ASD 

(Cheng et al., 2010) and schizophrenia (Cropley et al., 2016). As a preliminary 

exploratory investigation into developmental trajectories of white matter in 15q11.2 BP1-

BP2 carriers, linear and quadratic models were fit to global FA, AD, RD, and MD over 

age, separately for deletion, NoCNV and duplication carriers (Figure 3.5 and 3.6). 

Studies of typical white matter development indicate a quadratic relationship between 

most DTI metrics and age, where FA typically increases from childhood to puberty, 

plateaus at early adulthood and decreases in later adulthood (Krogsrud et al., 2016). As 

seen in Figures 3.5D and 3.6G, the NoCNV group follows a typical age trajectory with 
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gradual FA reduction in the whole-brain after early adulthood, whereas duplication 

carriers show increases in early adulthood and later reduction in adulthood, and deletion 

carriers seem to maintain or even slightly increase FA values with age. Although these 

results might be indicative of an atypical white matter development, it is important to note 

the preliminary nature and limitations of these data, and these analyses only aimed to 

explore possible interactions that need to be confirmed in larger samples. Furthermore, 

19 controls are not enough for a reliable age trajectory analysis, and some variations can 

be seen in different white matter tracts, showing that the NoCNV controls not always 

follow the typical trajectory. In order to make a direct comparison with ASD and 

schizophrenia studies, a bigger sample with the inclusion of a younger group and 

homogeneous distribution of subject across different ages is required.   

 Gender bias has been repeatedly observed in neurodevelopmental disorders, 

evidencing an increased male prevalence and leading to the concept of a “female 

protective model”. As example are the epidemiologic studies showing a male-to-female 

ratio of 4:1 in ASD (Fombonne, 2009). In schizophrenia, males show an earlier age at 

onset, higher propensity to negative symptoms and substance abuse, and lower social 

functioning, whereas females often report more affective symptoms like mood disorders 

and depression (Abel et al., 2010). Although the molecular causality behind these sex 

differences is still unclear, it has been hypothesised that the female brain would require 

larger mutational burden to reach the ASD diagnostic threshold (Jacquemont et al., 2014). 

Moreover, variations in the 15q11.2 BP1-BP2 region were shown to have a greater impact 

on ASD-related phenotype in men than women (Chaste et al., 2014). In this current study, 

a sex-by-dosage interaction model was used to investigate sex differences in relation to 

CNV dosage. Since no interaction was found, an exploratory analyses was done looking 

at effect sizes separately for males and females, where males and females showed striking 

differences in the direction of effects in some white matter tracts and overall larger effect 

sizes in males than females (Figure 3.7 and 3.8). These preliminary results suggest that 

males might be more sensitive to mutations in this chromosomal region. Of interest, is 

also the large effect seen for decreased FA in the fornix of female deletion carriers 

compared to female NoCNV carriers (Figure 3.7). The fornix is part of the limbic system 

being involved in the regulation of emotional brain regions and, therefore, implicated in 

affective processing (Whalley et al., 2015). Since affective symptoms are more frequently 

reported in schizophrenia female patients, this could be associate with a higher sensitivity 

for changes in this region in female carriers. 
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3.5.5. Limitations of this study 

A limitation of this study was the impossibility to correct for regions with crossing fibres, 

which are particularly challenging. Crossing fibres may have a remarkable impact in DTI 

analyses, as between 60% and 90% of white matter voxels contain crossing fibres 

(Jeurissen et al., 2013), which may override microscopic factors related to axonal or 

myelin structure. Several methods have been proposed to extract multiple fibre 

orientations from diffusion weighted images using tractography methods, but most of 

them rely on the high angular resolution diffusion imaging (HARDI) protocol. For 

instance, spherical deconvolution is a broadly used method in tractography, which is able 

to estimate fibre orientations present within each imaging voxel (Tournier et al., 2008). 

Unfortunately, this method did not work in the current data, probably due to lack of 

resolution. It is however important to note that differences were extensive to the whole-

brain, and not specific to areas that are known to have more crossing fibres (e.g., between 

the corticospinal tract and the superior longitudinal fasciculus), making this less likely to 

be the main cause of group differences.  

 Another limitation was not including the IQ scores as a covariate in the analyses, 

and this was due to a lack of cognitive data on the NoCNV group. IQ is known to be 

associated with white matter integrity (Watson et al., 2018), and some of the group 

differences could be magnified by differences in IQ. However, the white matter changes 

did not follow the IQ trend, where both deletion and duplication showed a trend to 

decreased IQ compared to the NoCNV group, being more specific to the karyotype with 

reciprocal changes in FA.  

 The extensive mirrored effects on white matter reported here, and in previous 

structural MRI studies (Stefansson et al., 2013; Ulfarsson et al., 2017), suggest that 

15q11.2 BP1-BP2 affects white matter microstructure in a dosage-dependent way. When 

it comes to neuropsychiatric and behavioural findings at this locus, the picture is less clear 

(Butler, 2017). The microdeletion has been associated with development delay, 

schizophrenia and ASD, whereas duplication is generally not considered as a risk locus 

for schizophrenia (Kirov et al., 2014) and has not come out as a significant risk variant 

for development delay in recent large-scale genetic studies (Coe et al., 2014). Moreover, 

the microdeletion has been shown to have a greater impact on cognitive function in 

individuals with no neurodevelopmental disorders, particularly in the acquisition of 

mathematical skills and reading, whereas duplication carriers performed similarly to the 
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NoCNV group (Stefansson et al., 2013). In line with these findings, the deletion showed 

greater impact on white matter microstructure, presenting larger effect sizes than the 

duplication (Table 3.4 and Figure 3.3). As a limitation of this study, the lack of detailed 

cognitive data in this sample did not allow correlations between increased FA and 

cognition in deletion carriers. 

3.5.6. Conclusion 

Using whole-brain and regional-brain analyses, this study shows a consistent pattern of 

white matter microstructure alterations, which are consistent with recent DTI studies on 

FXS patients, beginning to reveal brain mechanisms underlying the complex routes to 

psychopathology mediated by mutations at the 15q11.2 BP1-BP2 CNV region. The 

reciprocal effects on white matter microstructure, described here, suggest that deviations 

from normal gene dosage in each direction can lead to abnormalities in brain 

development, underlining the importance of studying how reciprocal chromosomal 

imbalances impact neural processes, which might have important implications for 

therapeutic intervention.  
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Chapter 4  

White Matter Changes Associated With Copy 

Number Variation at 15q11.2 BP1-BP2 – a 

replication study from UK Biobank data 
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4.1. Abstract  

Background 

Low replication rates are a concern across scientific disciplines, and replication studies 

have a growing importance in the scientific community. National and international 

biobanks and genotyped population cohorts are valuable resources in finding genetically 

defined cohorts, allowing the study of the effect of rare chromosomal mutations across 

different populations. In the previous chapter, evidence for a reciprocal effect of 15q11.2 

BP1-BP2 CNV dosage on white matter microstructure was shown in an Icelandic sample. 

Here, a replication of these findings will be carried out in an independent sample, selected 

from the UK Biobank dataset.  

 

Methods 

DTI derived measures from different white matter tracts were obtained from the UK 

Biobank database, where measures from deletion (n=54) and duplication (n=55) carriers 

of the 15q11.2 BP1-BP2 CNV were compared to a large control group of individuals with 

no large CNVs (n=15663). Only participants with no clinical diagnosis were included in 

this study. Regional differences were quantified, where interactions with age and gender 

with CNV dosage were also explored.  

 

Results 

A pattern of reciprocal white matter changes was found, characterised by significant 

increases in FA in deletion carriers and opposite decreases in FA in duplication carriers, 

compared to the control group. Here, the largest effect sizes were found in the internal 

capsule and cingulum. Preliminary analyses of age and sex interactions with CNV dosage 

suggest different age trajectories in each group, whereas no sex differences were found 

in this sample.  
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Conclusions 

This study replicated the findings from the previous chapter, showing again a reciprocal 

effect of 15q11.2 BP1-BP2 dosage on white matter microstructure. In both studies, the 

largest effect sizes were found in the internal capsule, revealing a higher sensitivity of 

this white matter tract to variations in this CNV region.  
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4.2. Introduction 

Neuroscience in general, and neuroimaging in particular, have been overrun with a 

“reproducibility crisis” after several replication efforts have failed to reproduce many 

established effects (Button et al., 2013; Ioannidis, 2005; Kappenman and Keil, 2017; 

Wager et al., 2009). This frequent failure to replicate previous findings highlights the 

growing importance of independent replication studies before a result can be considered 

definitive (Baker, 2016). CNVs being rare genetic variations in the general population, 

and with consequent limited data based on relatively small sample sizes, complicate the 

detection of modest gene effect sizes, as well as the replication of findings in independent 

samples. Population cohorts such as Iceland’s deCODE project, used in the previous 

chapter, or the UK Biobank project, used in the present study, are remarkable initiatives 

providing large genotyped samples with sufficient numbers of CNV carriers to conduct 

quantitative imaging studies.  

In collaboration with deCODE genetics Institute in Iceland, DTI data from an 

Icelandic sample were analysed, as described in the previous chapter, evidencing a 

dosage-dependent effect of 15q11.2 BP1-BP2 on white matter microstructure - 

specifically widespread increases in FA in deletion carriers. The largest effects were 

observed in the posterior limb of the internal capsule, left inferior longitudinal fasciculus, 

and left external capsule. Iceland is considered an homogeneous population, and the 

current gene pool descends from fewer ancestors (Helgason et al., 2003), reducing the 

background noise caused by genetic variation (Heutink and Oostra, 2002). Isolated 

populations, like Iceland, have been argued to confer a number of advantages in studying 

disease-causing genes, since the populations live in more uniform environments, have 

better genealogical and clinical records, have reduced genetic variability, and can have 

an enrichment of some phenotypes and diseases (Peltonen et al., 2000). Amongst all these 

advantages, there are also some concerns regarding the usability and replicability of 

findings in small isolated populations, that might not be as generalisable to more 

genetically diverse, heterogeneous populations (Austin et al., 2003).  

Different large-scale national and international biobank initiatives have been 

created with the aim of gathering genetic information from more heterogeneous 

populations. An example is the UK Biobank, a large-scale prospective epidemiological 
study including approximately 500 000 people who are currently aged 40-69 years old, 
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from all around the United Kingdom. As part of this project, extensive data have been 

collected including different questionnaires, physical and cognitive measures, as well as 

biological samples, including genotyping. Furthermore, an imaging extension was 

included with the aim of collecting brain and body imaging data from 100 000 participants 

by 2020, with brain imaging including three modalities: structural MRI, resting and task-

based functional MRI, and DTI MRI. All the imaging data undergoes an automated 

imaging processing pipeline, where artefacts are removed and images are rendered 

comparably across modalities and participants, generating thousands of image-derived 

phenotypes (IDPs). Example IDPs include volume of grey and white matter structures, 

and measures of functional and structural connectivity in distinct brain regions. The 

combination of large subject numbers with multimodal imaging data acquired using 

homogeneous hardware and software is a unique feature of UK Biobank.  

In this chapter, the effect of 15q11.2 BP1-BP2 on white matter microstructure will 

be explored in a subsample of the UK Biobank dataset. To replicate the previous study, 

DTI-derived measures from different white matter tracts will be used, where deletion and 

duplication carriers of the 15q11.2 BP1-BP2 will be compared against a large cohort of 

controls with no large CNVs, comprising more than 15 000 subjects. All subjects with a 

clinical diagnosis of any neurodevelopmental disorder were excluded from this study. A 

similar statistical approach to the one used in Chapter 3 was employed, where regional 

differences in DTI-derived measures were quantified. Moreover, age trajectories and sex 

differences dependent on dosage were also explored in this chapter. The aim of this study 

was to test the replicability of the previous findings on white matter changes associated 

with the 15q11.2 BP1-BP2 CNV, in a larger and more genetically heterogeneous sample. 

4.3. Material and Methods 

4.3.1. Participants 

The data used in this study is a subsample of participants from the UK Biobank project 

(www.ukbiobank.ac.uk). All subjects provided informed consent to participate in UK 

Biobank, and ethical approval was granted by the North West Multi-Centre Ethics 

committee. Data were released to Cardiff University after application to the UK Biobank 

(project ref. 17044). Genotyping in UK Biobank was done, initially in 50 000 participants, 
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using the Affymetrix UK BiLEVE Axiom array (807 411 probes), where the remaining 

participants were genotyped using the Affymetrix UK Biobank Axiom ® array (820 967 

probes). The two arrays were tested and shown to be extremely similar (with over 95% 

common content). The sample processing at UK Biobank is further described in their 

documentation, available at: https://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=155581. 

CNV calling was performed following the same procedure as described previously in 

Kendall et al., 2016. In brief, normalised signal intensity, genotype calls and confidence 

intervals were generated using ~750 000 biallelic markers that were further processed 

with PennCNV-Affy software (K. Wang et al., 2007). For quality control, individual 

samples were further excluded if they had >30 CNVs, a waviness factor >0.03 or <-0.03, 

or a call rate <96%. Following this, the final sample was reduced to n=17234 participants. 

Individual CNVs were also excluded if they were covered by <10 probes or had a density 

coverage of less than one probe per 20 000 base pairs (Kendall et al., 2016). 

In order to replicate the findings of Chapter 3 only carriers of CNVs at the 15q11.2 

BP1-BP2 locus and participants with no large CNVs (NoCNV) were selected. The 

breakpoints of this CNV were manually inspected, prior to this study, to confirm that they 

met the CNV calling criteria. Briefly, the CNV had to include the key genes in the region. 

None of the 15q11.2 BP1-BP2 deletion or duplication carriers included in this study 

carried any other large CNVs. For this study, only participants that self-referred to be 

White British or Irish descendent, and for whom genetic analysis confirmed European 

ancestry (Legge et al., 2019) were included. Additionally, in order to avoid disease 

causation effects, only participants with no personal history of severe neuropsychiatric 

disorders (i.e. schizophrenia, psychosis, ASD, dementia or intellectual disability) or 

medical/neurological conditions that could clearly impact white matter microstructure 

(i.e. alcohol or other substance dependency, Parkinson’s, Alzheimer, multiple sclerosis 

or other neurodegenerative conditions) were selected. These exclusion groups were based 

on self-reported diagnosis from a doctor at any assessment visit or from hospital records 

(n=18 214).  In total, data from 54 individuals with the 15q11.2 BP1-BP2 deletion, 55 

with the reciprocal duplication, and 15663 controls with no large CNVs were included. 

The participants in this study were aged between 45 and 80 years old, and the number of 

females and males was balanced in each condition group. Demographic information is 

described in Table 4.1.  
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Table 4.1 - Subject characteristics of the UK Biobank sample. 

Abbreviations used: F – Female, M – Male, NoCNV – with no large copy number variants, sd – standard 

deviation. 

15q11.2 
BP1-BP2  

Mean age in years 
(sd, range) 

 Gender  Number of 
subjects 

Deletion  63.57 (6.9, 49 – 77)  25 M, 29 F  54 

NoCNV  62.76 (7.4, 45 – 80)  7388 M, 8275 F  15663 

Duplication  63.24 (7.6, 46 – 77)  27 M, 28 F  55 

 

4.3.2. UK Biobank diffusion MRI acquisition and pre-processing 

The data used in this chapter were collected, pre-processed and made available by the UK 

Biobank, where the imaging-derived measures were generated by an image-processing 

pipeline developed and run on behalf of UK Biobank (Alfaro-Almagro et al., 2018). 

Complete details of the image acquisition and processing are freely-available on the UK 

Biobank website in the form of a protocol 

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367), Brain imaging Documentation 

(http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=1977) and in Miller et al., 2016. In this 

study, I only used the final DTI-derived measures, and a brief description of the pre-

processing pipeline, used in the UK Biobank project, follows below.  

The MRI data was collected in three dedicated imaging centres, equipped with 

identical scanners (3T Siemens Skyra, software VD13) using a standard SIEMENS 32-

channel receive head coil. Briefly, the diffusion data was acquired using two b-values 

(b=1000 and 2000 s/mm2) with multiband acceleration factor of 3 (three slices are 

acquired simultaneously instead of just one). For each diffusion-weighted shell, 50 

distinct diffusion-encoding directions were acquired. The diffusion preparation was a 

standard (monopolar) Stejskal-Tanner pulse sequence (Figure 2.2 in General Methods) 

(Sinnaeve, 2012). The field of view was 104x104x72, imaging matrix 52x52, 72 slices 

with slice thickness 2mm, giving 2mm isotropic voxels. All the diffusion-weighted MRI 

data underwent quality-control procedures by UK Biobank before data release, which 

consisted in a combination of manual and automated checking and also included the 
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removal of data badly affected by movement artefacts (as described in the UK Biobank 

Brain Imaging Documentation). In this chapter only the derived measured from standard 

DTI data will be used, which are derived from the b=1000 s/mm2 data. As described in 

Alfaro-Almagro et al., 2018, gradient distortion correction was applied using tools 

developed by the Freesurfer and Human Connectome Project groups, available  at 

https://github.com/Washington-University/Pipelines. The Eddy tool from FSL, 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY) was then used to correct the data for head 

motion and eddy currents. The b=1000 shell (50 directions) was then fed into the DTI 

fitting tool DTIFIT, generating the whole-brain maps of FA, AD, RD, and MD.  

 The output was then used in two complementary analyses: one based on TBSS 

processing, and the other based on probabilistic tractography. Both analyses report a 

range of DTI-derived measures within different tract regions. However, for consistency 

with the previous chapter, only the TBSS-derived measures were used in this study. These 

were obtained by the alignment of the FA images onto a standard-space white matter 

skeleton, with alignment improved over the original TBSS skeleton-projection 

methodology through the high-dimensional FNIRT-based warping (de Groot et al., 

2013). This was later validated through a comparison of 14 different alignment methods 

applied to UK Biobank data. The resulting standard-space warp was then applied to all 

DTI output maps. TBSS-derived measures were computed by averaging the skeletonised 

images of each DTI map within a set of 48 standard-space tract masks defined by the JHU 

white matter atlas (ICBM-DTI-81) (Mori et al., 2005).  

4.3.3. Statistical analyses 

The UK Biobank TBSS-derived measures (FA, AD, RD and MD) were used. From the 

available outputs, the mean values from 30 segmented white matter tracts were 

considered for analyses (Table 4.2). Statistical analyses were carried out in RStudio 

statistical software version 1.1.463 (R Foundation for Statistical Computing, Vienna, 

Austria). Before statistical analyses, and to avoid the potential effect of extreme values, 

outlier values of FA, AD, RD and MD – defined as values ± 2.5 standard deviations from 

each group mean – in any white matter tract were removed from the analyses, the same 

cut-off used in a previous study using UK Biobank imaging derived measures Warland 

et al., 2019. 
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 To investigate the effect of dosage, the same analysis used in the deCODE 

Icelandic sample (Chapter 3) was carried out, where linear regression analyses were 

performed for each DTI measure and for each white matter tract, regressing out age, sex 

and intracranial volume (ICV) as covariates of no interest. Following this, post hoc 

pairwise comparisons were performed to measure differences between groups (deletion 

vs NoCNV, duplication vs NoCNV, and deletion vs duplication). To account for multiple 

testing, the standard FDR method based on the Benjamini-Hochberg approach (Benjamini 

and Hochberg, 1995) was used (described in Chapter 3), considering the relation between 

different white matter tracts and between DTI metrics. 

 In order to investigate the magnitude of reciprocal effects in the deletion and 

duplication cohort, Cohen’s d effect sizes were calculated comparing deletion vs NoCNV 

and duplication vs NoCNV and plotted using diverging bars. Cohen’s d effect sizes were 

also calculated for differences between deletion and duplication cohorts. As described in 

Chapter 3, the adjusted means of each group  and white matter tract were used in Cohen’s 

d coefficient calculation, where the adjusted means were the residuals from the linear 

regression model: lm(genotype ~ age + sex + ICV). Cohen classified effect sizes as 

negligible (d<0.2), small (d>0.2), medium (d>0.5), and large (d>0.8) (Cohen, 1977).  
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Table 4.2 - White matter tracts and abbreviations used. 

White matter tracts Abbreviations 

Genu Corpus Callosum GCC 

Body Corpus Callosum BCC 

Splenium Corpus Callosum SCC 

Right and left Corticospinal tract CST_R; CST_L 

Right and left Anterior Limb of the Internal Capsule ALIC_R; ALIC_L 

Right and left Posterior Limb of the Internal Capsule PLIC_R; PLIC_L 

Right and left Anterior Corona Radiata ACR_R; ACR_L 

Right and left Superior Corona Radiata SCR_R; SCR_L 

Right and left Posterior Corona Radiata PCR_R; PCR_L 

 Right and left Posterior Thalamic Radiation PTR_R; PTR_L 

Right and left Inferior Longitudinal Fasciculus ILF_R; ILF_L 

Right and left External Capsule EC_R; EC_L 

Right and left Cingulum (cingulate gyrus portion) C_CG_R; C_CG_L 

Right and left Cingulum (hippocampal portion) C_HIP_R; C_HIP_L 

Right and left Superior Longitudinal Fasciculus SLF_R; SLF_L 

Right and left Uncinate Fasciculus UF_R; UF_L 
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4.3.4. Age trajectories 

In the previous chapter, a preliminary analysis was used to show the potential interaction 

between age and variations in 15q11.2 BP1-BP2 dosage on white matter microstructure. 

Here, the same analysis was performed in the UK Biobank sample, where age-by-dosage 

and the quadratic age2-by-dosage interactions were also evaluated in the regional analysis 

for each white matter tract.  

4.3.5. Sex differences 

In order to examine differences between male and female phenotypes in relation to CNV 

dosage, a sex-by-dosage interaction was also evaluated. Following this, the effect sizes 

for the male and female cohorts were analysed separately, in the same way described for 

the whole-group analysis.  

4.4. Results 

4.4.1. Between-group regional analyses 

Group comparisons of DTI-derived measures revealed a pattern of white matter changes 

similar to the one reported in the deCODE Icelandic sample in Chapter 3. Again, increases 

in FA were seen in the deletion carriers, where duplication carriers showed overall 

decreases in FA, compared to the NoCNV group, confirming a reciprocal effect of 

15q11.2 BP1-BP2 dosage on white matter microstructure (Figure 4.1). The pairwise 

comparisons, after FDR correction, revealed significant differences in FA between the 

deletion carriers and the NoCNV group in the ALIC_L, PLIC_R, PLIC_L, C_CG_R and 

C_HIPP_L white matter tracts, but the majority of significant differences were seen 

between deletion and duplication carriers, where significant effects on FA are found in 

ALIC_R, ALIC_L, PLIC_R, PLIC_L, PCR_L, EC_L, C_CG_R, C_HIPP_R, and 

C_HIPP_L (Table 4.3). No significant differences were found between the duplication 

carriers and the NoCNV group.  
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Figure 4.2 shows the Cohen’s d effect sizes for deletion and duplication carriers 

when compared to NoCNV group. The effect sizes for these comparisons were overall 

small and the largest effect sizes were found in the anterior and posterior limb of the 

internal capsule, external capsule, and in both cingulate gyrus and hippocampal portion 

of the cingulum, where a reciprocal effect of 15q11.2 BP1-BP2 gene dosage can be seen 

in both FA and RD measures. In fact, when looking at comparisons between deletion and 

duplication carriers, the effect sizes were large in the posterior limb of the internal 

capsule, in both FA and RD, and medium in other white matter tracts, as shown in Figure 

4.3, emphasising this reciprocal effect between deletion and duplication.  Figure 4.4 

shows a comparison between the effect sizes found in both deCODE and UK Biobank 

samples for FA values comparisons. In both samples, the largest effect sizes were found 

for increased FA in deletion carriers in the anterior and posterior limbs of the internal 

capsule and also external capsule. Interestingly, the same trend of reduced FA in the 

fornix of the deletion carriers is seen, but again with negligible effect, according to 

Cohen’s criteria (Cohen, 1977). However, in the UK Biobank sample a significant 

difference in MD was found in the fornix between deletion and duplication carriers, where 

deletion carriers show increased MD compared to the duplication (Figure 4.1). This 

increased MD was driven by increases in AD and RD in deletion carriers (Figure 4.2). 

There are however some differences between the samples. First, the effect sizes are 

overall smaller in the UK Biobank sample. Second, in the deCODE sample, increased FA 

is found consistently in all white matter tracts (with exception of the fornix and the 

corticospinal tract), whereas in the UK Biobank data some additional white matter tracts 

showed decreased FA trends in the deletion carriers (Figure 4.3). However, these 

decreases in FA were found to not be significant and are also considered negligible, 

according to Cohen’s criteria (Cohen, 1977). 
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Table 4.3 - Group differences between deletion and controls with NoCNV, duplications and NoCNV, 

and deletions and duplications carriers. 

Effects of 15q11.2 BP1-BP2 CNV dosage are shown for FA, AD, RD, and MD. Groups were compared as 

defined in the dependent variable column, and the direction of effect is represented by a positive or negative 

value. Here only white matter tracts showing significant differences when comparing deletions to 

duplications carriers are shown. (* < 0.05, ** < 0.01, ***<0.001). White matter tracts abbreviations can be 

found on Table 4.2. 

 

 

 Dependent 
variable ROI t value p-value 

p-value  

(FDR) 

Effect size 

(Cohen’s d) 

FA 

Del vs NoCNV 

 

ALIC_R 2.58 0.01 0.08 0.36 

ALIC_L 3.08 0.002 0.05* 0.43 

PLIC_R 3.2 0.001 0.04* 0.44 

PLIC_L 3.22 0.001 0.04* 0.44 

PCR_L 1.02 0.3 0.5 0.14 

EC_L 2.67 0.008 0.08 0.37 

C_CG_R 3.54 0.0004 0.04* 0.49 

C_HIP_R 1.81 0.07 0.2 0.25 

C_HIP_L 3.2 0.001 0.04* 0.44 

Dup vs NoCNV 

ALIC_R -2.05 0.04 0.2 -0.29 

ALIC_L -1.69 0.09 0.3 -0.24 

PLIC_R -2.67 0.008 0.2 -0.38 

PLIC_L -2.75 0.006 0.2 -0.39 

PCR_L -3.02 0.003 0.1 -0.43 

EC_L -1.25 0.21 0.4 -0.18 

C_CG_R -2.21 0.03 0.2 -0.31 

C_HIP_R -2.5 0.01 0.2 -0.36 

C_HIP_L -1.67 0.1 0.3 -0.24 

Del vs Dup 

ALIC_R 3.27 0.001 0.02* 0.66 

ALIC_L 3.36 0.0008 0.01* 0.65 

PLIC_R 4.16 0.00003 0.002** 0.95 

PLIC_L 4.23 0.00002 0.002** 0.98 

PCR_L 2.88 0.004 0.04* 0.54 

EC_L 2.76 0.006 0.04* 0.57 

C_CG_R 4.06 0.00005 0.002** 0.78 

C_HIP_R 3.07 0.002 0.02* 0.59 

C_HIP_L 3.42 0.0006 0.01* 0.68 
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AD 
Del vs NoCNV PLIC_L 1.99 0.05 0.2 0.27 

Dup vs NoCNV PLIC_L -1.9 0.06 0.3 -0.27 

Del vs Dup PLIC_L 2.75 0.006 0.05* 0.62 

RD 

Del vs NoCNV 

PLIC_R -2.13 0.03 0.2 -0.29 

PLIC_L -2.67 0.008 0.08 -0.37 

C_CG_R -2.82 0.005 0.06 -0.39 

UF_L -2.6 0.009 0.08 -0.37 

Dup vs NoCNV 

PLIC_R 2.46 0.01 0.2 0.35 

PLIC_L 2.44 0.01 0.2 0.35 

C_CG_R 1.96 0.05 0.3 0.28 

UF_L 1.93 0.05 0.3 0.27 

Del vs Dup 

PLIC_R -3.25 0.001 0.02* -0.79 

PLIC_L -3.62 0.0003 0.009* -0.86 

C_CG_R -3.38 0.0007 0.01* -0.66 

UF_L -3.2 0.001 0.02* -0.68 

MD 

Del vs NoCNV Fornix 0.67 0.01 0.08 0.36 

Dup vs NoCNV Fornix -1.55 0.12 0.3 -0.22 

Del vs Dup Fornix 2.9 0.004 0.04* 0.51 
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Figure 4.1 - Boxplots showing group differences for the UK Biobank TBSS-derived measures. 

Only significant pairwise group differences after FDR correction (p<0.05) are shown for A fractional 

anisotropy, B axial diffusivity, C radial diffusivity and D mean diffusivity. *p<0.05, **p<0.01, 

***p<0.001. White matter tracts abbreviations can be found in Table 4.2.   
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(Figure continues on next page) 
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Figure 4.2 - Diverging bars for Cohen d’ effect sizes for group differences when comparing deletion 

and duplication carriers versus controls. 

Diverging bars for Cohen d’ effect sizes for group differences when comparing deletion and duplication 

versus controls with no large copy number variants for the different DTI metrics: A fractional anisotropy, 

B axial diffusivity, C radial diffusivity, and D mean diffusivity. The thresholds where an effect size is 

considered to be large (0.8) or medium (0.5), according to Cohen’s criteria (Cohen, 1977), are represented 

by a vertical red or green dashed line, respectively. White matter tracts abbreviations can be found in Table 

4.2.  
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Figure 4.3 – Cohen d’ effect sizes for group differences when comparing deletion versus duplication 

carriers. 

Cohen d’ effect sizes for group differences when comparing deletion versus duplication carriers for the 

different DTI metrics: A fractional anisotropy, B axial diffusivity, C radial diffusivity, and D mean 

diffusivity. The thresholds where an effect size is considered to be large (0.8) or medium (0.5), according 

to Cohen’s criteria (Cohen, 1977), are represented by a vertical red or green dashed line, respectively. White 

matter tracts abbreviations can be found in Table 4.2. 
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Figure 4.4 – Cohen d’ effect sizes in the samples from deCODE and UKBiobank. 

Cohen d’ effect sizes for group differences when comparing deletion and duplication carriers versus 

controls with no large copy number variants for fractional anisotropy in the A deCODE sample, explored 

in Chapter 3, and B in the UK Biobank sample, explored in this chapter. The thresholds where an effect 

size is considered to be large (0.8) or medium (0.5), according to Cohen’s criteria (Cohen, 1977), are 

represented by a vertical red or green dashed line, respectively. White matter tracts abbreviations can be 

found in Table 4.2.   
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4.4.2. Age trajectories 

In the previous chapter, preliminary evidence of an interaction effect between age and 

CNV dosage was reported in the deCODE Icelandic sample. In the UK Biobank sample, 

only significant interactions were seen in AD in some white matter tracts. The weaker 

evidence for significant interactions between age and CNV dosage in the UK Biobank 

data might be attributable to the older age of the participants and the narrower age range 

of the sample. For comparison, the quadratic age trajectories for FA from the deCODE 

Icelandic and UK Biobank samples are plotted in Figure 4.5 for the anterior and posterior 

limbs of the internal capsule, given the sensitivity of this region to variations in 15q11.2 

BP1-BP2 in both samples. Figure 4.5 illustrates a similar relationship between age 

progression and dosage in both samples, with FA decreasing in the NoCNV group with 

age, and maintaining or increasing in the 15q11.2 BP1-BP2 deletion carriers.  
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Figure 4.5 – Comparison between age trajectories in the deCODE Icelandic sample and UK Biobank 

sample. 

Quadratic age trajectories in deCODE Icelandic sample (left) and UK Biobank sample (right) for deletion 

(red), NoCNV (yellow), and duplication (blue) groups, showing the quadratic relationship between 

fractional anisotropy and age for the following white matter tracts: A ALIC_R, B ALIC_L, C PLIC_R, and 

D PLIC_L. Shaded regions represent 95% confidence intervals. White matter tracts abbreviations can be 

found in Table 4.2. 
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4.4.3. Sex Differences 

A sex-by-dosage interaction model was also used to investigate sex differences in relation 

to 15q11.2 BP1-BP2 dosage. Similar to the findings in deCODE Icelandic sample, no 

significant interaction effect was found across the brain in the UK Biobank sample. 

However, contrary to the findings in the previous chapter, no differences in effect sizes 

were found when analysing males and females separately in the UK Biobank sample, 

where Figure 4.6 shows similar direction and magnitude of effects in most white matter 

tracts. Moreover, no significant differences were found in the effect sizes of the deletion 

vs duplication comparison between males and females (t=0.38, p=0.71), as assessed using 

a two-tailed paired t-test.  
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Figure 4.6 - Gender differences in Cohen d’ effect sizes, when comparing deletion and duplication 

carriers versus controls.  

Cohen d’ effect sizes for group differences when comparing deletion and duplication carriers versus 

controls with no large CNV for fractional anisotropy in A males and B females. The thresholds where an 

effect size is considered to be large (0.8) or medium (0.5), according to Cohen’s criteria (Cohen, 1977), are 

represented by a vertical red or green dashed line, respectively. White matter tracts abbreviations can be 

found in Table 4.2.   
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4.5. Discussion 

With the aim of replicating the findings from the previous chapter, DTI-derived measures 

from British and Irish descendent participants from a subsample of the UK Biobank 

database were analysed. Here, deletion and duplication carriers of the 15q11.2 BP1-BP2 

CNV were compared to thousands of controls with no large CNVs. In white matter tracts 

showing significant dosage effects, increases in FA in the deletion carriers and decreases 

in FA in duplication carriers were found, where the NoCNV group was intermediate 

between deletion and duplication carriers. These results largely replicate the previous 

findings in the deCODE Icelandic sample (Chapter 3) and therefore confirm the mirrored 

phenotype associated with 15q11.2 BP1-BP2 dosage on white matter microstructure. 

Furthermore, the largest effect for these differences was seen in the anterior and posterior 

limbs of the internal capsule, the same white matter tracts showing higher sensitivity to 

variations in the 15q11.2 BP1-BP2 region in the deCODE Icelandic sample. Significant 

differences were also found in the external capsule and cingulum (both cingulate gyrus 

and hippocampal portion), white matter tracts also shown to be affected in the previous 

study. Overall the effect sizes in the UK Biobank sample were smaller than the ones in 

the deCODE Icelandic sample. Age trajectories showed a similarity in white matter 

progression with age in both samples, but no relevant differences were found between 

males and females in the UK Biobank sample. 

4.5.1. Similarities and differences between the UK Biobank sample and 

deCODE Icelandic sample 

In Chapter 3, extensive dosage-dependent effects of 15q11.2 BP1-BP2 CNV on white 

matter microstructure were described in an Icelandic sample. Considering the importance 

of replication in science, as well as the unique nature of the Icelandic sample and the need 

to replicate these findings across more cosmopolitan populations, I looked at the effect of 

this CNV on white matter in an independent sample, selected from the UK Biobank 

database. This study raised important considerations. First, the reciprocal effect of the 

15q11.2 BP1-BP2 CNV on white matter microstructure was replicated in the UK Biobank 

sample, showing a similar pattern of effects and therefore increasing the confidence of a 

mirrored white matter phenotype associated with this CNV. Second, the same white 

matter tracts revealing higher sensitivity to dosage effects of 15q11.2 BP1-BP2 in the 
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Icelandic sample show, again, significant differences in the UK Biobank sample, 

highlighting a role for the internal and external capsules. Third, the effect sizes in the UK 

Biobank sample were overall small, and therefore lower than the ones found in the 

deCODE sample. The reduced effect sizes could be a consequence of the increased 

heterogeneity associated with the UK Biobank sample, both in genetic and environmental 

factors, compared to the more homogeneous nature of the Icelandic population. 

Furthermore, in this study, carriers of the 15q11.2 BP1-BP2 CNV were compared to 

thousands of controls with different backgrounds, which also increases the heterogeneity 

of the sample. It is however interesting to note that, group comparisons revealed 

significant differences between the deletion carriers and the NoCNV controls in the UK 

Biobank, whereas only significant differences between deletion and duplication carriers 

were found in the Icelandic sample (Figure 4.1, in this chapter, and Figure 3.2 in Chapter 

3). This could be a result of increased statistical power achieved using large cohorts, 

allowing the identification of statistical differences between groups, even when their 

effect sizes are small (Miller et al., 2016). Finally, in the deCODE Icelandic sample, the 

deletion had a greater impact on white matter than the duplication, showing higher effect 

sizes when compared to the NoCNV group, which was not as clear-cut in the UK Biobank 

data, with the effect sizes being more similar in the deletion and duplication, when 

compared to NoCNV controls (Figure 4.2 and Table 4.3). Moreover, some decreases in 

FA were found in deletion carriers from the UK Biobank data, however these effects were 

very small and their effect is considered negligible (Cohen d’ effect<0.2) by Cohen, 1977 

(Figure 4.2 and Figure 4.4).  Nevertheless, when comparing carriers to the NoCNV 

control group, only deletion carriers showed significant differences, whereas no changes 

were found between duplication carriers and NoCNV controls, and significant differences 

were only found in white matter tracts where deletion carriers showed increased FA.  

Considering the white matter tracts showing decreased FA in deletion carriers, the 

fornix is of special interest since decreases in FA in this tract were also found in deletion 

carriers from the deCODE Icelandic sample. In the UK Biobank sample, a significant 

difference in MD, driven by increases in AD and RD, in deletion carriers is seen in this 

tract when comparing deletion to duplication carriers (Table 4.3 and Figure 4.1). The 

functional outcomes of this 15q11.2 BP1-BP2 dosage effect on the fornix are yet 

unknown, however, as stated in the previous chapter, the fornix is a white matter bundle 

projecting from the hippocampus, a grey matter structure frequently implicated in 



 
 124 

neurodevelopmental and neurodegenerative disorders. This structure has been shown to 

be implicated in cognitive disturbances and memory function (Zhuang et al., 2012).  

In addition to the different genetic and environmental background in both 

samples, other important consideration is that different scanners with different field 

strengths, gradient directions, and b-values were used to collect the imaging data in each 

study, as well as different pre-processing pipelines to extract the DTI measures from the 

raw data. In the deCODE Icelandic sample, the MRI data were collected on a Philips 

Achieva 1.5T system, using 17 gradient directions and b=800s/mm2, and the data were 

pre-processed in ExploreDTI v.4.8.3 (Leemans et al., 2009); whereas the UK Biobank 

MRI data were collected on a Siemens Skyra 3T scanner, using 50 directions and 

b=1000s/mm2, and the pre-processing was done in FSL. Previous studies using different 

scanners, especially with different field strengths, have shown a striking impact on MRI 

data (Kostro et al., 2014), and specifically on DTI measures (Dyrba et al., 2013); and 

others have found different pre-processing methods to impact DTI measures as well as 

the statistical significance and interpretation of the results (Maximov et al., 2015). 

Nevertheless, although this could further explain some of the variability between samples, 

it is encouraging that similar conclusions were found in both samples despite all the 

variability, increasing our confidence of a consistent dosage effect of 15q11.2 BP1-BP2 

on white matter microstructure.  

4.5.2. Age trajectories and gender differences 

The UK Biobank sample was 20 years older on average than the deCODE Icelandic 

sample, and the age range was narrower, making it harder to find interactions between 

age and CNV dosage on white matter microstructure. However, having thousands of 

controls with no large CNVs allowed a more reliable assessment of a typical age 

trajectory in the UK Biobank sample. As shown on the right side of Figure 4.5, the 

NoCNV group follows the typical pattern of gradual reduction of FA with age in the UK 

Biobank sample (Krogsrud et al., 2016), a characteristic that is not always seen in controls 

from the deCODE Icelandic sample (left side of Figure 4.5 and Figure 3.6 of Chapter 

3). A striking similarity between both samples is the progression of FA with age in the 

deletion carriers. Again, deletion carriers seem to maintain or even slightly increase FA 

values with age, contrary to what happens in the NoCNV group (Figure 4.5). The 
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duplication carriers seem to follow the typical quadratic relationship of FA with age but, 

again, the peak of FA seems to occur later in life, where there is a more accentuated 

decrease in FA in late adulthood. These results are difficult to interpret, and a bigger 

sample including a younger group (from childhood until late adulthood) will be needed 

to reliably investigate the impact of 15q11.2 BP1-BP2 dosage on white matter 

microstructure development. 

Preliminary evidence for sex differences was found in the Icelandic sample, as 

described in the previous chapter, where males appeared to be more sensitive to mutations 

in the 15q11.2 BP1-BP2 chromosomal region. However, no differences were found in the 

UK Biobank sample, and males and females showed a similar pattern and magnitude of 

effect sizes across white matter tracts (Figure 4.6). Therefore, sex differences were not 

replicated in this study. Nevertheless, the study of sex differences remains an important 

question when looking at the effect of these variants in the brain, and further 

investigations in bigger samples will be needed.  

4.5.3. Limitations of the study and future directions 

As stated above, several factors may have contributed to some of the variability seen 

between the samples. In order to approximately measure the degree of variability 

introduced by genetic and environmental heterogeneity, we would need a sample from 

the UK Biobank with similar age, cognitive, and acquisition/pre-processing 

characteristics, as the deCODE Icelandic sample. Processing both samples in the same 

way could, indeed, remove some of the variability between the samples. However, the 

overlap of results from the different samples showed that this effect was independent of 

data processing, increasing our confidence in the phenotype, as stated above. Moreover, 

in the previous study there were no group differences in the IQ measure, whereas this was 

not assessed in the present study. An important remaining question resides on how 

cognition in deletion carriers correlates with the increased FA, since deletion carriers 

were shown to have worse outcomes on cognitive function than the duplication carriers. 

Future work will involve looking at correlates between white matter microstructure and 

cognitive measures that were shown to be associated with white matter changes, such as 

fluid intelligence and reaction time measures (Kievit et al., 2018; Karahan et al., 2019),  

available in the UK Biobank project.  
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4.5.4. Conclusion 

The previous results showing an effect of 15q11.2 BP1-BP2 CNV on white matter 

microstructure were replicated in this study using an independent sample with higher 

genetic and environmental heterogeneity. The converging evidence in both studies 

supports the hypothesis of a mirrored effect dependent on 15q11.2 BP1-BP2 CNV dosage 

on white matter microstructure. However, the underlying biological causes of this 

mirrored phenotype on white matter microstructure is still unknown. As described in the 

previous chapter, a role of CYFIP1 gene on the 15q11.2 BP1-BP2 white matter phenotype 

is anticipated and will be explored in the next chapters using a novel Cyfip1 

haploinsufficiency rat model. 
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5.1. Abstract 

Background  

In the previous chapters, global increases in FA in white matter were reported in human 

carriers of the 15q11.2 BP1-BP2 deletion. However, the biological basis of these changes 

is unknown. CYFIP1 is a gene in this region that is known to be essential for correct 

dendritic spine formation in neurons via interactions in two distinct processes: inhibiting 

local protein synthesis and regulating actin remodelling. Although the impact of CYFIP1 

on white matter is unknown, these processes are known to play a role in axon and myelin 

dynamics, making CYFIP1 a strong gene candidate for the 15q11.2 BP1-BP2 imaging 

phenotype. In this chapter, white matter microstructure changes will be explored in a 

novel Cyfip1 haploinsufficiency rat model, recapitulating the low dosage of CYFIP1 gene 

present in 15q11.2 BP1-BP2 deletion carriers.  

 

Methods 

DTI data were collected on a cohort of 24 rats (12 WT and 12 Cyfip1+/- rats). Using similar 

methods to the ones applied in the human cohort in Chapter 3, brain-wide voxel 

differences were explored using the TBSS method, employing two different correction 

methods. Furthermore, regional differences were further quantified through segmentation 

using binary masks and tractography methods.  

 

Results 

Extensive white matter changes were found  in Cyfip1+/- rat. Here the strongest evidence 

points to reductions in FA in the corpus callosum, external and internal capsules and areas 

of fimbria/fornix. Some evidence for increased FA was seen in some areas of fimbria and 

stria terminalis. The most pronounced effects for decreased FA were found in the corpus 

callosum and external capsule. Tractography revealed that posterior areas of the corpus 

callosum are more affected than anterior regions.  
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Conclusions 

These results show an impact of Cyfip1 haploinsufficiency on white matter microstructure 

in a rat model, where the corpus callosum showed a higher sensitivity to dysregulations 

in this gene. When comparing these current data with the human findings reported in the 

previous chapters, it is unlikely that CYFIP1 is solely responsible for the 15q11.2 white 

matter phenotype, and additional work is required to determine the contribution made by 

the other three genes in this CNV locus. 
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5.2. Introduction 

The biological basis of the increased risk for psychiatric disorders due to pathogenic 

deletions at 15q11.2 BP1-BP2 locus is unknown. In the previous chapters, extensive 

white matter changes in 15q11.2 BP1-BP2 carriers were reported, specifically widespread 

increases in FA in deletion carriers. These data raised three main questions: (1) which of 

the four genes in the 15q11.2 BP1-BP2 interval are important for the disturbances in white 

matter microstructure, (2) what are the cellular changes underlying the white matter 

effects, and (3) what are the functional consequences of the white matter changes in the 

context of the increased risk for disorder.  

 In light of these questions, some evidence from previous studies was presented in 

Chapter 3 highlighting NIPA1 and CYFIP1 genes as potential responsible genes for the 

white matter phenotype in 15q11.2 BP1-BP2, where axonal density, guidance, 

organisation and myelination could be compromised by dysregulations in these genes. 

However, given the close molecular links between CYFIP1 and FMRP, together with the 

fact that both FXS patients (Green et al., 2015; Hall et al., 2016) and 15q11.2 BP1-BP2 

deletion carriers (Chapter 3) showed similar increases in FA, I first speculated that these 

common changes in white matter microstructure could be a consequence, at least in part, 

of disruptions in the CYFIP1-FMRP complex. Dysregulations in this complex could 

potentially affect the processing, localisation, or translational regulation of mRNAs 

encoding key proteins involved in axonal development (Sahoo et al., 2018; B. Wang et 

al., 2015).  

It is important to consider that, as an actin regulator, CYFIP1 is likely to also 

affect white matter via the requirement of precise regulation of the actin cytoskeleton for 

normal cellular development, morphology and migration (Bauer et al., 2009; Dent and 

Gertler, 2003; Zuchero et al., 2015). As examples are the studies that have linked actin 

regulators to oligodendrocyte-myelin dynamics. The WAVE1 and the ILK regulate 

oligodendrocyte differentiation and axon ensheathment (Kim et al., 2006; O’Meara et al., 

2013), while the Arp2/3 complex, a key actin nucleator, is required for initiation of 

myelination (Zuchero et al., 2015), and Rho GTPases Cdc42 and Rac1 regulate myelin 

sheath formation (Thurnherr et al., 2006). Rare variants in the CYFIP1 gene and 

polymorphisms, within and near the gene, have also been indicated as potentially 

increasing susceptibility to ASD (Toma et al., 2014; Y. Wang et al., 2015), and 
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schizophrenia (Tam et al., 2010; Yoon et al., 2014), and could be associated with 15q11.2 

BP1-BP2 clinical phenotypes. 

 Deletions in the Cyfip1 gene, in mouse models, have already been shown to 

impact dendritic branching and maturation (De Rubeis et al., 2013; Pathania et al., 2014; 

Oguro-Ando et al., 2015; Abekhoukh et al., 2017), but no studies to date have looked at 

the impact of variations in this gene in white matter microstructure. Therefore, prior to 

this study, a novel Cyfip1+/- rat line was developed using CRISPR/Cas9 technology, 

modelling the reduced gene dosage of CYFIP1 in 15q11.2 BP1-BP2 deletion carriers. In 

the present and in the following chapters, white matter microstructural changes associated 

with Cyfip1 haploinsufficiency will be explored in this Cyfip1+/- rat line. In this chapter, 

DTI methods will be used to identify regions of white matter microstructure disruption 

associated with reduced levels of Cyfip1. Here, the use of a rat line is a major advantage 

providing a larger brain, compared to the smaller mouse brain, resulting in enhanced 

imaging resolution. This increased resolution allows for the detection of more subtle 

changes, and also permits the use of similar processing and analyses methods to the ones 

used in the human cohort, increasing the translational validity of the model (Hoyer et al., 

2014). Therefore, the analyses comprised a brain-wide voxel-based approach using the 

TBSS tool and a regional analyses based on segmentation of regions-of-interest from DTI 

maps. Additionally, tractography was performed, and tracts were manually selected from 

the most relevant region. The overall aim of this study was to model possible 

contributions by CYFIP1 to 15q11.2 BP1-BP2 deletion phenotype on white matter 

microstructure.  

5.3. Materials and Methods 

5.3.1. Rats 

The Cyfip1 rat model was created by Cardiff University in collaboration with Horizon 

Discovery (St Louis, USA) using CRISPR-Cas9 targeting 

(https://www.horizondiscovery.com/) and supported by a Wellcome Trust Strategic 

Award (DEFINE). The creation of this model was done before the beginning of this 

project. Full information on the creation and validation of the rat model is in the 

Appendix. Information about breeding and housing is present in the General Methods in 



 
 
133 

Chapter 2. A cohort of 24 rats (WT n=12 and Cyfip1+/- n=12) was used for imaging, where 

all the rats were Long Evans and 5 months old males. All the experimental procedures 

were performed in accordance with institutional animal welfare and ARRIVE guidelines 

and the UK Home Office License PPL 30/3135.  

5.3.2. Diffusion tensor imaging acquisition 

The rats were anaesthetised with isoflurane in oxygen at 4% and maintained at 1% during 

the scanning. MRI scans were acquired with a 9.4T MRI scanner (Bruker, Karlsruhe, 

Germany) with a 30-cm bore and a gradient strength of up to 600 mT/m. The MRI 

protocol included DTI acquisition with a diffusion-weighted spin-echo EPI pulse 

sequence having the following parameters: TR/TE=4000/22 ms, D/d=10.5/4.5 ms, two 

EPI segments, and 60 noncollinear gradient directions with a single b-value shell at 1000 

s/mm2 and one image with a b-value of 0 s/mm2 (referred to as b0). Geometrical 

parameters were: 34 slices, each 0.32 mm thick (brain volume) and with in-plane 

resolution of 0.32´0.32 mm2 (matrix size 80´96; FOV 25.6´30.73 mm2). The DTI 

protocol lasted approximately 16 minutes. In addition, high resolution, T2-weighted 

images were acquired for anatomical reference with a multi-slice multi-echo pulse 

sequence with the following parameters: TR of 7200ms, TE of 15ms and effective TE of 

45ms, rare factor was 8. Image resolution was set to 0.22 mm3 with matrix size of 

128´160´50 to cover the entire brain.  

5.3.3. DTI data correction and DTI maps extraction.  

ExploreDTI 4.8.3 was used in the preprocessing of the rat DTI data. Prior to DTI 

calculation, the DWI data were first regularised. The tensor was then calculated using 

robust estimation algorithm and DTI images were corrected for motion and eddy-current 

induced distortions (Leemans and Jones, 2009) and mean-DWI images were generated in 

ExploreDTI 4.8.3. Since most of the algorithms that automatically remove non-brain 

tissue from imaging data are not optimised for the shape of the rat brain, skull-stripping 

the rat brain was done using ExploreDTI and SPM (version 12, UCL, London, UK) 

following these steps:  

(1) T2-weighted scans were anisotropically smoothed using ExploreDTI,  
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(2) both smoothed T2-weighted and mean-DWI images were bias corrected using the 

segmentation tool in SPM12,  

(3) the bias corrected T2-weighted were co-registered with a population-specific 

template and multiplied by a binary template mask to remove the non-brain tissue 

(4) the skull was removed from the mean DWIs using the 3D masking option in 

ExploreDTI.  

The data was then corrected for field inhomogeneities using ExploreDTI, where the 

skull-stripped mean DWI images were used as a native space mask, and the skull-stripped 

T2-weighted structural scans were used as transformed space mask. In this step, each DWI 

image was nonlinearly warped to the T2-weighted image using non-DWIs map as a 

reference. Finally, ExploreDTI was used to generate FA, AD, RD and MD maps.  

5.3.4. Heat maps for differences in FA between WT and Cyfip1+/- rats  

As a first exploratory assessment, differential heat maps were computed in order to 

explore regions in the brain where FA could be either increased or reduced in the Cyfip1+/- 

rats. Each FA map was warped to a study-specific template using the old normalisation 

tool in SPM (version 12, UCL, London, UK). The average FA maps for WT and Cyfip1+/- 

rats were computed as well as a differential map, subtracting the average of the Cyfip1+/- 

by the average of the WT FA maps (D(Cyfip1+/-  - WT)).  

5.3.5. Tract-Based Spatial Statistics Analysis (TBSS) of DTI 

In order to perform a similar voxel-wise analysis to the one used in the human data 

(Chapter 3), the TBSS tool (Smith et al., 2006), available in FSL, was used. All FA maps 

were submitted to a free-search for a best registration target, where each volume was first 

registered to every other volume, and the one requiring minimum transformation to be 

registered to other volumes was selected as the best registration target. This target was 

used as a template into which the registration was performed. Following registration, a 

mean FA map was calculated, thinned to represent a mean FA skeleton, and an optimal 

threshold of 0.2 was applied to the mean FA skeleton to create a binary white matter 

skeleton mask (Figure 5.1). The local FA-maxima, as well as AD-, RD-, and MD-, 

maxima of each rat were projected onto this white matter skeleton. 
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For the whole-brain TBSS analysis, differences in DTI measures between the two 

groups (WT and Cyfip1+/-) were assessed using voxel-wise independent t-tests, where two 

different contrasts were used (WT>Cyfip1+/-, and Cyfip1+/->WT). The randomize function 

(part of FSL) was used, together with the TFCE algorithm (Smith and Nichols, 2009), 

generating cluster-size statistics based on 1000 random permutations. For multiple 

comparison correction, first FWE correction was used with a threshold of p<0.05 – the 

same correction method used in the human data (Chapter 3). Since only FA changes were 

found within this analysis, a less conservative correction method based on FDR correction 

was also used, proposed by Benjamini–Hochberg (Benjamini and Hochberg, 1995) and 

described in Chapter 3.  

 

 

Figure 5.1 – White matter skeleton used for the Tract-Based Spatial Statistics analysis.  

Mean white matter skeleton mask in green superimposed on the mean FA template image from all the 24 

rats used for Tract-Based Spatial Statistics (Smith et al., 2006). An optimal threshold of 0.2 was applied to 

the mean FA skeleton to create the binary white matter skeleton mask. 

5.3.6. Quantification of TBSS differences 

The maps showing TBSS statistics do not provide quantifiable measures of the change in 

individual DTI parameters. Therefore, to further quantify the changes in areas where 

significant differences in FA were seen after FWE correction, ROIs were manually 

delineated using FSL. Several consecutive slices were outlined on the coronal plane and 
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the selected ROIs included the corpus callosum, internal capsule, external capsule, and 

fornix/fimbria regions. The CBJ13 MR-histology rat atlas at age P80 (Calabrese et al., 

2013) was used as reference. A representation of the binary masks can be found in Figure 

5.2. FA, AD, RD, and MD were quantified by applying these binary masks and extracting 

the mean values for each region across subjects.  

 

 

Figure 5.2 – White matter binary masks used for segmentation of specific white matter tracts. 

White matter binary masks manually delineated (using FMRIB software library) for the white matter tracts 

that showed significant differences in the Tract-Based Spatial Statistics analysis. The binary masks are 

represented in blue and are superimposed on the white matter skeleton in green. The CBJ13 MR-histology 

rat atlas at age P80 (Calabrese et al., 2013) was used as reference. 
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5.3.7. Tractography 

Tractography was performed using DTI-based algorithm, a type of deterministic 

tractography previously described (Basser et al., 2000) and available in ExploreDTI. 

Here, the parameters used included a step size of 0.01 mm, curvature of 0.15 mm (a~4°) 

and fibre length range between 1 and 100 mm. These parameters were shown to work for 

deterministic tractography of the mouse brain (Moldrich et al., 2010). After tractography, 

the genu, body and splenium of the corpus callosum were manually delineated for each 

rat where only fibre bundles that travel through these regions were selected. All the fibre 

bundles were visually inspected in ExploreDTI, and fibres that did not belong to these 

regions were excluded (Figure 5.3). Quality of tractography was visually inspected, 

where 1 Cyfip1+/- rat was removed in in the analysis of the genu and splenium of the 

corpus callosum, and 2 Cyfip1+/- rats were removed in the analysis of the body of the 

corpus callosum, since the quality of tractography was poor. 

 

 

Figure 5.3 – Tractography of the corpus callosum.  

Representative figure of manually delineated regions of the corpus callous (genu, body, and splenium) and 

respective fibres travelling through these areas. In ExploreDTI, ROIs these regions were segmented using 

“AND” gates (in green) and fibres of no interest were excluded using “NOT” gates (in red). 

5.3.8. Statistical analysis  

Both statistical analyses of the TBSS quantitative measures and tractography measures 

were carried out in RStudio statistical software version 1.1.463 (R Foundation for 

Statistical Computing, Vienna, Austria), where two-tailed unpaired Student’s t-tests were 

used. 

SpleniumBodyGenu
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5.4. Results 

5.4.1. Heat maps for differences in FA between WT and Cyfip1+/- rats  

To provide an initial characterisation of white matter microstructural changes in the 

whole-brain, color-coded heat maps of the FA values showing the average (of all WT and 

Cyfip1+/- rats) were generated, where warm colours indicate fibre tracts with high FA 

(Figure 5.4A).  The differential map (D(Cyfip1+/- - WT)) showed regions of the brain 

where FA is decreased (in blue) and where FA is increased (in red) in Cyfip1+/- compared 

to WT rats. Figure 5.4B show an impact of Cyfip1 haploinsufficiency on white matter 

microstructure, where reductions in the corpus callosum and external capsule are seen in 

the Cyfip1+/- rats. However, some increases in FA can also be noted, specifically in the 

stria terminalis of the Cyfip1+/- rats, suggesting possible different effects in distinct brain 

regions.  
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Figure 5.4 – Colour-coded heat maps for fractional anisotropy.  

A Average fractional anisotropy maps (n=12 WT and n=12 Cyfip1+/- rats) from each group. Warm colours 

indicate brain regions with high fractional anisotropy. B Differential maps between WT and Cyfip1+/- 

average fractional anisotropy maps (DCyfip1+/- - WT)). Warm colours indicate regions where fractional 

anisotropy was higher in Cyfip1+/- rats and cold colours indicate regions where fractional anisotropy was 

higher in WT rats. The blue arrow points to regions of the corpus callosum, where fractional anisotropy is 

decreased in Cyfip1+/- rats, and the red arrows points to regions of the fimbria/stria terminalis, where 

fractional anisotropy is increased in Cyfip1+/- rats. 
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5.4.2. Between-group TBSS analysis – FWE correction 

In order to investigate if any of these differences found in the differential heat maps were 

significant, group comparisons were carried out using TBSS. At first, a highly 

conservative FWE correction method was used, the same correction used in the human 

sample in Chapter 3. This approach showed significant reductions in FA in the corpus 

callosum, in the external and internal capsules, and in parts of the fimbria/fornix in 

Cyfip1+/- rats, with no differences in AD, RD, and MD. There were no significant 

increases in FA using this method (Figure 5.5).  

5.4.3. Quantification of TBSS differences 

Next, I manually generated binary masks of regions of interest (corpus callosum, internal 

capsule, external capsule and fimbria/fornix), guided by the results from FWE correction 

using FSL (Figure 5.2), and extracted the mean FA, AD, RD and MD values in these 

white matter tracts. As demonstrated in Table 5.1, analysing the DTI data in this way 

(which averaged differences between WT and Cyfip1+/- rats within a discrete fibre tract, 

as opposed to the voxel-by-voxel analysis which detected clusters of voxel differences in 

white matter tracts across the whole-brain) showed that the most significant differences 

were reductions in FA in the corpus callosum (t=2.3, df=20.75, p<0.05*) and external 

capsule (t=2.4, df=22, p<0.05*) in the Cyfip1+/- rats compared to WT, as assessed with a 

two-tailed unpaired t-test. These data were consistent with the previous voxel-by-voxel 

analysis and provided the additional finding that the most extensive white matter changes 

in the Cyfip1+/- rats occurred in these structures.  
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Figure 5.5 - TBSS whole-group voxel-based analysis, after FWE correction.  

White matter changes comparing WT (n=12) and Cyfip1+/- (n=12) rats. Data show significant group 

differences, for fractional anisotropy, using two-tailed unpaired t-tests based on TFCE algorithm after FWE 

correction. No differences were found for axial diffusivity, radial diffusivity or mean diffusivity measures 
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Table 5.1 – Group differences between Cyfip1+/- and WT rats. 

Quantification of changes in fractional anisotropy, axial diffusivity, radial diffusivity and mean diffusivity 

in regions where significant differences in fractional anisotropy were seen in TBSS analysis after FWE 

correction. 

ROIs 
FA  AD (10-2)  RD (10-3)  MD (10-3) 

WT Cyfip1+/-  WT Cyfip1+/-  WT Cyfip1+/-  WT Cyfip1+/- 

CC 
0.49 

±0.02 

0.46 

±0.02* 
 

0.14 

±0.005 

0.13 

±0.006* 
 

0.69 

±0.05 

0.71 

±0.04 
 

0.92 

±0.04 

0.91 

±0.03 

IC 
0.45 

±0.02 

0.44 

±0.02 
 

0.11 

±0.007 

0.11 

±0.007 
 

0.53 

±0.03 

0.54 

±0.03 
 

0.74 

±0.04 

0.73 

±0.04 

EC 
0.38 

±0.02 

0.36 

±0.02* 
 

0.12 

±0.004 

0.12 

±0.003 
 

0.73 

±0.03 

0.73 

±0.02 
 

0.89 

±0.03 

0.88 

±0.02 

FF 
0.50 

±0.03 

0.48 

±0.02 
 

0.17 

±0.008 

0.16 

±0.004 
 

0.69 

±0.06 

0.70 

±0.04 
 

1.01 

±0.06 

1.00 

±0.03 

 

Regions of interest (ROIs): corpus callosum (CC), internal capsule (IC), external capsule (EC) and 

fornix/fimbria (FF). Results obtained using TBSS-based ROI analysis, mean ± standard deviation, two-

tailed unpaired t-test, *<0.05. 
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5.4.4. Tractography of the corpus callosum 

Both whole-brain and regional analysis of the DTI data indicated a sensitivity of the 

corpus callosum to Cyfip1 haploinsufficiency. In order to see if sub-regions of this 

structure were affected differently, tractography was performed in different segments of 

the corpus callosum (genu, body and splenium). This analysis allows the precise mapping 

of the corpus callosum tract anatomy within subjects, having the advantage of not being 

sensitive to the confounds of voxel-based registration (Ciccarelli et al., 2008; McIntosh 

et al., 2008). Here, corroborating the previous analysis, decreases in FA, in the Cyfip1+/- 

rats, were found in all the segments of the corpus callosum, but only being significant in 

the splenium (t=2.8, df=21, p<0.05*)  and body (t=2.3, df=18, p<0.05*) segments of the 

corpus callosum, compared to WT rats. Results are displayed in Figure 5.6 and further 

extended to other DTI metrics (AD, RD, and MD) in Table 5.2. 

 
 



 
 144 

 

Figure 5.6 - Tractography of the splenium, body and genu of the corpus callosum. 

Quantification of FA in the Splenium (n=12 WT, n=11 Cyfip1+/-), body (n=12 WT, n=11 Cyfip1+/-) and 

genu (n=12 WT, n=10 Cyfip1+/-) of the corpus callosum. FA values show a significant reduction in the 

splenium (t=2.8, df=21, p<0.05)  and body (t=2.3, df=18, p<0.05) segments in the Cyfip1+/- rats. No 

significant differences were found in the genu (t=1.03, df=16, p=0.32). Representative figure with 

segmented tracts was created using ExploreDTI. Results presented by mean ± standard deviation, two-

tailed unpaired t-test, *<0.05.  
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Table 5.2 – Group differences between Cyfip1+/- and WT rats in the 3 segments of the corpus callosum.  

Differences are shown for FA, AD, RD and MD, where DTI measures were obtained through tractography 

methods. The corpus callosum was divided in 3 segments: splenium (SCC, n=12 WT, n=11 Cyfip1+/-), body 

(n=12 WT, n=11 Cyfip1+/-) and genu (GCC, n=12 WT, n=10 Cyfip1+/-), where the regions of interest (ROI) 

were manually delineated. Results presented by mean ± standard deviation, two-tailed unpaired t-test, 

*<0.05. 

ROIs 
FA  AD (10-2)  RD (10-3)  MD (10-3) 

WT Cyfip1+/-  WT Cyfip1+/-  WT Cyfip1+/-  WT Cyfip1+/- 

SCC 
0.45 

±0.02 

0.42 

±0.02* 
 

0.14 

±0.004 

0.13 

±0.006 
 

0.64 

±0.02 

0.65 

±0.03 
 

0.88 

±0.02 

0.88 

±0.04 

Body 
0.33 

±0.03 

0.31 

±0.02* 
 

0.13 

±0.008 

0.13 

±0.005 
 

0.79 

±0.08 

0.80 

±0.08 
 

0.91 

±0.07 

0.89 

±0.03 

GCC 
0.36 

±0.04 

0.34 

±0.02 
 

0.13 

±0.009 

0.12 

±0.005 
 

0.71 

±0.07 

0.71 

±0.02 
 

0.91 

±0.07 

0.89 

±0.03 
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5.4.5. Between-group TBSS analysis – FDR correction 

The FWE correction method allowed a more conservative correction and showed a 

consistent reduction in FA in the Cyfip1+/- rats. However, a less conservative method 

might be needed to investigate more subtle changes. Therefore, the voxel-wise analysis 

was repeated using the FDR correction for multiple comparisons based on the Benjamini–

Hochberg procedure (Benjamini and Hochberg, 1995), which has been previously used 

in rodent imaging data (Sierra et al., 2011; Sagi et al., 2012). This analysis, shown in 

Figure 5.7, revealed additional white matter changes including increases in FA in regions 

of the fornix and fimbria suggesting that Cyfip1 haploinsufficiency may have differential 

effects in different brain regions. Figure 5.7 also shows changes in other DTI metrics, 

after FDR correction, illustrating mostly decreases in AD and increases in RD, and MD. 

These effects were complementary in terms of (a) being localised in the corpus callosum 

and external and internal capsule, (b) being consistent with the overall predominant 

effects of Cyfip1 haploinsufficiency in reducing FA and (c) being in accordance with the 

variations seen in the differential heat maps (Figure 5.4). 
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Figure 5.7 - TBSS whole-group voxel-based analysis, after FDR correction.  

White matter changes comparing WT (n=12) and Cyfip1+/- (n=12) rats, using a different method of 

correction. Data shows significant group differences using two-tailed unpaired t-tests based on TFCE 

algorithm after FDR correction based on Benjamini–Hochberg procedure (a less restringing method than 

FWE correction previously used) (Benjamini and Hochberg, 1995) for fractional anisotropy, axial 

diffusivity, radial diffusivity, and mean diffusivity. All the parametric maps were generated at a significance 

level of p<0.05.  
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5.5. Discussion 

To model possible contributions by CYFIP1 to the 15q11.2 CNV deletion phenotype, a 

novel hemizygous-null Cyfip1 rat model was created, prior to this study. The Cyfip1+/- rat 

model allowed a high resolution DTI analysis using identical pre-processing to the 

15q11.2 BP1-BP2 human imaging study in Chapter 3. An initial characterisation of white 

matter microstructural changes using differential heat maps showed an impact of Cyfip1 

haploinsufficiency in white matter microstructure, where both decreases and increases in 

FA were observed. To maintain a translational validity of the analysis, the same analysis 

method used in the human data was performed in the rat DTI data. Here, a whole-brain 

analysis using TBSS followed by FWE correction for multiple comparisons showed 

significant decreases in FA, specifically in the corpus callosum, internal and external 

capsule, and fimbria/fornix in the Cyfip1+/-  rats. Quantification of these changes revealed 

that changes in the corpus callosum and external capsule were more significant, 

suggesting a higher sensitivity of these regions to Cyfip1 haploinsufficiency. 

Tractography analysis of different segments of the corpus callosum provided additional 

information suggesting that the middle (body) and posterior (splenium) segments of the 

corpus callosum might be more affected than the anterior (genu) segment, although all 

segments showed reduced FA. Finally, a whole-brain analyses was also performed using 

a different correction method for multiple comparisons, the FDR correction based on 

Benjamini–Hochberg procedure (Benjamini and Hochberg, 1995). This complementary 

analysis revealed additional white matter changes including increases in FA in regions of 

the fimbria and stria terminalis, similar to what was seen in the differential heat-maps, 

suggesting that Cyfip1 haploinsufficiency may have differential effects in distinct brain 

regions. 

5.5.1. Contrast between 15q11.2 BP1-BP2 deletion in human carriers and 

Cyfip1 haploinsufficiency in the rat model 

In the beginning of this chapter, I hypothesised that dysregulations in the CYFIP1 gene 

would have an impact on white matter microstructure, given its involvement in 

mechanisms that potentially affect axon development and myelination, and could be 

associated with the white matter phenotype seen in 15q11.2 BP1-BP2. In this chapter it 

was shown, using DTI methods and a Cyfip1+/- rat line, that Cyfip1 haploinsufficiency 
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was associated with white matter changes in the rat model, as predicted. Changes in the 

Cyfip1+/- rats consisted in significant decreases in FA that were most pronounced in the 

corpus callosum and external capsule, using a highly conservative correction procedure, 

with some evidence of increased FA in some areas of the fimbria and stria terminalis that 

were only apparent when using a less conservative correction method. These opposite 

patterns of white matter changes across different rat brain regions suggest that depletions 

of Cyfip1 might have a different impact in different brain regions, as has also been shown 

for its homologue Cyfip2 (Han et al., 2015). Increases in FA with little evidence of 

reductions were a prominent feature of the findings in the human 15q11.2 BP1-BP2 

deletion carriers described in Chapters 3 and 4. Hence, while the rat and human 

phenotypes converged on white matter changes they mostly differed in the direction of 

the changes.  

These results are not obviously consistent with the CYFIP1 gene being solely 

responsible for the increased FA seen in the human 15q11.2 BP1-BP2 deletion carriers, 

but it is important to bear in mind that differences between the human and rat findings 

could have resulted from several factors. As described in previous chapters, 15q11.2 BP1-

BP2 deletion involves three other genes in addition to CYFIP1. Of special interest is 

NIPA1, which is expressed in the brain and found to be involved in processes that are 

crucial for typical axonal growth and guidance (X. Wang et al., 2007; Tsang et al., 2009). 

Therefore, a priori, haploinsufficiency of NIPA1, and possibly interactions between the 

genes in the interval (Xiong and Oakley, 2009; Xie et al., 2014), may contribute to the 

15q11.2 BP1-BP2 deletion DTI phenotype. Furthermore, it might be that changes in white 

matter associated with low levels of CYFIP1/Cyfip1 gene may be similarly present in 

both human and rat model in addition to other molecular and cellular consequences of the 

copy number deletion that might have a greater contribution to DTI signal, but not 

necessarily to the cognitive phenotype.  The possibility that there are species differences 

in the expression patterns of CYFIP1/Cyfip1 and also any compensatory responses to 

haploinsufficiency should also be borne in mind. Furthermore, the humans and rats are 

likely to have been subject to differential compensatory mechanisms arising from very 

different environmental challenges across their lifespan (Laviola et al., 2008; Fields, 

2008; Hoyer et al., 2014). An exact between-species comparison would require the 

assessment of CYFIP1-specific heterozygous humans, which are very rare in the general 

population. At this stage, cellular and molecular mechanisms underlying the observed 

white matter phenotypes cannot be understood using solely DTI, and a more 
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comprehensive study would require histological studies of brain tissue. The Cyfip1+/- rat 

model offers an enhanced experiment tractability by allowing the direct access to brain 

tissue, where cellular changes will be explored in the next Chapters (6 and 7).  

5.5.2. Decreased FA in the corpus callosum of the Cyfip1+/- rats – functional 

outcomes 

Significant decreases in FA in the Cyfip1+/- rats were most pronounced in the corpus 

callosum (Table 5.1). The corpus callosum is the largest white matter structure containing 

numerous intra- and interhemispheric myelinated axonal projections, connecting the left 

and right cerebral hemispheres in placental mammals (Raybaud, 2010). Although there 

are no clear anatomical defined boundaries, the corpus callosum can be subdivided into 

functionally and morphologically distinct sub-regions, which follow the topographical 

organisation of cortical areas, from anterior to posterior: the genu, body, and splenium 

(Witelson, 1989), as illustrated in Figure 5.8. Fibre size and composition along the corpus 

callosum differ in each sub-region. The genu contains the highest density of thin, poorly 

myelinated, and slow conducting fibres, which connect the prefrontal cortex and higher 

order sensory areas. The density of the fibres decreases in the body and splenium, where 

the axons are thicker and highly myelinated. The middle portion of the body connects 

primary and secondary somatosensory and motor areas, whereas the posterior body 

connects primary and secondary auditory areas. The splenium connects visual areas in 

the occipital lobe (Clarke and Zaidel, 1994; van der Knaap and van der Ham, 2011).  
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Figure 5.8 - Corpus callosum sub-regions in human (top) and rat (bottom) brain.  

 

In this chapter, tractography was used to evaluate the effect of Cyfip1 

haploinsufficiency in these different sub-regions of the corpus callosum. While all the 

sub-regions showed reduced FA, significant changes were only seen in the body and 

splenium of the corpus callosum. Effects on corpus callosum can result in abnormal 

transfer between brain hemispheres and are likely to impact the function of any region 

that transfers information through this interhemispheric tract. Studies in mice have shown 

that Cyfip1 haploinsufficiency leads to mild behavioural phenotypes (Bozdagi et al., 

2012; Chung et al., 2015).  Recently a study by Bachmann et al., 2019 found that adult 

Cyfip1+/- mice show defects in motor learning using the common rotarod behavioural test, 

which develops over time, appearing between young adult and adult stages. The authors 

also found these deficits to be reversal using behavioural training approaches at early 

stages. Although this study focused on spine morphology deficits, changes in the corpus 

callosum, especially the body sub-region, may have an impact on propagation of 

information from different motor areas leading to motoric deficits (Sampaio-Baptista et 

al., 2013; McKenzie et al., 2014). 

Converging lines of evidence have supported the importance of the corpus 

callosum in neurodevelopmental disorders, where abnormalities in the corpus callosum 

were present in many of these conditions, including individuals at high genetic risk 

(Drakesmith et al., 2019). Volumetric studies have overall shown reductions in the total 

corpus callosum area in ASD (Frazier and Hardan, 2009), with evidence of different 

developmental trajectories of corpus callosum volume in children and adults with ASD 
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(Prigge et al., 2013). DTI studies have also shown reductions in FA in the corpus 

callosum in ASD patients (Alexander et al., 2007; Shukla et al., 2010; Aoki et al., 2013), 

with evidence of different developmental trajectories of white matter microstructure in 

individuals with ASD (Travers et al., 2015), suggesting an abnormal brain maturation in 

this region. In Williams syndrome, a study by Gagliardi et al., 2018 reported changes in 

white matter microstructure in patients, including decreased FA in the corpus callosum. 

This was later linked, by Barak et al., 2019 study to decreases in myelin thickness in the 

corpus callosum, which was associated with a hypersociability phenotype outcomes. In 

schizophrenia, behavioural abnormalities usually reflect problems in the connection 

between cortical areas, which ultimately points towards the corpus callosum (David, 

1994). However, results are more heterogeneous when it comes to corpus callosum 

findings, but overall suggest reductions in volume in this area in patients with 

schizophrenia (van der Knaap and van der Ham, 2011; Knöchel et al., 2012). 

5.5.3. Decreased FA in Cyfip1+/- rat model – Possible cellular causes 

The effect on the corpus callosum could reveal a higher sensitivity of this region to 

changes in Cyfip1 levels, or could be a result of statistical power since this is the largest 

white matter tract in the brain, involving more imaging voxels. Of interest is the molecular 

work done in the Cyfip1+/- rat line after this study, where Cyfip1+/- rats revealed a 

surprising higher reduction in Cyfip1 protein level (~50%) in the corpus callosum in 

comparison to grey matter regions, such as the hippocampus and pre-frontal cortex (~12% 

and 19% respectively). These results are described in the validation of the Cyfip1+/- rat 

model in Appendix 1. CYFIP1 has been shown to be highly enriched at the synapses in 

dendritic spines (De Rubeis et al., 2013), where an effect of both haploinsufficiency and 

overexpression has been consistently reported (Pathania et al., 2014; Oguro-Ando et al., 

2015). However, altogether these results suggest a sensitivity of white matter to reduced 

levels of Cyfip1 gene (especially in the corpus callosum) that could potentially be a result 

of impaired axon development. Further investigation is needed to understand the 

molecular basis of this contrast between white and grey matter, and also to explore the 

specificity of this effect to corpus callosum, or perhaps a general effect in white matter. 

 As stated throughout the thesis, the focus on Cyfip1 and white matter was guided 

by the assumption that dysregulations in this gene would impact local protein synthesis 
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and regulation of actin, which are both crucial mechanisms for generation and 

maintenance of neuronal networks. Cyfip1 controls f-actin assembly by interacting with 

WAVE complex, and previous studies have shown that low levels of Cyfip1 lead to 

abnormal increased levels of f-actin. A normally regulated, dynamic actin cytoskeleton 

is critical for the generation of synapses and supports normally functioning presynaptic 

terminals (Nelson et al., 2013). In fact, it was already shown that that deletions in Cyfip1 

gene lead to spine defects, and this effects were associated with a change in equilibrium 

between the two distinct CYFIP1 complexes (CYFIP1 -WAVE and -FMRP  complexes) 

(De Rubeis et al., 2013). However,  actin cytoskeleton dynamics and mRNA translation 

mechanisms are not only important in spine formation, and a proper regulation of these 

mechanisms is also crucial in maintaining axonal growth cone shape, axonal guidance, as 

well as many important functions in glial cells (Dent and Gertler, 2003; Bauer et al., 

2009; Michalski and Kothary, 2015). Furthermore, alterations of the cytoskeleton are 

known to be required to produce myelin, including oligodendrocyte differentiation and 

formation of lamellipodia and lamellipodial ‘ruffles’ that make initial contact between 

the oligodendrocyte and axon and are a pre-requisite for myelination to occur (Asou et 

al., 1995; Bauer et al., 2009). Of interest is also the study by Haberl et al., 2015 reporting 

white matter changes in a mouse Fmr1 knockout, specifically reduced FA in the corpus 

callosum, similar to the white matter phenotype seen in the Cyfip1+/- rat model. The mouse 

Fmr1 knockout also revealed evidence of global disruptions in functional connectivity as 

indexed by functional magnetic resonance (fMRI). However, it is important to remember 

the two studies referenced in Chapter 3 showing, similarly to 15q11.2 deletion human 

data, increases in FA in FXS patients. These discrepancies between human and rodent 

data remind us that care should be taken when directly comparing disease models across 

different species.    

5.1.1. Conclusion 

In conclusion, using DTI to assess changes in white matter microstructure, disturbances 

to white matter were found in Cyfip1+/- rats. Cross species comparison of the imaging 

phenotypes in rats and humans suggest it is unlikely that effects mediated by CYFIP1 are 

solely responsible for the 15q11.2 phenotype, and additional work is required to 

determine the contribution made by the other three genes, NIPA1, NIPA2, and TUBGCP5 

affected in the 15q11.2 BP1-BP2 deletion. However, these findings in the Cyfip1 rat 
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model give an insight into the contribution made by low dosage of CYFIP1 to the 15q11.2 

BP1-BP2 deletion phenotype. Remaining questions concern the cellular changes 

underlying the white matter phenotype in the rat model. This will be further explored in 

the following chapters by virtue of ex-vivo histological experiments (Chapter 6) and in 

vitro assessments (Chapter 7). 
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Investigating the effect 

of Cyfip1 haploinsufficiency on white matter in 

rat brain - an in vivo histological study 
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6.1. Abstract  

Background 

The diffusion tensor imaging study, described in the last chapter, has shown disturbances 

in white matter tracts in a novel Cyfip1 haploinsufficiency rat line, that were most 

pronounced in the corpus callosum. In this chapter, possible cellular changes underlying 

this imaging phenotype will be explored. 

 

Methods 

Transmission electron microscopy (TEM) was used to measure the number of myelinated 

and unmyelinated axons, the axon diameter, myelin thickness and g-ratio (myelin 

thickness relative to axon diameter) of each myelinated axon. The experiment used a new 

cohort of rats (WT n=5, Cyfip1+/- n=4). The number of oligodendrocyte lineage and 

mature cells using immunofluorescence, where sections were stained for Olig2 and CC1 

proteins, was also analysed; this experiment used rats taken randomly from the same 

group of rats providing the DTI data from Chapter 5 (WT n=7 WT and Cyfip1+/- n=7). 

Linear mixed effects (LME) models were used to analyse the effect of genotype on axon 

diameter, g-ratio and myelin thickness, considering variation across animals, whereas a 

two-tailed unpaired t-test was used to compare the number of axons and number of 

oligodendrocytes between groups. 

 

Results 

TEM data showed a thinning of the myelin sheath in the corpus callosum, where no 

differences were found in the number of unmyelinated and myelinated axons, or in axon 

diameter. These changes were accompanied by a reduction in the number of mature 

oligodendrocytes in the corpus callosum of the Cyfip1+/- rats.   

 

Conclusions 

These results show a specific effect of Cyfip1 haploinsufficiency on myelin, resulting in 

thinning of the myelin sheath. Myelin thinning was independent of changes in axon 
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number or diameter but was associated with a reduction in the number of mature 

oligodendrocytes. These results are in line with the decreased FA seen in the DTI 

experiment described in Chapter 5.  
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6.2. Introduction 

The study described in Chapter 5 showed an impact of Cyfip1 haploinsufficiency on white 

matter microstructure, revealing predominantly decreases in FA in Cyfip1+/- rats that were 

most significant in the corpus callosum. However, the direction of this effect differed 

from the human data, where widespread increases in FA were seen in 15q11.2 BP1-BP2 

deletion carriers. The contrast between the human and the rodent imaging data does not 

a priori completely support the initial idea that CYFIP1 gene could be solely responsible 

for the 15q11.2 BP1-BP2 white matter phenotype. However, the underlying cellular 

causes of the imaging phenotype in the rat model are unknown, and could still be common 

to both rats and humans.  

The decreased FA in the Cyfip1+/- rats could result from alterations in axonal 

growth, guidance and/or myelination, as a result of dysregulations in the Cyfip1-WAVE 

and -FMRP complexes, which regulate cytoskeleton dynamics and mRNA translation, 

respectively.  Taking advantage of the enhanced experimental tractability of the Cyfip1+/- 

rat line, which permits direct access to brain tissue not available in human carriers of the 

15q11.2 deletion, TEM methods were used in order to perform a comprehensive 

investigation of possible changes on axonal density, axon calibre, and myelin thickness. 

Furthermore, cellular changes associated with the TEM findings were investigated using 

immunofluorescence methods. Specifically, the number of oligodendrocyte lineage 

(expressing Olig2) and mature (expressing CC1) cells was quantified. The analyses 

focused on the corpus callosum, given that the DTI data indicated sensitivity of this 

structure to Cyfip1 haploinsufficiency. The aim of this study was to further explore the 

cellular changes that underlie the decreased FA seen in the corpus callosum of the 

Cyfip1+/- rats.  

6.3. Material and Methods 

6.3.1. Rats 

A cohort of 9 rats (WT n=5 and Cyfip1+/- n=4) was used for TEM. Similar to the previous 

chapter, all the rats were Long Evans and were 6 months old. For immunofluorescence, 

seven rats were randomly selected from each group in the cohort used in the DTI study, 
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described in the previous chapter. The animals were culled one month after the imaging 

experiment, and were also 6 months old. All the experimental procedures were performed 

in accordance with institutional animal welfare and ARRIVE guidelines and the UK 

Home Office License PPL 30/3135.  

6.3.2. Transmission electron microscope 

The rats were intracardially perfused with 0.1 M phosphate buffered saline (PBS), 

followed by 4% of glutaraldehyde in 0.1 M PBS. The brains where then placed on a shaker 

to postfix in  glutaraldehyde for 4h, after which they were placed in PBS with 30% sucrose 

and stored at 4C until further use. The samples were processed and data were collected 

by Dr. Christopher Von Ruhland at the Central Biotechnology Services in Cardiff 

University, and analysed by me. The brains were embedded in TAAB embedding resin. 

Ultra-thin sections (50 nm) were stained with aqueous 4% uranyl acetate and lead citrate. 

The sections were visualised on a transmission electron microscope (CM12, Philips, the 

Netherlands) and, for quantification, images were taken using an on-axis 2048×2048 

charge-coupled device camera (Proscan, Schering, Germany). In order to obtain a 

representative sample, 15 regions across the extent of the anterior-posterior extent of the 

corpus callosum per animal were taken for quantification (see Figure 6.1 for 

representative micrograph). 

 



 
 
161 

 

Figure 6.1 – Illustration of sampling for transmission electron microscopy, and representative 

figures. 

For quantification, 15 regions across the extent of the anterior-posterior extent of the corpus callosum per 

animal were taken.  In the micrographs the myelinated axons were easily identified by the surrounding 

myelin sheath, which is characterised by a darker thicker line around the axon. Scale bars=2 µm (left) and 

0.5 µm (right). 

6.3.3. Immunofluorescence  

For immunofluorescence, the rats were intracardially perfused with 4% 

paraformaldehyde (PFA) in 0.1 M PBS. The brains were placed on a shaker to postfix in 

PFA for 4 h, after which they were placed in phosphate buffered 30% sucrose. Coronal 

cryosections of the brain, of 15 µm thickness, were made on a cryostat (CM1860 UV, 

Leica, UK), mounted onto a Poly-L-Lysine (PLL)-coated slides (3 sections per slide), and 

stored at -20 ºC. For immunofluorescence, antibodies were used as follows: anti-Olig2 

(ab109186, Abcam) 1:400, anti-APC [CC-1] (ab16794, Abcam) 1:400, anti-MBP 

(MAB386, Millipore) 1:300. For the Olig2 and CC1 double-staining, the slices were 

Axon

Myelin

2 µm
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heated in a 5% citrate buffered antigen retrieval solution (pH 6, 10x, Sigma-Aldrich 

Company, UK), using a water bath at 90°C for 10 min. All the slices were blocked for 1 

hour with 5% donkey serum (Sigma-Aldrich Company, UK), and 0.3% Triton X-100 in 

PBS. The appropriate primary antibodies were applied and incubated overnight at 4 °C. 

On the next day, after washing, the slices were incubated for 2 hours with secondary 

antibodies (Alexa Fluor Life Technologies, Manchester, UK), in a concentration of 

1:1000 at room temperature. Then, the slides were washed, counterstained with 1:1000 

DAPI, mounted and cover-slipped. For quantification of Olig2+ and CC1+ cells, images 

were taken on an inverted fluorescent time lapse microscope (DMI6000B, Leica, UK), 

and at least 4 images from random visual fields were taken from regions including the 

corpus callosum and external capsule. For quantification of MBP intensity, one coronal 

section per rat was taken on an Axio scan (Zeiss, Germany), and the same exposure time 

and intensity were used for all the slides.  

6.3.4. Quantification and statistical analyses 

For quantification of cells the ImageJ software (version 1.51) was used. The number of 

myelinated and unmyelinated axons, axon diameter of myelinated fibres, myelin 

thickness and g-ratio (measure of myelin thickness relative to axon diameter: where lower 

g-ratios indicates thicker myelin sheath) of normally myelinated axons were quantified 

(see Figure 6.2 for measures taken). A total of 13127 (WT n=7148, Cyfip1+/- n=5979 

axons) myelinated axons were analysed. For quantification of oligodendrocytes, the total 

number of Olig2+, and the overlapped Olig2+/Cc1+ cells were counted. Only cell bodies 

clearly identified by Olig2 and CC1 immunofluorescence and overlapping with DAPI 

staining were counted. MBP+ reactivity was determined by comparing 

immunofluorescence staining intensity. The whole region of corpus callosum and 

external capsule was selected in the coronal section, and quantification was done by 

calculating the mean intensity of the pixels above a preset intensity threshold, multiplied 

by the number of pixels above that threshold, and dived by the total area quantified. I 

performed all the cell quantifications blinded to the genotype. 

 Differences between WT and Cyfip1+/- were analysed in RStudio version 1.1.463 

(R Foundation for Statistical Computing, Vienna, Austria). For the TEM data, since the 

sample size was small (n=5 WT and n=4 Cyfip1+/- rats) but yielded a large number of 
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repeated measures (WT n=7148, Cyfip1+/- n=5979 axons), an LME model was used to 

take into account variation across individuals and analyse the effect of genotype on axon 

diameter, g-ratio and myelin thickness, where these measures were considered fixed 

effects, and animals were considered random effects. Since there was only one random 

effect, non-restricted maximum likelihood was used to estimate the model parameters. In 

this analysis, the axon diameter and myelin thickness values were log-transformed since 

the data followed a log-normal distribution, whereas the other measures followed a 

normal distribution. To assess differences between the number of myelinated axons, as 

well as the measures from the immunofluorescence experiment, a two-tailed unpaired 

Student’s t-test was used in measures where variances between groups were similar, 

whereas a Welch two sample t-test was used when variances were unequal. In addition to 

the LME analysis, differences in myelin thickness between groups were also assessed 

using a Welch two sample t-test to compare the mean values of each animal between 

groups.  

 

 

 

Figure 6.2 - Schematic illustration of the axon and myelin sheath and calculation of the g-ratio and 

myelin thickness. 

The g-ratio is also known as the myelin thickness measure relative to axon diameter. A total of 13127 (WT 

n=7148, Cyfip1+/- n=5979 axons) myelinated axons were analysed for the axon diameter, g-ratio and myelin 

thickness analyses. 
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6.4. Results 

6.4.1. Ultra-structural analysis of axons in the corpus callosum using 

transmission electron microscopy 

With the aim of investigating the cellular nature of the Cyfip1+/- associated DTI changes, 

an ultra-structural analysis was conducted looking at the number of axons, axon diameter 

and myelin thickness of myelinated fibres in both Cyfip1+/- and WT rats. The analysis 

focused on the corpus callosum. Quantification of the number of axons (see representative 

micrographs in Figure 6.3A) revealed no significant differences in the number of 

myelinated (Welch two sample t-test, df=5.15, t=0.39, p=0.7) and unmyelinated (two 

sample t-test, df=7, t=-0.58, p=0.58) axons (Figure 6.3B), between WT and Cyfip1+/- rats. 

In total, 13127 myelinated fibres were quantified (7148 axons in WT and 5979  axons in 

Cyfip1+/- rats) and all these axons were taken into account for axon diameter and myelin 

measures quantifications. Here, no genotype effects were found on axon diameter 

measures (Figure 6.4C, LME: c2(1)=0.05, p=0.83) suggesting no differences on axon 

density (Figure 6.3) and diameter (Figure 6.4) in the corpus callosum of the Cyfip1+/- 

rats.  

To assess genotype effects on myelin two measures were taken into account: g-

ratio and myelin thickness. G-ratio is a measure of myelin thickness relative to axon 

diameter (see measures taken in Figure 6.2). When plotting the frequency distribution of 

g-ratio values in both groups, shown in Figure 6.5B, an increased percentage of axons 

with higher g-ratio values is noticed in the Cyfip1+/- rats. However, no significant 

differences were found in g-ratio when comparing all axons in each group (Figure 6.5C, 

LME: c2(1)=2.03, p=0.15). G-ratio is dependent on axon diameter, and could be affected 

by a high variability on axon diameter between animals within each group. Moreover, the 

extent of myelination can be related to axon diameter (Klingseisen and Lyons, 2018) and 

the effects on g-ratio can be specific to certain sizes of axons. Analysing the g-ratio of 

axons within specific diameter ranges revealed a significant increased g-ratio in each 

interval in the Cyfip1+/- rats (Figure 6.5D), that was more significant in larger axons.  

Complementary to the g-ratio analysis, frequency distribution of myelin thickness values, 

shown in Figure 6.6B, revealed a decreased percentage of axons with higher myelin 

thickness in the  Cyfip1+/- rats. This time a significant decrease in myelin thickness was 
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also seen in Cyfip1+/- rats when compared to WT rats (Figure 6.6C, LME: c2(1)=14.63, 

p=0.0001***). This difference in myelin thickness was also seen when comparing the 

mean values of each animal (n=5 WT and n=4 Cyfip1+/-) between groups (Welch two 

sample t-test, df=3.46,  t=3.15, p=0.04*). Furthermore, analyses of genotype effects on 

myelin thickness within specific diameter ranges also revealed an effect on each interval, 

but more significant on larger axons (Figure 6.6D). Additionally, there was a significant 

interaction effect between axon diameter and genotype on g-ratio (LME: c2(1)=26.9, 

p<0.001). These analyses indicate decreased myelin thickness in the corpus callosum of 

the Cyfip1+/- rats that was more pronounced in larger axons.  
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Figure 6.3 - Number of axons in WT (n=5) and Cyfip1+/- (n=4) rats. 

A Representative electron micrographs of axons in the WT and Cyfip1+/- rats in the corpus callosum. 

Myelinated and unmyelinated fibres are identified by arrows. Scale bars=1 µm. B Number of myelinated 

and unmyelinated axons per image. No differences were found between WT and Cyfip1+/- rats in the number 

of myelinated (Welch two sample t-test, df=5.15, t=0.39, p=0.7) and unmyelinated (two sample t-test, df=7, 

t=-0.58, p=0.58) axons. Data points are represented in the figure. 
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Figure 6.4 - Axon diameter in WT (n=5 animals, n=7148 axons) and Cyfip1+/- (n=4 animals, n=5979 

axons) rats. 

Differences were assessed using an LME model adjusted for individual variability. A Representative 

electron micrographs of axons in the WT and Cyfip1+/- rats in the corpus callosum. Scale bars=2 µm. B 

Histogram showing the frequency distribution of diameters of myelinated fibres. C Axon diameter of 

myelinated fibred per group. No differences were found between WT and Cyfip1+/- rats in axon diameter 

(LME: c2(1)=0.05, p=0.83). Data points are represented in the figure. 
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Figure 6.5 - G-ratio in WT (n=5 animals, n=7148 axons) and Cyfip1+/- (n=4 animals, n=5979 axons) 

rats. 

Differences were assessed using a LME model adjusted for individual variability. A Representative electron 

micrographs of axons in the WT and Cyfip1+/- rats in the corpus callosum. Scale bars=2 µm. B Histogram 

showing the frequency distribution of g-ratio values of myelinated fibres. C G-ratio of myelinated fibred 

per group. No differences were found between WT and Cyfip1+/- rats in g-ratio overall measure (LME: 

c2(1)=2.03, p=0.15). D G-ratios calculated for small (diameter<0.4), medium-small (0.4£diameter<0.6), 

medium-large (0.6£diameter<1) and large (1£diameter<3). Significant increases in g-ratio in Cyfip1+/- 
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compared to WT rats were found in all different axon diameter ranges, and more significant in larger 

myelinated axons: small (n=1510 WT and 1276 Cyfip1+/- axons; LME: c2(1)=4.23, p=0.4*), medium-small 

(n=2283 WT and 2043 Cyfip1+/- axons; LME: c2(1)=4.44, p=0.3*), medium-large (n=2551 WT and 1993 

Cyfip1+/- axons; LME: c2(1)=7.14, p=0.007**), and large (n=804 WT and 667 Cyfip1+/- axons; LME: 

c2(1)=13.92, p=0.0002***). E Scatter plot of g-ratio values across all axon diameters WT (n=7148 axons) 

and Cyfip1+/- (n=5979 axons), showing a logarithmic relationship between both measures. Data points and 

p-values are represented in figure where, *<0.05, **<0.01, ***<0.001. 
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Figure 6.6 - Myelin thickness in WT (n=5 animals, n=7148 axons) and Cyfip1+/- (n=4 animals, n=5979 

axons) rats. 

Differences were assessed using a LME model adjusted for individual variability.  A Representative 

electron micrographs of axons in the WT and Cyfip1+/- rats in the corpus callosum. Scale bars=2 µm. B 

Histogram showing the frequency distribution of myelin thickness values of myelinated fibres. C Myelin 

thickness of myelinated fibres per group. Cyfip1+/- rats show significant decreased myelin thickness 

compared to WT rats (LME: c2(1)=14.63, p=0.0001***). D Myelin thickness calculated for small 

(diameter<0.4), medium-small (0.4£diameter<0.6), medium-large (0.6£diameter<1) and large 
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(1£diameter<3). Significant decreases in myelin thickness in Cyfip1+/- compared to WT rats were found in 

all different axon diameter ranges, and more significant in larger myelinated axons: small (n=1510 WT and 

1276 Cyfip1+/- axons; LME: c2(1)=6.32, p=0.1*), medium-small (n=2283 WT and 2043 Cyfip1+/- axons; 

LME: c2(1)=5.57, p=0.2*), medium-large (n=2551 WT and 1993 Cyfip1+/- axons; LME: c2(1)=8.85, 

p=0.003**), and large (n=804 WT and 667 Cyfip1+/- axons; LME: c2(1)=21.92 p=2.85e-06***). E Scatter 

plot of myelin thickness values across all axon diameters WT (n=7148 axons) and Cyfip1+/- (n=5979 axons), 

showing a logarithmic relationship between both measures. Data points and p-values are represented in 

figure where, *<0.05, **<0.01, ***<0.001. 

6.4.2. Oligodendrocyte and MBP quantification in the corpus callosum and 

external capsule  

Myelin is produced by mature oligodendrocytes in the central nervous system, so I next 

investigated whether Cyfip1 haploinsufficiency influenced the number and/or maturation 

of oligodendrocytes using antibodies to the specific molecular markers Olig2 and CC1. 

The analysis focused on the corpus callosum and external capsule. External capsule was 

included in this analysis since it contains fibres traveling from the corpus callosum, and 

significant decreased FA was also found in this region (Chapter 5). Sections were stained 

for Olig2 and CC1 proteins (see Figure 6.7A for representative images). Cells stained for 

Olig2 alone represented all the oligodendrocyte lineages from early progenitors to mature 

cells, whereas cells double-stained for Olig2 and CC1 proteins revealed specifically the 

mature oligodendrocyte (myelin-producing) population. In the Cyfip1+/- rats, this analysis 

showed, a significant reduction in both the number of oligodendrocyte lineage cells (two 

sample t-test , t=2.22, df=12, p=0.04*) and mature oligodendrocytes (two sample t-test, 

t=2.48, df=12, p=0.03*) in comparison with WT (Figure 6.7B). 

Complementary to the TEM analysis, the level of MBP, a specific component of 

the myelin sheath, was assessed by measuring the intensity of MBP+ area (see Figure 

6.8A for representative images). Here, a reduction close to significance (two-sample t-

test, t=2.16, df=12, p=0.05) was found in the corpus callosum/external capsule of the 

Cyfip1+/- rats (Figure 6.8B).  
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Figure 6.7 – Number of oligodendrocyte lineage and mature cells in the corpus callosum of WT and 

Cyfip1+/- rats (n=7 each). 

A Representative images at magnification x20 for the following immunomarkers: DAPI, Olig2, and CC1, 

in the corpus callosum of WT and Cyfip1+/-rats. Scale bars=50 µm. B Number of oligodendrocyte lineage 

(represented by Olig2+ cells), and mature (represented by cells that are both Olig2+ and CC1+) cells. 

Significant decreases in the number of lineage (two sample t-test, t=2.22, df=12, p-value=0.04*) and mature 

(two sample t-test, t=2.48, df=12, p-value=0.03*) cells are found in the Cyfip1+/- compared to WT rats. Data 

points and p-values are represented in figure where, *<0.05, **<0.01, ***<0.001.  
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Figure 6.8 - MBP intensity levels in the corpus callosum of WT and Cyfip1+/- rats (n=7 each). 

A Representative images at magnification x10 for the following immunomarkers: DAPI and MBP, in the 

corpus callosum of WT and Cyfip1+/-rats. Scale bars=100 µm. B MBP intensity multiplied by percentage 

area (mm2) of the staining. Cyfip1+/- rats show a very close to significance decrease in MBP intensity (two-

sample t-test, t=2.16, df=12, p=0.05). Data points are represented in figure.  
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6.5. Discussion 

In order to explore the cellular causes underlying the imaging phenotype associated with 

the low dosage of Cyfip1 gene, brain tissue from the Cyfip1+/- rat line was analysed using 

ultra-structural and immunofluorescence methods. The ultra-structural experiment, using 

TEM methods, indicated a thinning of the myelin sheath in the corpus callosum of the 

Cyfip1+/- rats in the absence of any changes in axonal number or diameter. Myelin is 

produced at the end stages of oligodendrocyte differentiation. Here, immunofluorescence 

methods indicated a reduction in lineage and mature oligodendrocyte cells in the corpus 

callosum. Furthermore, analysis of MBP levels in the corpus callosum indicated a 

decreased in MBP intensity in Cyfip1+/- rats, which is in line with the myelin thinning 

phenotype in this region.  

6.5.1. Myelin thinning in the Cyfip1+/- rats – possible cellular mechanisms 

Dysregulations in the Cyfip1 gene, as stated previously, could result in aberrant axonal 

growth, guidance, and/or myelin. In this study, TEM methods showed that Cyfip1 

haploinsufficiency was indeed associated with myelin thinning in the corpus callosum in 

a rat model, but no evidence was found for an impact on the axonal level, in particular on 

axonal density and calibre. This specific effect on myelin is consistent with the decreased 

FA, described in the last chapter, and could be a result of disruptions in the myelination 

process, or demyelination as a result of abnormal neuronal dynamics. Here, the finding 

of a reduction on oligodendrocyte lineage and mature cells, in the corpus callosum of the 

Cyfip1+/- rats, suggests an abnormal supply of myelinating oligodendrocytes, which in 

turn can result in myelination deficits as shown previously by others (Boyd et al., 2013; 

Syed et al., 2013).  

 As described in the General Introduction Chapter, an effect of Cyfip1 on 

oligodendrocyte-myelin dynamics is highly relevant, since dysregulations in mechanisms 

involving myelin dynamics have been recently proposed in GWAS as contributors to 

disease pathophysiology in schizophrenia, rather than a result of environmental changes 

or a catalyst of downstream events (Roussos and Haroutunian, 2014). This could 

potentially underlie the brain connectivity anomalies in schizophrenia (Lynall et al., 

2010), where other imaging and molecular profiling studies of patients with 
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schizophrenia have reported effects on protein signalling networks involved in the 

myelination process (Aston et al., 2004; Hakak et al., 2001; Prabakaran et al., 2004; 

Tkachev et al., 2003). Moreover, impaired oligodendrocyte differentiation was found in 

post-mortem patients with schizophrenia, where a reduction in oligodendrocyte lineage 

cells was reported, with no changes in the number of OPCs in the prefrontal cortex 

(Mauney et al., 2015).  

A key question is how Cyfip1 haploinsufficiency could influence 

oligodendrocyte-myelin dynamics. As explained in General Introduction, a main function 

of the CYFIP1 protein is to inhibit Arp2/3 dependent f-actin assembly, via inhibition of 

the WAVE1 protein and other members of the WAVE regulatory complex (Derivery and 

Gautreau, 2010). WAVE1 was found to be expressed in oligodendrocyte cells, where 

multiple aspects of oligodendrocyte function, including differentiation and myelination 

are reliant on effective cytoskeleton remodelling. Furthermore, manipulation of important 

actin regulators resulted in abnormal oligodendrocyte-myelin dynamics. Of particular 

interest is the study by Kim et al., 2006 showing that WAVE1 localises to the leading 

edges where actin polymerisation is actively regulated. More importantly, this study 

shows a specific effect of WAVE1 knockout on oligodendrocyte-myelin dynamics, where 

in vitro oligodendrocytes, isolated from mice lacking WAVE1, had fewer processes and 

the mice had less myelinated fibres in the corpus callosum, but not in other regions, 

compared to controls. Other studies have provided evidence for a role of actin regulators 

on myelination, where ILK was shown to be involved in oligodendrocyte differentiation 

and axon ensheathment (O’Meara et al., 2013; Michalski et al., 2016), Arp2/3 complex 

was shown to be required for oligodendrocyte process outgrowth and branching but not 

for myelin wrapping (Zuchero et al., 2015), and Rho GTPases Cdc42 and Rac1 were 

shown to be required for correct myelin sheath formation (Thurnherr et al., 2006). 

Oligodendrocytes extend their processes through actin-dependent mechanisms, 

where actin polymerisation is essential for process outgrowth (see General Introduction). 

Therefore, it is understandable that lower levels of f-actin, as a result of WAVE1 absence, 

would result in abnormal oligodendrocyte process growth. However, given the inhibitory 

role of Cyfip1 on f-actin polymerisation, one would expect increased levels of f-actin as 

a result of Cyfip1 haploinsufficiency. Indeed, increased levels of f-actin were found 

within dendritic spines in Cyfip1+/- mice (Pathania et al., 2014; Hsiao et al., 2016). 

Several lines of evidence have established a link between Cyfip1 and spine formation, 

where Cyfip1 haploinsufficiency led to reduced spine complexity, as well as an increased 
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ratio of long, thin immature spines. Interestingly, as explained in General Introduction, 

the way oligodendrocytes extend their processes resembles spine formation in neuron 

cells, through a large actin-rich extension called growth cone (Michalski and Kothary, 

2015). It is therefore possible that Cyfip1 could have a similar influence on 

oligodendrocytes and affect their branching during differentiation process. Furthermore, 

the synthesis of major myelin proteins, such as PLP and MBP, occurs in 

oligodendrocytes. These proteins are only synthesised when OPCs reach maturation and 

are considered pre-myelinating oligodendrocytes (Baron and Hoekstra, 2010). Here, 

inhibition of their translation is crucial for oligodendrocyte development, where an early 

translation could be deleterious to the cell (Boggs, 2006). These proteins are essential for 

myelin compaction and formation of mature myelin, where their transport from 

oligodendrocytes to the myelin membrane is crucial (Boggs, 2006; Baron and Hoekstra, 

2010; Fulton et al., 2010). FMRP was found to be expressed in oligodendrocytes, and 

was proposed that FMRP played a role in translation inhibition of MBP mRNA (Wang et 

al., 2004), preventing an early translation of this protein. This indicates that Cyfip1 could 

also have an impact on MBP translation and/or transport of MBP to the myelin 

membrane. Altogether, these findings suggest that dysregulations in Cyfip1 gene may 

influence oligodendrocyte differentiation and/or synthesis of myelin key proteins. Using 

cell culture methods to better visualise oligodendrocyte structure, I will investigate a 

potential effect of Cyfip1 haploinsufficiency on oligodendrocyte differentiation in 

Chapter 7. Here, I will use MBP as an indicator of cell maturation and further assess the 

protein distribution in the cells, in order to unravel possible cellular mechanisms leading 

to the myelin thinning seen in vivo.  

 It is also possible that Cyfip1 could interfere with oligodendrocytes and 

myelination process indirectly by affecting signalling pathways that are involved in 

differentiation and maturation of oligodendrocytes. Interestingly, studies have 

demonstrated that activation of the mammalian Target of Rapamycin (mTOR) is essential 

for differentiation from late OPCs to immature oligodendrocytes through two distinct 

signalling complexes, mTORC1 and mTORC2 (Tyler et al., 2009, Wahl et al., 2014). 

Increased Cyfip1 dosage was found to dysregulate mTOR signalling, resulting in an 

enhanced expression of mTOR at the mRNA and protein level, and activation of mTOR 

signalling (Oguro-Ando et al., 2015). Reciprocally, extracts of cultured Cyfip1 

haploinsufficient primary cortical neurons from transgenic mice showed an mTOR 

protein reduction of 40-60% (Abekhoukh et al., 2017). Therefore, it is possible that 
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reductions in Cyfip1 levels impact differentiation of oligodendrocytes by dysregulating 

mTOR signalling. 

 Additional complexity is apparent when considering the range of functions that 

may be sensitive to reduced dosage of Cyfip1, encompassing  oligodendrocyte 

production, differentiation and migration; effects on neurons as opposed to 

oligodendrocytes, can also have an impact on axon-oligodendrocyte interactions and 

influence myelination in that way (Barres and Raff, 1999). Investigation of these 

possibilities, in vivo, would require the implementation of models that combine low 

dosage Cyfip1 with gene constructs which allow the labelling oligodendrocytes at specific 

stages of oligodendrocyte differentiation, such as inducible Sox10 systems (Shibata et 

al., 2010).  

6.5.2. Myelin thinning in the corpus callosum of Cyfip1+/- rats – functional 

outcomes 

Myelin is essential for high-speed conduction of electrical impulses through axons. The 

myelin thinning observed in the corpus callosum of the Cyfip1+/- rats could result in 

network dysfunction by slowing down propagation of electrical signal between the brain 

and the body or within the brain itself. At the same time as this thesis project, an 

independent group conducted a study looking at the impact of Cyfip1 haploinsufficiency 

on functional connectivity and white matter microstructure in a mouse model 

(Domínguez-Iturza et al., 2019). Of great relevance, this study found a similar thinning 

of the myelin sheath in the corpus callosum of the Cyfip1+/- mice, where Cyfip1+/- mice 

also showed impaired bilateral functional connectivity and motor coordination. The 

findings of both studies (this and Domínguez-Iturza et al., 2019) were published at the 

same time at Nature Communications. This overlap shows a quite encouraging specific 

effect of Cyfip1 on myelin that is preserved across these two species (mouse and rat). 

Results on motor function are in line with the deficits in motor learning in Cyfip1+/- mice, 

described in a previous study by Bachmann et al., 2019, and could be a result of this 

impaired bilateral connectivity, that could be caused by reductions in myelin in the corpus 

callosum, as explained in the previous chapter. 

Of interest is also a previous study by Inagawa et al., 1988 in mouse models with 

myelin deficits, specifically in Shiverer (deletion mutant of MBP) and mld (allelic mutant 
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to Shiverer with lowered MBP expression) mice, showing highly specific effects on 

behavioural flexibility in a reversal learning task, whereby they had difficulty changing 

their behaviour to reflect new reward contingencies, without deficits in original learning 

per se. Although no behavioural experiment is presented as part of this thesis, a parallel 

experiment was performed in our laboratory, by Dr. Josephine Haddon, looking at the 

maladaptive brain function in Cyfip1+/- rats using behavioural tasks that assayed 

behavioural flexibility. These findings were published together with findings from this 

chapter, and Chapters 5 and 7. In our study (Silva et al., 2019a), we showed highly 

specific effects of Cyfip1 haploinsufficiency in reversal learning, with no concomitant 

effects on initial learning. These effects were replicated in an independent associative 

mismatch task. Behavioural inflexibility, as in the Shiverer mice, can be related with a 

general thinning in myelin in the brain. However, in light of the specific findings in the 

corpus callosum, this structure was previously shown to correlate with behavioural 

flexibility in a human study using a cohort of twin pairs, where one was diagnosed with 

bipolar disorder and the other was clinically healthy (Bearden et al., 2011). In our study, 

the behaviour experiment was done in a separate cohort of rats, and therefore we could 

not correlate the behavioural deficits with changes in the corpus callosum and myelin 

thinning. Future work combining imaging, behaviour and histology in the same cohort of 

rats would permit us to explore a causal link between these two phenotypes (see General 

Discussion, where this issue will be further elaborated).  

6.5.3. Myelin thinning in the Cyfip1+/- rat model and relationship with 

human data 

Myelin modulates the degree of anisotropy of water molecules inside the white matter 

tracts, and therefore myelin thinning is generally associated with reductions in FA 

(Beaulieu, 2002; Soares et al., 2013). Hence, the myelin thinning seen in the corpus 

callosum of the Cyfip1+/- rats may be associated with the imaging phenotype described in 

the previous chapter. In the previous chapter, I also introduce the idea that white matter 

changes associated with low levels of CYFIP1/Cyfip1 gene may be similarly present in 

both human and rats, despite the opposite direction of effect on FA. Here, this idea 

becomes more plausible since myelin is known to have a relatively modest impact on DTI 

signal, where changes in the axon itself lead to a stronger effect on DTI signal (Beaulieu, 

2002). It may be that low levels of CYFIP1/Cyfip1 gene lead to myelin deficits in both 
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humans and rats, but in terms of the human DTI data any effect on myelin may have been 

masked by other molecular and cellular changes associated with the CNV. To date, there 

have been no published studies of myelin (as opposed to overall white matter) changes in 

15q11.2 BP1-BP2 deletion, though the current data predicts their existence and this is 

something that could be tested using ultrastructural MRI methods providing the necessary 

resolution to visualise and quantify myelinated axons directly in the living human brain 

(Shi and Toga, 2017).  

6.5.4. Limitation of this study 

In this study, the cohort of rats used for immunofluorescence was selected from the same 

cohort used for imaging in Chapter 5. Thus, I was able to explore correlations between 

DTI measures and number of oligodendrocytes or MBP levels in the sample, where no 

significant correlations were found between these measures (data not shown).  A number 

of reasons could be behind this. First, the animals were culled one month after the imaging 

experiment, and during this time period variations in oligodendrocyte number and myelin 

could happen within each group. In the imaging data, a mean value is extracted for the 

whole white matter tract, whereas oligodendrocytes and MBP were quantified in specific 

slices of the brain. In order to compare the two measures, values of FA should be extracted 

from approximate regions to the ones where the staining is performed.  

 The results in this study are specific to the corpus callosum. However, other white 

matter tracts are likely to be affected, as shown in the previous chapter. Whilst an overall 

decrease in FA was noticed in most white matter tracts, some increases were also 

reported. It would be interesting to investigate if the effects of Cyfip1haploinsufficiency 

on myelin are indeed specific to the corpus callosum, or other white matter regions are 

similarly affected, and further explore cellular changes behind the increased FA seen in 

the stria terminalis in the Cyfip1+/- rats.  

6.5.5. Conclusion 

TEM analysis indicated a thinning of the myelin sheath in the corpus callosum of the 

Cyfip1+/- rats in the absence of any changes in axonal number or diameter. Reductions in 

the number of oligodendrocytes, myelin producing cells, were observed in the corpus 
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callosum of the Cyfip1+/- rats suggesting that Cyfip1 haploinsufficiency is associated with 

deficits in myelination. Several cellular mechanisms that become disrupted with low 

levels of Cyfip1 might influence myelination by having an impact on oligodendrocyte 

function.  In Chapter 7, the impact of Cyfip1 on oligodendrocyte cells will be explored in 

a cell culture experiment. 
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7.1. Abstract  

 

Background 

Findings from the last chapter indicate that Cyfip1 haploinsufficiency leads to thinning of 

the myelin sheath, with no apparent effect on axon density or diameter. Myelin is 

produced by mature oligodendrocytes, where reduction in the number of these cells 

suggested a disruptive myelination in the Cyfip1+/- rats. In this chapter, cell culture 

methods will be used to explore specific effects of Cyfip1 haploinsufficiency on 

oligodendrocyte function. 

 

Methods 

Primary OPC cultures from WT and Cyfip1+/- neonatal rats (postnatal day 0-3) were used, 

where oligodendrocytes were analysed after 3 days of differentiation. Cells were stained 

for O4 (marking pre-oligodendrocytes to myelinating mature oligodendrocytes) and MBP 

(marking only mature oligodendrocytes). Here, the proportion of mature 

oligodendrocytes (MBP+ cells) was first analysed. In order to investigate a possible effect 

on later stages of maturation, mature oligodendrocytes were classified in 3 levels of 

maturation, based on the distribution of MBP+ staining in the cell. Finally, the area of 

MBP+ staining was quantified in oligodendrocytes on last stages of maturation.  

 

Results 

Results showed an increase in proportion of mature oligodendrocytes in Cyfip1+/- 

cultures. This was due to a higher proportion of cells in initial states of maturation, where 

the MBP is restricted to the oligodendrocyte cell body. Oligodendrocytes on later stages 

of maturation presented a smaller area of MBP+ staining in Cyfip1+/- cultures, compared 

to the WTs, where the protein failed to reach the distal parts of the highly branched 

oligodendrocytes.  
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Conclusions 

Evidence in this chapter suggests that Cyfip1 haploinsufficiency has an impact on mature 

oligodendrocyte function by hindering the intracellular distribution of a key myelin 

protein, the MBP. This suggests a possible cellular mechanism through which Cyfip1 

haploinsufficiency could interfere with the myelination process and lead to myelin 

thinning. 
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7.2. Introduction 

The findings reported in the previous two chapters indicate that Cyfip1 haploinsufficiency 

leads to a disruption in the myelination process dependent on oligodendrocyte-myelin 

dynamics, as evidenced by myelin thinning in the corpus callosum accompanied by a 

reduced population of mature oligodendrocytes in Cyfip1+/- rats. Dysregulations in Cyfip1 

were already shown to have a marked impact on dendritic spine development and 

plasticity in mouse models (De Rubeis et al., 2013; Pathania et al., 2014; Oguro-Ando 

et al., 2015). Of potential specific relevance, during differentiation, oligodendrocytes 

extend long and complex projections through mechanisms that resemble dendritic growth 

and spine formation in neuronal cells (see Introduction for further explanation of this 

mechanism) (Michalski and Kothary, 2015). These mechanisms are highly dependent on 

actin dynamics, as well as a regulated transport and translation of protein and lipids, 

actions than could be mediated by CYFIP1 acting as a negative regulator in the two 

processes. 

 Although data from the last chapter allowed an in vivo quantification of 

oligodendrocytes in brain tissue, this analysis does not provide enough cellular resolution 

to visualise the morphological characteristics of the cells. In the present work, this 

motivated the use of cell culture methods, providing enhanced cellular resolution for 

single-cell observations, where the intrinsic effects of Cyfip1 haploinsufficiency on 

oligodendrocyte morphology and myelin formation could be studied. It was previously 

shown that oligodendrocytes can fully differentiate in vitro, in the absence of any axons, 

extending multiple processes and forming myelin membranes. Importantly, the 

morphological changes during oligodendrocyte differentiation resemble those observed 

during in vivo myelination (Kachar et al., 1986; Knapp et al., 1987).  

Taking advantage of the enhanced cellular resolution, in this study I used cell 

culture methods to further address the question of how Cyfip1 haploinsufficiency could 

impact the myelination process. Here I used two markers, O4 and MBP, in order to first 

investigate any differences in differentiation. O4 is expressed by oligodendrocyte cells in 

general, whereas MBP is a maturation marker since it is only expressed when the cells 

achieve maturation. MBP is a crucial protein  during myelination, as explained in the 

General Introduction, and a reduction in MBP levels in the corpus callosum of the 

Cyfip1+/- rats, was reported in the previous chapter. In brain tissue, most of the expressed 
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MBP comes from myelin sheaths, where this protein is widely expressed. However, the 

synthesis of MBP occurs in the oligodendrocytes, where its transport to the myelin 

membrane is needed for myelination to occur. The process through which MBP is 

translated and inserted in the myelin membrane is different from other myelin proteins 

(Baron and Hoekstra, 2010). Instead of the protein being synthesised in the cytoplasm 

adjacent to the oligodendrocyte cell body and then transported, MBP mRNA is 

transported in RNA granules along the microtubules within the oligodendrocyte 

processes (Müller et al., 2013). These granules contain all necessary molecules for 

translation and only initiate MBP translation locally at the axon-oligodendrocyte site, 

where freshly synthesised MBP protein is inserted within the myelin membrane (Colman 

et al., 1982).  

In order to further address how Cyfip1 haploinsufficiency could influence 

oligodendrocyte function, I first quantified the proportion of oligodendrocyte mature 

cells, and then looked at the intracellular distribution of MBP protein in oligodendrocyte 

at different stages of late maturation. The specific aim of the study was to start unravelling 

possible cellular mechanisms through which Cyfip1 haploinsufficiency could interfere 

with the process of myelination and lead to myelin thinning. 

7.3. Material and Methods 

7.3.1. Generation of primary oligodendrocyte cultures 

The protocol followed for generating oligodendrocyte cultures was previously established 

by Syed et al., 2017. This protocol is known to generate OPCs at >95%. Primary OPC 

cultures were isolated from neonatal Long Evans rats (postnatal day 0-3), of mixed sex. 

Litters remained within the breeding cage until use from P0 to P3. Here, 2 to 4 pups were 

used in each WT and Cyfip1+/- cultures. Three independent biological replicates were 

performed. The protocol for the generation of primary oligodendrocyte cultures will be 

described in the next sections. Moreover, a schematic flow chart of the protocol is 

illustrated in Figure 7.1. 
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7.3.2. Preparation of tissue culture coating 

Before isolation, all tissue culture plasticware was prepared on the same day. T75 flasks 

were coated with  0.01% PLL (Sigma)  in PBS for 20 minutes in the incubator. Then, the 

flasks were washed twice with PBS and dried in the incubator for 10 to 15 minutes. 

7.3.3. Dissection of neonatal rat cortex for OPC isolation 

Litters of mixed sex pups were euthanised by cervical dislocation. The pups were sprayed 

with 70% ethanol. Using sterile curved scissors, the brains were dissected out and placed 

in a 10 cm Petri dish containing minimum essential medium Eagle (MEM) medium. 

Using a dissecting microscope and fine-tip forceps, the cerebellum was first separated 

from the hemispheres, and then the two hemispheres were separated in a sagittal cut from 

mid brain structures. Finally, the meninges were carefully removed in a caudal to rostral 

direction.  

7.3.4. Mechanical and chemical dissociation and preparation of cells for 

culture 

The half cortices were transferred to 7ml Bijou tubes, where 1ml of digestion medium 

was added in the sterile tissue culture hood for enzymatic digestion. The digestion 

medium contained 1 ml of MEM, 50 µl of 30 µg/ml papain (Worthington, LS003126), 

15 µl of 4 mg/ml DNase I type IV (Sigma, D5025), and 10 µl of 24 mg/ml L-Cystine 

(Sigma, 30199). The digestion medium was filtered using a 0.2 µm syringe filter and 

activated in the 37 °C incubator for 15 minutes before adding the medium to the cortices. 

With a P1000 pipette the cortex was mechanically dissociated into flaky homogenate. 

The tubes containing the dissociated cortices and digestion medium were then placed in 

the 37 °C incubator for 30 minutes. Following incubation, the tubes were returned to the 

sterile hood and, using a P1000 pipette tip, the solution was pipetted up and down until a 

clear homogenate solution was formed. This homogenate was then transferred to a 15 ml 

conical tube, where Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, D5796) was 

added to the solution, to make up 10 ml of solution, to stop the digestion process. The 

tubes were then centrifuged at 250x� for 10 minutes at 25 °C to sediment the tissue. The 
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supernatant was carefully aspirated in order to ensure that the majority of the digestion 

medium was removed. Then, 1 ml of DMEM medium containing 10% of fetal bovine 

serum (FBS) was added. The T75 flasks, previously coated with PPL, were filled with 9 

ml of maintenance medium consisting of 500 ml of DMEM, 50 ml of 10% fetal calf serum 

(FCS) (Sigma, 12133C), 10 ml penicillin/streptomycin, and 10 ml of L-glutamine. The 

1ml of cell suspension was then added to the flasks, where the flasks were gently rocked 

from side to side several times to evenly spread the culture. The flasks were then moved 

to the 37 °C, where the maintenance medium was changed every 3 days. Following 9 to 

12 days of culturing, the OPCs are ready for isolation. 

7.3.5. Removal of microglia and isolation of OPCs from astrocyte 

monolayer  

After 9 to 12 days of culture, the cultures showed the following characteristics: a 

confluent layer of dark cells at the bottom, consistent mostly of astrocytes, and a cluster 

of small shiny cells on the top consisting of microglia and OPCs. In this cultures, it is 

known that microglia can be detached by mechanical shaking (Tamashiro et al., 2012). 

The medium was first aspirated from the T75 flask, and 10 ml of new maintenance 

medium was added. Then, to detach microglia, the flasks was placed in the orbital shaker 

and agitated for 1 hour (37 °C, 260 rev/min). Following this, the medium containing 

microglia was aspirated from the flasks and new 10 ml pre-warmed maintenance medium 

was added. For astrocyte removal, the flask was again placed on the shaker, and agitated 

overnight for 10 hours at 37 °C at 260 rev/min. The supernatant was collected and added 

to a 10 cm Petri dish containing 10 ml of the pre-warmed maintenance medium and 

incubated for 20 min at 37 °C. Then, the supernatant was pipetted to a 15 ml conical tube 

to centrifuge at 250x��for 10 minutes at 25 °C. The pellet was re-suspended in 1 ml of 

Sato’s differentiation medium containing 500 ml DMEM, 5000 U/ml 

penicillin/streptomycin, 4 mM L-glutamine, 0.5% FCS (N4762, Sigma), 16 µg/ml 

Putrescine (Sigma, P6024), 400 ng/ml L-thyroxine (T4) (Sigma, T1775), 400 ng/ml tri-

iodothyroxine (T3) (Sigma, IRMM469-IEA), 6.2 ng/ml progesterone (Sigma, P8783), 5 

ng/ml sodium selenite (Sigma, S0133), 100 µg/ml bovine serum albumin fraction V 

(Sigma, 5470), 5 µg/ml insulin (Sigma, I3536). Here, T3 and T4 were first dissolved in 

0.2 M NaOH and 75% MeOH before adding to DMEM. The density of cells per millilitre 
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was then calculated using a haemocytometer, where approximately 1x106 cells per flask 

were counted. The OPCs were then placed, at a density of 2x104 cells/cm2 in a PLL-

coated 8-well multi-chambered slide and cultured with Sato’s differentiation medium. 

The wells containing the OPCs were cultured at 37 °C, 7.5% CO2, and left for 3 days for 

differentiation. 
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Figure 7.1 - Schematic flow chart of the experimental protocol for cultivation of OPCs. 

Two diagrams are presented. The first showing the steps for preparation of primary mixed glial cells, and 

the second showing the steps for OPC isolation. After 3 days of differentiation in Sato’s medium, the 

cultures are ready for immunofluorescence staining and quantification. This scheme is based on the protocol 

described in Syed et al., 2017. 
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7.3.6. Immunofluorescence staining of cultures 

Usually after 3 days of differentiation, around 20 to 30% of the oligodendrocytes reach 

the maturation phase. In this study, I examined the cells at 3rd day of differentiation in 

order to investigate an effect on maturation rate. Therefore, after 3 days of differentiation, 

the cells were fixed by washing them with PBS and applying 4% of PFA solution in PBS 

for 10 minutes at room temperature. Following fixation, the slides were carefully washed 

twice with PBS. The cells were then permeabilised with blocking solution consisting of 

PBS, 5% donkey serum, and 0.01% Triton-X100, for 10 minutes. Cells were then stained 

with anti-O4 (1:200, MAB345, Millipore) and anti-MBP (1:200; MAB386, Millipore) 

antibodies and incubated overnight. Following primary antibody incubation, the slides 

were carefully washed 3 to 5 times with PBS. The corresponding secondary antibodies 

were then used in a 1:300 concentration (Alexa 555/488-conjugated secondary antibody, 

Alexa Fluor Life Technologies), and incubated for 1 hour. The slides were again washed 

5 times and counterstained with Hoechst. Finally, the slides were again washed multiple 

times to eliminate background staining. For quantification, images were taken on an 

inverted fluorescent time lapse microscope (DMI6000B, Leica, UK) with x20 

magnification, where 5 images from random visual fields were taken per well.  

7.3.7. Quantification and statistical analyses 

For quantification of cells the ImageJ software (version 1.51) was used. To assess OPC 

differentiation, the percentage of O4+ and the overlapped O4+/MBP+ cells, relative to 

Hoechst-stained nuclei were first quantified. Cells staining for O4 represent the 

oligodendrocyte cells from pre-oligodendrocytes to myelinating mature 

oligodendrocytes, whereas cells staining for O4/MBP represent the mature (non-

myelinating and myelinating) cells. As explained in General Introduction, at the final 

stage of maturation, the oligodendrocyte processes go from process outgrowth to 

membrane production, where the processes resemble a ‘spider’s web-like’ appearance 

(Figure 7.2). In order to compare different levels of maturation of oligodendrocytes, 

O4+/MBP+ oligodendrocytes were classified into three categories considering the 

distribution of MBP+ staining in the cells: (i) Type 1, where the MBP staining was only 

present in the nucleus, (II) Type 2, ramified distribution and (iii) Type 3, membranous 

distribution. A representation of this characterisation is shown in Figures 7.4B and 7.5B 
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in the Results section. Furthermore, to address the extent of MBP distribution in Type 2 

and Type 3 cells, the area of MBP+ staining was quantified. During the quantification of 

the cells, I was not aware of the genotype. Differences between WT and Cyfip1+/- cultured 

oligodendrocytes were analysed in RStudio version 1.1.463 (R Foundation for Statistical 

Computing, Vienna, Austria). In order to account for variability across biological repeats, 

an LME model was used, where biological repeats were considered random effects. Since 

there was only one random effect, non-restricted maximum likelihood was used to 

estimate the model parameters.  

 

 

 

 

Figure 7.2 – Differentiation of oligodendrocyte lineage cells. 

Morphological changes from early OPC to pre-oligodendrocyte, immature oligodendrocyte, non-

myelinating mature oligodendrocyte and finally, myelinating mature oligodendrocyte. Stage-specific 

markers relevant for this thesis are indicated. Olig2, as explained in the previous chapter, is expressed in 

all oligodendrocyte lineage cells, whereas O4 is only expressed from pre-oligodendrocytes to mature 

oligodendrocytes. Both CC1 and MBP are maturation markers and are only expressed in non-myelinating- 

and myelinating mature oligodendrocytes.  
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7.4. Results 

In this chapter, primary cell culture methods were used to further address the question of 

how Cyfip1 haploinsufficiency could impact oligodendrocytes and myelination. Here, I 

used a standard protocol (Syed et al., 2017), which generates OPCs at >95% purity from 

WT and Cyfip1+/- rats. After three days of differentiation, the cells were processed for 

immunofluorescence staining. Similar to the last chapter, I first investigated whether 

Cyfip1 haploinsufficiency influenced the number and/or maturation of oligodendrocytes. 

For this in vitro assay, I used the specific molecular markers O4 and MBP. O4 is 

expressed in immature and mature oligodendrocytes and MBP is only expressed in mature 

oligodendrocytes (Figure 7.2). Therefore, the number of O4+ and O4+/MBP+ cells were 

counted. Here, no differences were found in the percentage of cells showing a positive 

O4 staining (LME: c2(1)=1.57, p=0.21), suggesting that there were no differences in the 

overall number of oligodendrocytes and therefore no effect on OPCs proliferation rate. 

Surprisingly, when counting the cells showing a positive staining for both O4 and MBP, 

Cyfip1+/- rats showed a significant increase in this population of cells (LME: c2(1)=19.9, 

p<0.001), suggesting an increased maturation rate in Cyfip1+/- rats (Figure 7.3). In total, 

in WT rats 6623 cells were counted, where 4917 cells were O4+ and 1362 cells were 

O4+/MBP+ positive. In the Cyfip1+/- rats, 7845 cells were counted in total, where 5789 

cells were O4+ and 2012 cells were O4+/MBP+. The fact that Cyfip1+/- cultures had more 

cells expressing MBP, therefore and a priori more mature cells, is contradictory to what 

we previously saw in vivo, in the last chapter.  
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Figure 7.3 - In vitro assessment of the percentage of oligodendrocyte (O4+) and mature 

oligodendrocyte (MBP+) cells.  

The percentage was calculated as a proportion of all cells stained with Hoechst in the culture (n=6623 WT 

and n=7845 cells Cyfip1+/-). Differences were assessed using an LME model adjusted for variability 

between biological repeats (n=3). A Representative images at magnification x20 for the following 

immunomarkers: Hoechst, O4 and MBP in WT and Cyfip1+/- cultures. B Percentage of O4+ and MBP+ 

cells, as a proportion of all cells. Here, no genotype effect was found in the percentage of O4+ cells (LME: 

c2(1)=1.57, p=0.21), whereas a significant increase in MBP+ percentage was seen in the Cyfip1+/- cultures 

(LME: c2(1)=19.9, p<0.001***). Data points and p-values are represented in figure where, *<0.05, 

**<0.01, ***<0.001.  

***

25

50

75

100

O4+ MBP+

%
 c

el
ls genotype

WT        
Cyfip1+/-

Hoechst O4 MBP Composite

WT

Cyfip1+/-

A

50 µm 50 µm50 µm50 µm

50 µm 50 µm 50 µm 50 µm

B



 
 
195 

 While performing the previous analysis, I further noticed that the staining pattern 

for MBP looked markedly different in oligodendrocyte cells from Cyfip1+/- cultures. As 

can be noted in Figure 7.4A, Cyfip1+/- oligodendrocytes have a more constrained 

distribution of MBP, where the MBP+ staining is more localised to the cell body. This is 

markedly distinct from the widely distributed pattern of MBP+ staining in the WT 

oligodendrocytes, where the MBP extends to the cell processes. I further investigated this 

finding by performing a quantitative analysis To this end, I classified the MBP+ cells into 

three categories indexing the previously established maturation stages that culminate in 

the formation of compact myelin, taking into account the MBP distribution in the cell 

(Lourenço et al., 2016): Type 1, MBP localised only to the cell body; Type 2, any ramified 

MBP intracellular distribution extending into the cell processes; Type 3, final maturation 

stage where the MBP is distributed within the membranous processes of cells to give rise 

to a ‘spider’s web-like’ appearance (see Figure 7.4B for representative examples). This 

quantitative analysis confirmed the previous observation in revealing a highly significant 

increased percentage of Type 1 cells in the Cyfip1+/- cultured oligodendrocytes (LME: 

c2(1)=68.6, p<0.001***), with no differences in the overall percentage of cells classified 

as Type 2 (LME: c2(1)=0.67, p=0.41)  and Type 3 (LME: c2(1)=0.03, p=0.85). All the 

percentages were calculated as a proportion of all cells in the culture (n=6623 WT and 

n=7845 cells Cyfip1+/-). In total, WT cultures had 172 Type 1 cells, 735 Type 2 cells, and 

456 Type 3 cells. Cyfip1+/- cultures had 637 Type 1 cells, 905 Type 2 cells, and 454 Type 

3 cells.  
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Figure 7.4 - In vitro assessment of the percentage of mature oligodendrocytes in different stages of 

maturation, as indicated by the distribution of MBP staining in the cells.  

The percentage was calculated as a proportion of all cells stained with Hoechst in the culture (n=6623 WT 

and n=7845 cells Cyfip1+/-). Differences were assessed using an LME model adjusted for variability 

between biological repeats (n=3).  A Immunostaining of oligodendrocytes for MBP and O4 markers from 

WT and Cyfip1+/- cultures, scale bar=50 µm, illustrating the punctate intracellular pattern of MBP staining 

in Cyfip1+/- oligodendrocytes, relative to the more diffused, widespread pattern of staining in WT. B 

Representative images of MBP staining in oligodendrocytes exhibiting different Types of features: Type 1 
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(MBP localised to the cell body), Type 2 (MBP ramifying to the cell processes), Type 3 (MBP distributed 

within the membranous processes of cells to give rise to a ‘spider’s web-like’ appearance), reflecting 

increasing maturation stages of oligodendrocytes, scale bar=20 µm. C Percentage of Type 1, Type 2 and 

Type 3 cells, as a proportion of all cells. Here, a significant increase in Type 1 cells was seen in the Cyfip1+/- 

oligodendrocyte cultures (LME: c2(1)=68.6, p<0.001***), whereas no difference of genotype was found 

in Type 2 LME: c2(1)=0.67, p=0.41) and Type 3 (LME: c2(1)=0.03, p=0.85) cells. The percentage of O4+ 

cells is again shown, where no genotype effect was found in the proportion of all oligodendrocyte cells 

(LME: c2(1)=1.57, p=0.21). Data points and p-values are represented in figure where, *<0.05, **<0.01, 

***<0.001. 

 

The previous analysis indicated that, the increased percentage of mature cells in 

the  Cyfip1+/- cultures were indeed due to an increased proportion of Type 1 cells, where 

the MBP is expressed but only in the cell body. Here, no differences in the proportion of 

Type 2 and Type 3 cells was found, indicating that the Cyfip1+/- oligodendrocytes are able 

to proceed to the last stages of maturation, where the processes shift from outgrowth to 

membrane production. However, visually the MBP staining in these cells still seemed to 

be somewhat constrained when compared to the WT cultures. Therefore, I next 

interrogated if the distribution of MBP to the distal ends of the oligodendrocyte processes 

could be hindered in Cyfip1+/- cultures, even though morphologically the cells appeared 

to be normal. With this aim, I quantified the area of MBP+ staining in Type 2 and Type 

3 cells, which showed a significant and consistent reduction in staining area for both Type 

2 (LME: c2(1)=259.6, p<0.001***) and Type 3 cells (LME: c2(1)=146.13, p<0.001***) 

in Cyfip1+/- oligodendrocytes. The area of Type 2 and Type 3 Cyfip1+/- cells was about 

50% smaller than the WT cells. Furthermore, the area of MBP staining observed in the 

WT cells was consistent with previous findings by others using similar culture methods 

(Thurnherr et al., 2006). For this analysis, the area of Type 2 cells was analysed in 491 

cells from WT cultures, and in 591 cells from Cyfip1+/- cultures. For the area 

quantification of Type 3 cells, 265 cells were analysed in WT cultures, whereas 341 cells 

were analysed in the Cyfip1+/- cultures. Overall, these data suggest that Cyfip1 

haploinsufficiency influences the translocation of MBP to the distal parts of the highly 

branched mature oligodendrocyte processes, which is a critical process for myelination 

as explained in the General Introduction chapter of this thesis.  
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Figure 7.5 - In vitro assessment of the area of MBP distribution in oligodendrocytes at late stages of 

maturation. 

Late stages of maturation were considered when MBP was distributed to the ramified processes (Type 2 

cells) and when MBP was distributed to the membranous processes of the oligodendrocytes (Type 3 cells). 

Differences were assessed using an LME model adjusted for variability between biological repeats (n=3). 

A Immunostaining of oligodendrocytes for MBP and O4 markers from WT and Cyfip1+/- cultures, scale 

bar=50 µm, illustrating the constrained distribution of MBP in Cyfip1+/- oligodendrocytes. B Representative 

images of MBP staining in oligodendrocytes exhibiting different Types of features: Type 1 (MBP localised 
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to the cell body), Type 2 (MBP ramifying to the cell processes), Type 3 (MBP distributed within the 

membranous processes of cells to give rise to a ‘spider’s web-like’ appearance), reflecting increasing 

maturation stages of oligodendrocytes, scale bar=20 µm. C Area of intracellular MBP staining in Type 2 

and Type 3 cells. Here, a significant reduction in MBP staining area is seen in the Cyfip1+/- oligodendrocyte 

Type 2 (LME: c2(1)=259.6, p<0.001***) and Type 3 (LME: c2(1)=146.13, p<0.001***)  cells (about 50% 

of that seen in WT cells). Data points and p-values are represented in figure where, *<0.05, **<0.01, 

***<0.001. 

7.5. Discussion 

In this study, cell culture methods were used to investigate further the effects of Cyfip1 

haploinsufficiency on oligodendrocyte function. Here, an initial assessment of 

oligodendrocyte differentiation showed an increased percentage of mature 

oligodendrocytes in the Cyfip1+/- cultures, while no significant differences were found in 

oligodendrocyte general population. Then, I divided the oligodendrocyte mature cells into 

three morphologically different cell types, reflecting 3 different stages of late maturation. 

This analysis showed that the increased number of mature cells in Cyfip1+/- cultures was 

a result of an abnormal increase in percentage of Type 1 cells, where the MBP staining 

was constrained to the cell body, and no differences were found in the number of Type 2 

and Type 3 cells. Then, I looked at MBP distribution in Type 2 and Type 3 cells and 

found that, although these cells achieved later stages of maturation, the area of the MBP 

staining in Cyfip1+/- cultures was significantly reduced in both cell type designations 

compared to WT cultures.  

7.5.1. Constrained MBP distribution in Cyfip1+/- cultured oligodendrocytes 

– possible cellular mechanisms 

Several studies have shown that Cyfip1 haploinsufficiency leads to increased levels of f-

actin and newly synthesised FMRP-targeted mRNAs in neurons (Napoli et al., 2008; 

Pathania et al., 2014; Hsiao et al., 2016). Although no study to date has looked at the 

impact of Cyfip1 haploinsufficiency on oligodendrocytes, it is well-established that these 

cells are highly dependent on actin dynamics and protein translation mechanisms to 

differentiate and produce myelin (see General Introduction). Increased levels of f-actin 

and protein translation, as a consequence of Cyfip1 haploinsufficiency, were shown to 
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have a marked impact on spine morphology and physiology. In this current study, no 

visual evidence was found for abnormal morphology in Cyfip1+/- oligodendrocytes. In 

fact, oligodendrocytes in Cyfip1+/- cultures were able to fully mature, exhibiting the same 

proportion of cells with advanced morphological characteristics (Type 2 and Type 3 cells, 

Figure 7.4). However, it is important to mention that a comprehensive analysis of the 

oligodendrocyte cytoskeleton and number of processes was not done in this study, and 

therefore the current data do not discard a possible influence of Cyfip1 on oligodendrocyte 

cytoskeleton morphology. Visual inspection of O4 staining, which is expressed from pre-

oligodendrocyte stage onwards (Figure 7.2), suggests that the morphology of these cells 

is similar between cultures. However, quantification of this observation was difficult 

given the ‘spotty’ pattern of this staining. Other markers should be used to assess 

oligodendrocyte morphology, where some suggestions will be further discussed in the 

next section. Nevertheless, the findings of an abnormal distribution of MBP in Cyfip1+/- 

oligodendrocytes may suggest a deficit in the transport of MBP mRNA, and/or a deficit 

in the translation of this protein. In order to plan future experiments addressing this 

hypothesis, it is important to elaborate on how Cyfip1 could influence both the transport 

and/or translation inhibition of this protein.  

 As previously explained, MBP mRNA is transported in RNA granules, along 

microtubules, towards the myelin membrane. Failure in this process results in an 

accumulation of MBP in the oligodendrocyte cell body, culminating in myelin deficits, 

as demonstrated in a taiep mutant rat model (Song et al., 2003). Similarly, the in vivo 

observation of myelin thinning in Cyfip1+/- rats, reported in the last chapter, can be a result 

of a failed translocation of MBP to the distal ends of the oligodendrocyte processes, as 

suggested in vitro. Interestingly, in the taiep mutant rat model, MBP RNA granules fail 

to reach the myelin membrane due to an abnormal accumulation of microtubules in the 

oligodendrocyte processes, that somehow hinders the transport of these granules (Song et 

al., 2003). Although the levels of f-actin were not assessed in this current study, it is 

possible that Cyfip1 haploinsufficiency could lead to increased f-actin polymerisation, 

and therefore an accumulation of actin filaments at the oligodendrocyte processes. In the 

General Introduction, a study by Zuchero et al., 2015 was mentioned, where the authors 

propose that MBP indirectly promotes actin disassembly (production of g-actin from f-

actin), by activating depolarising proteins like cofilin and gelsolin, and this was essential 

for myelin wrapping. In Zuchero et al., 2015 study it was also shown that MBP did not 

co-localise with actin filaments in oligodendrocytes. It is then possible that an 
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accumulation of actin filaments beyond the distal ends of the oligodendrocyte processes 

could create a physical barrier and hinder the transport of MBP RNA granules, and 

culminate in the observed phenotype. Furthermore, a relationship between microtubules 

and f-actin dynamics has been proposed, where an increment on microtubule stability or 

number of microtubules is associated with increased f-actin dynamics (Wu and Bezanilla, 

2018). Whilst this hypothesis is highly speculative, it is possible that higher levels of f-

actin could also affect microtubule organisation in the oligodendrocyte processes, and 

lead to a similar phenotype to the one observed in the taiep mutant rat (Song et al., 2003).  

 Inhibition of MBP protein translation before oligodendrocyte maturation, and 

before reaching the axon-oligodendrocyte contact site is crucial for myelin formation, 

where an early translation of this protein could affect the oligodendrocyte cell (Müller et 

al., 2013). A few studies have looked at FMRP as a possible mediator of MBP translation, 

where it was first showed that FMRP is expressed in OPCs and immature 

oligodendrocytes, declining as oligodendrocytes differentiated (Wang et al., 2004). This 

decline of FMRP during oligodendrocyte differentiation was accompanied by an 

increment in MBP protein expression at mature stages, suggesting that FMRP could 

regulate some aspects of myelination. Additionally, using a mouse model, Wang et al., 

2004 revealed an interaction between FMRP and the 2’untranslated region 3’UTR of 

MBP mRNA both in vitro and in vivo, suggesting that MBP mRNA may be one of the 

targets of FMRP in oligodendrocytes.  It was then suggested that FMRP could repress the 

translation of MBP mRNA in immature oligodendrocytes, and later reduction of FMRP 

would allow MBP mRNA translation in mature oligodendrocytes (Wang et al., 2004; 

Jeon et al., 2017). Absence of FMRP could then lead to an early expression of MBP in 

immature oligodendrocytes. Given the molecular link between FMRP and CYFIP1, it is 

possible that FMRP inhibits MBP mRNA translation through the CYFIP1-eIF4E 

complex. Therefore, reduced levels of Cyfip1 protein in the rats could lead to an early 

translation of MBP in immature oligodendrocytes, which could explain the abnormal 

increment in proportion of MBP+ cells in Cyfip1+/- cultures. Although a link between 

FMRP and MBP mRNA translation has been proposed, it is also important to mention 

that some contradictory findings have been reported, where no differences in expression 

of MBP were found in a Fmr1 knockout mouse (Giampetruzzi et al., 2013). More studies 

are needed in order to look at a FMRP and CYFIP1 as mediators of MBP mRNA 

translation. Nevertheless, deficits in myelination have also been reported in Fmr1 
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knockout mouse models, specifically delayed myelination was found during the first 

postnatal week (Pacey et al., 2013). 

7.5.2. Limitations of the study 

The work in this study revealed initial evidence for a link between Cyfip1 

haploinsufficiency and oligodendrocyte dysfunction, by disrupting MBP protein 

translocation in the mature cells. However, the proposed mechanisms through which 

Cyfip1 can influence this MBP distribution are speculative and further experiments need 

to be done. One major limitation of this study, was the fact that no comprehensive 

analyses were performed in order to investigate possible effects on oligodendrocyte 

cytoskeleton and number of processes. Furthermore, given that one of the proposed 

mechanisms relies on an abnormal accumulation of f-actin in the cell processes, markers 

for alpha-tubulin, f-actin and g-actin should be used in further experiments. Alpha-tubulin 

will mark for the microtubules present in the cell processes, giving us a visualisation of 

oligodendrocyte morphology, whereas levels of f-actin and g-actin will further elucidate 

on possible dysregulations in actin assembly/disassembly mechanisms. Another 

limitation is the fact that the presence of Cyfip1 protein in oligodendrocytes was not 

measured in this study, and it will be crucial in next experiments. Here, the presence of 

the CYFIP1-binding WAVE1 and FMRP proteins in oligodendrocytes, where WAVE1’s 

role in oligodendrocyte morphogenesis is well established (Kim et al., 2006; Michalski 

and Kothary, 2015), indicates that CYFIP1 protein should also be expressed in 

oligodendrocytes. It would also be interesting to quantify Cyfip1 expression in different 

stages of differentiation, since some findings indicate that FMRP is expressed in 

oligodendrocytes in a differentiation stage-specific manner (Wang et al., 2004).   

 General limitations associated with in vitro experiments also need to be taken into 

account when extrapolating these results to phenotypes in vivo. In the last chapter, brain 

tissue histology revealed myelin thinning in the corpus callosum of the Cyfip1+/- rats and 

a reduction in the number of mature oligodendrocyte cells in this structure. Although the 

evidence of an abnormal MBP distribution in cultured oligodendrocytes could lead to 

myelin thinning, the fact that we see more MBP+ cells in the Cyfip1+/- cultures contradicts 

the in vivo observation. Understandably, both experiments rely on distinct conditions, 

where an obvious difference is the presence of axons in vivo, and absence of axons in 
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vitro. As briefly mentioned in the General Introduction, axons can influence 

oligodendrocyte differentiation and myelin production, where several signalling pathway 

are involved. Moreover, in vitro experiments were done on cells extracted from neonatal 

pups, from P0 to P3, whereas in vivo experiments were done in adult animals. This brings 

up the question whether Cyfip1 has a different influence on oligodendrocytes during 

development. Finally, the in vivo study reported in the last chapter was focused on the 

corpus callosum region and different phenotypes may be apparent on distinct brain 

regions. 

7.5.3. Conclusions  

Taken together, the studies reported here and in Chapters 5 and 6 are the first addressing 

a role of Cyfip1 during myelination. In this chapter, cell culture methods indicated an 

abnormal pattern of MBP protein distribution in Cyfip1+/- cultured oligodendrocytes, 

suggesting a deficit on MBP translocation to the distal ends of the cell processes. This 

might be the underlying cause for the in vivo myelin thinning observation in Cyfip1+/- 

rats, reported in Chapter 6. Therefore, this study sheds some light on possible cellular 

mechanisms through which CYFIP1 could influence oligodendrocyte function and 

myelination. Future studies are needed in order to understand how Cyfip1 affects MBP 

distribution, and distinguish between effects on mRNA transport and/or translation. 

Given the possible role of CYFIP1-FMRP complex in mediating MBP mRNA 

translation, the increased proportion of cells expressing MBP in Cyfip1+/- 

oligodendrocytes could be due to an inefficient inhibition of translation. In order to assess 

if immature oligodendrocytes are expressing MBP in Cyfip1+/- cultures, quantification of 

MBP+ cells can be made in cultures of OPCs after 2 days of differentiation, where MBP 

synthesis is initiated under control conditions. Furthermore, in order to distinguish 

between MBP mRNA transport and/or MBP translation, the mRNA should be targeted 

instead of the protein, where an interaction between Cyfip1 and MBP mRNA could also 

be studied. Future experiments will be further elaborated in the General Discussion 

chapter.  

 Myelin is essential for a fast conduction of electrical impulses through axons, and 

myelin thinning may slow down communications between axons and lead to neural 

dysfunction. The overall work developed in this thesis suggests a role of Cyfip1 in 
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myelination in a rat model, which may underlie the clinical and behavioural phenotypes 

associated with 15q11.2 BP1-BP2 deletion.   
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Chapter 8  

General Discussion 
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8.1. Thesis overview 

Neurodevelopmental disorders are characterised by abnormal brain development, and 

result in a wide spectrum of neuropsychiatric symptoms. These disorders have been 

conceptualised as ‘synaptopathies’, insofar as several studies have linked these disorders 

to altered synaptic structure and function. However, with the development of specialised 

methods like DTI, allowing an in vivo characterisation of white matter and axonal 

projections, new lines of evidence have emerged showing extensive white matter 

abnormalities in these patients, both in short and long distance connections. This has led 

to the question whether these white matter phenotypes are a direct cause of genetic 

alterations, or a secondary result of the disease process. This motivated the investigation 

of the impact of neurodevelopmental CNVs on white matter microstructure in clinically 

well individuals, where several groups have found a link between these variants and 

altered white matter. The work developed in this thesis investigated the impact of 

variations in the 15q11.2 BP1-BP2 chromosomal region on white matter microstructure. 

Given the importance of identifying mechanistic biomarkers, targeting the role of 

individual genes and how they may lead to increased risk is a significant step to improve 

our knowledge on these disorders. To this end, I looked at the impact of low dosage of 

Cyfip1 (a gene in this region) on white matter microstructure, using a novel Cyfip1 

haploinsufficiency rat model. The following section will comprise a summary of the 

results presented throughout the thesis. 
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8.2. Summary of results   

This thesis started with an investigation of white matter microstructural abnormalities in 

human carriers of the 15q11.2 BP1-BP2 CNV. This work is described in Chapter 3 and 

Chapter 4. The study described in Chapter 3 was based on a collaboration with deCODE 

genetics Institute in Iceland (https://www.decode.com/). Prior to this study, and as part of 

the ongoing gene discovery work in deCODE genetics, DTI data from 30 individuals with 

the 15q11.2 BP1-BP2 deletion, 27 individuals the reciprocal duplication, and 19 

individuals with no large CNVs were collected. Using whole-brain and regional analysis, 

extensive global mirror effects were found in FA where deletion carriers showed 

widespread increases in FA, whereas duplication carriers showed decreases in FA, 

compared to NoCNV controls. Further preliminary and exploratory analyses suggested a 

possible CNV dosage-effect on age trajectories of white matter integrity, and different 

magnitude of effects in males and females. Overall, this was the first study, to date, 

showing an effect of 15q11.2 BP1-BP2 CNV on white matter microstructure.  

With the aim of replicating the above findings, the study on Chapter 4 comprised 

an analysis on DTI-derived measures from British and Irish descendent participants from 

a subsample of the UK Biobank database (www.ukbiobank.ac.uk). This study was not 

only important to be able to establish a link between 15q11.2 BP1-BP2 and altered white 

matter microstructure, but also to look at these effects on a more heterogeneous sample. 

In this study, 54 deletion and 55 duplication carriers were compared to thousands of 

controls (n=15663) with no large CNVs. Again, a reciprocal effect was found with 

increased FA in deletion, and decreased FA in duplication, where the largest effects were 

found in the same white matter tracts to those described in Chapter 3. Age trajectories 

also showed similar white matter progressions in both samples, suggesting a possible 

effect of age. In the UK Biobank sample, no differences were found between males and 

females. Altogether, results from both studies not only establish a link between 15q11.2 

BP1-BP2 CNV and altered white matter microstructure, but also show a dosage-

dependent effect with a ‘mirrored phenotype’ between the deletion and duplication.  

The above studies highlight the importance of investigating mechanisms through 

which variations in genes within the 15q11.2 BP1-BP2 interval could influence white 

matter microstructure. Here, the molecular link between CYFIP1 and FMRP was of high 

relevance, since absence of this protein is known to cause FXS, a syndrome where similar 
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white matter abnormalities have been reported (Green et al., 2015; Hall et al., 2016). 

This motivated the creation of a novel Cyfip1 haploinsufficiency rat model, with the aim 

of modelling the low dosage of CYFIP1 in 15q11.2 BP1-BP2 deletion carriers. In 

Chapters 5 to 7, a combination of DTI, histology and cell culture methods, allowed the 

investigation of white matter abnormalities associated with Cyfip1 haploinsufficiency in 

this rat model.  

In Chapter 5, DTI methods were used to look at white matter abnormalities in 

Cyfip1+/- rats in the whole-brain, identifying regions with higher sensitivity to Cyfip1 

haploinsufficiency. Here, a whole-brain analysis using TBSS followed by FWE 

correction for multiple comparisons showed significant decreases in FA, where regional 

quantification showed a higher sensitivity of the corpus callosum to Cyfip1 

haploinsufficiency. Using FDR correction, a less conservative correction method for 

multiple comparisons, additional white matter changes were unravelled, where increases 

in FA in fimbria and stria terminalis were found in Cyfip1+/- rats, suggesting a possible 

differential effect of Cyfip1 haploinsufficiency in distinct brain regions. Although DTI is 

sensitive to white matter microstructural abnormalities in the brain this technique does 

not provide enough cellular resolution in order to understand the underlying cellular 

nature of these changes. Several factors may affect the DTI signal, such as axonal 

properties, like the diameter and number of axons, and myelin thickness.  

In Chapter 6, ultrastructural TEM methods were first used to investigate changes 

on axonal density, diameter and myelin thickness, in a new cohort of rats. This analysis 

was focused on the corpus callosum, indicating a thinning of the myelin sheath in this 

structure, which was independent of any changes in axonal density or diameter. This 

finding was potentially highly relevant since recent evidence, combining histological and 

gene expression studies, have suggested deficits in myelination as a principal contributor 

to the atypical network connectivity seen in neurodevelopmental disorders. In the central 

nervous system, myelin is produced by mature oligodendrocytes, and 

immunofluorescence analysis indicated a decrease in the population of these cells in 

Cyfip1+/- rats. This suggests an effect of Cyfip1 haploinsufficiency on oligodendrocyte-

myelin dynamics. 

Using primary OPC cultures, isolated from neonatal rats (postnatal day 0-3), the 

study in Chapter 7 described a possible cellular mechanism through which Cyfip1 could 

influence myelination. Here, although no evidence was shown for a genotypic effect on 
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oligodendrocyte cytoskeleton morphology, Cyfip1+/- oligodendrocytes exhibited an 

abnormal intracellular distribution of MBP, a key myelin protein. Cyfip1+/- 

oligodendrocytes showed a relatively constrained distribution of MBP protein in the cell 

body, compared to the widespread distribution encompassing the cell processes in WT 

cells. These data indicate a failure in MBP translocation to the oligodendrocyte cell 

processes in Cyfip1+/- cultures. The transport of MBP mRNA to the distal ends of the cell 

processes, and consequent translation at the axon-oligodendrocyte contact site, is crucial 

for a variety of mechanisms leading to myelin formation, and can therefore underlie the 

in vivo myelin thinning observation in Cyfip1+/- rats.  

8.3. Link between human and rat model findings 

Evidence from the DTI studies in Chapters 3 and 4 show that variations at 15q11.2 BP1-

BP2 lead to white matter abnormalities. In the beginning of this thesis, it was 

hypothesised that CYFIP1 could be a potential contributor to these white matter 

abnormalities, given its known involvement in mechanisms that potentially affect axon 

development and myelination. In Chapter 5, using DTI methods and a Cyfip1+/- rat line, 

it was indeed shown that Cyfip1 haploinsufficiency was associated with white matter 

changes, as predicted. However, as noted previously, although the rat and human 

phenotypes converged on white matter changes, they differed in the direction of effects, 

with predominant increased FA in human deletion carriers and decreased FA in Cyfip1+/- 

rats. Understandably, a direct comparison between the human and the rat data is not 

possible, where apparent species differences could underlie these opposite effects.  

In Chapter 5, it is also noted that the 15q11.2 BP1-BP2 involves three other genes 

in addition to CYFIP1 that may also have an impact on white matter microstructure. 

Therefore, one possible way to address specie differences would be to create a new a rat 

model, encompassing a full deletion of the four genes in this region: NIPA1, NIPA2, 

TUBGCP5 and CYFIP1. Here, assuming this were technically feasible and the resulting 

animals viable, if similar changes were seen between the rats and humans, one could 

hypothesise with greater confidence that other genes in this region could also contribute 

to the 15q11.2 BP1-BP2 deletion phenotype, though it would remain difficult to predict 

phenotypic consequences arising from possible interactions between the four genes, 

including the case of effects on white matter. The creation of animal models with 
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mutations in each individual gene in this region could help further answer this question. 

A gene candidate for white matter abnormalities is the NIPA1, known to mediate BMP 

signalling that is involved in axonal growth and guidance. It has been proposed that 

deletions in NIPA1 could result in axonal overgrowth, leading to increased axonal density, 

which could underlie the increased FA seen in human carriers. The DTI studies on human 

carriers also showed a reciprocal effect of the 15q11.2 BP1-BP2 CNV on white matter 

microstructure, where bidirectional dosage led to opposite changes in FA. Therefore, 

given that a dosage-dependent effect of Cyfip1 on spine morphology was previously 

found, it would be interesting to also investigate the effects of Cyfip1 overexpression on 

white matter microstructure.  

 Data from Chapter 6 revealed additional detail to cellular changes possibly 

underlying the imaging phenotype, revealing a specific impact of Cyfip1 

haploinsufficiency on myelin thickness. Here, Cyfip1+/- rats showed myelin thinning in 

the corpus callosum, which is consistent with the decreased FA reported in Chapter 5. An 

obvious question is whether myelin deficits could also be present in human 15q11.2 BP1-

BP2 deletion carriers. It is known that myelin modulates the degree of anisotropy of water 

molecules inside the white matter tracts, and therefore affects the DTI signal, where less 

myelin is associated with reduced FA. However, the influence of myelin is relatively 

modest when compared to changes in the axon itself, that lead to stronger effects on DTI 

signal. Therefore, it is hypothesised in Chapter 6 that these myelin changes can also be 

present in humans, but could be masked by other alterations on white matter structure that 

lead to the observed increased FA. As mentioned in Chapter 6, one way to investigate 

this matter would be to distinguish between myelin and axonal changes. Some MRI 

methods are proven to be more specific to myelin changes than DTI, such as 

magnetization transfer ratio, myelin water imaging and susceptibility mapping (Heath et 

al., 2018). Furthermore, the development of ultrastructural MRI methods, such as 

Connectome scanners, could theoretically provide enough resolution to disentangle 

changes in myelin from other axonal properties (Shi and Toga, 2017). Cardiff University 

Brain Research Imaging Centre (CUBRIC) houses a Siemens 3 Tesla Connectome 

system, the first facility with a connectome scanner outside of the United States. Future 

projects could involve the use of this scanner in a cohort of 15q11.2 BP1-BP2 CNV 

carriers. However, there is still a great need to validate these imaging methods (Shi and 

Toga, 2017). Nevertheless, the human findings suggest that deviations from normal gene 

dosage in each direction can culminate in abnormalities in brain development. This 
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illustrates the importance of studying how chromosomal imbalances can have different 

impacts on neural processes, which might have important implications for designing 

targeted therapeutic interventions in the future.  

8.4. Cyfip1 haploinsufficiency and oligodendrocyte function – a 
proposed mechanism 

The work described in Chapter 7 indicates an impact of Cyfip1 haploinsufficiency on 

MBP protein distribution in Cyfip1+/- oligodendrocytes, where MBP protein is 

constrained to the cell body not reaching the end processes of the cells. An abnormal 

transport of MBP mRNA, and/or a deficit in translation inhibition of the protein could 

result in the observed phenotype. In Chapter 7, I propose two different mechanisms 

through which Cyfip1 haploinsufficiency could impact these two processes. Knowing that 

oligodendrocyte-myelin dynamics rely on constant actin remodelling leads to the 

question as to whether alterations in actin content could influence MBP transport. Here, 

it is known that CYFIP1 acts as a negative regulator of actin polymerisation (production 

of f-actin), and reduced dosage of Cyfip1 leads to increased levels of f-actin in dendritic 

spines in mice. Therefore, I suggested that Cyfip1 haploinsufficiency in rats could lead to 

an abnormal accumulation of f-actin in the processes of Cyfip1+/- oligodendrocytes, 

creating a physical barrier to MBP transport to the myelin membrane. MBP transport 

occurs via microtubules, and changes in these structures have been shown to highly 

impact MBP distribution in oligodendrocytes (Song et al., 2003; Lyons et al., 2009). 

Given that f-actin dynamics are coordinated with microtubule formation and maturation 

(Wu and Bezanilla, 2018), it is also possible that increased levels of f-actin could have an 

impact on microtubule organisation. Figure 8.1A illustrates this proposed mechanism, 

where Cyfip1 haploinsufficiency leads to an accumulation of actin filaments that affects 

microtubule organisation, hindering the transport of the MBP mRNA stress granules to 

the distal end of the oligodendrocytes’ processes.  

One way to test this hypothesis would be by using in situ hybridization methods 

to track the location and movement of MBP mRNA. A study by Laursen et al., 2011 was 

able to target MBP mRNA in oligodendrocytes, employing an MBP-specific digoxigenin 

labelled probe. Single-molecule fluorescent in situ hybridization (smFISH) method could 

also be used, allowing the detection of single RNA molecules at the single-cell level and 
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single-molecule resolution (Haimovich et al., 2017). Furthermore, RNAscope® 

Technology is a novel in situ hybridization assay for detection of single molecules of 

targeted RNA in cells. This technique provides a higher specificity, compared to smFISH, 

by amplifying target-specific signals but not background noise from non-specific 

hybridization (https://acdbio.com/science/how-it-works).  

 As explained previously, MBP is only expressed in mature oligodendrocytes, and 

inhibition of its translation during oligodendrocyte differentiation is crucial for cell 

development. Some studies have suggested a role of FMRP as a repressor of MBP mRNA 

translation. Hence, considering that FMRP acts as a repressor of translation of some 

mRNAs in combination with CYFIP1, it is possible that decreased levels of CYFIP1 

could lead to an early translation of MBP in immature oligodendrocytes, as proposed in 

Figure 8.1B. To test this hypothesis, OPCs cultures could be analysed after 2 days of 

differentiation, where MBP synthesis is just initiated under control conditions. 

Furthermore, an RNA immunoprecipitation assay can be used to analyse proteins that 

interact and modify the function of mRNAs. This assay could be used to investigate the 

interaction between MBP mRNA and Cyfip1 protein. Additionally, in order to test 

different Cyfip1 dosage effects on MBP distribution, overexpression and conditional full-

knockout of Cyfip1 in oligodendrocytes can be studied. An investigation of CYFIP1 

influence on MBP distribution in human 15q11.2 BP1-BP2 carriers could potentially be 

done by using human blood cells from these carriers, to be reprogrammed into human 

neural stem cells (hNSCs) (Thier et al., 2019) in order to generate oligodendrocytes in 

vitro (Rodrigues et al., 2017).  
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Figure 8.1 - Proposed mechanisms through which Cyfip1 haploinsufficiency could impact MBP 

mRNA transport and/or MBP translation inhibition in oligodendrocyte cells. 

A Schematic representation of axon ensheathment by an oligodendrocyte, where MBP mRNA is 

transported in stress granules from the cell body towards the axon-oligodendrocyte contact site. Here, it is 

proposed that Cyfip1 haploinsufficiency hinders this process by leading to increased production of f-acting. 

Increased f-actin would result in accumulation of actin filaments in the oligodendrocyte processes and 

disorganisation of microtubules, which could present a physical barrier to the transport of MBP mRNA. B 

Schematic representation of an immature oligodendrocyte under normal conditions (WT), where MBP 

mRNA translation is inhibited; and under abnormal conditions (as hypothesised for Cyfip1+/- 

oligodendrocytes), where MBP mRNA translation occurs before maturation.  
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8.5. Functional outcomes of impaired myelination in Cyfip1+/- rats 

TEM analysis, in Chapter 6, revealed a thinning of the myelin sheath in the corpus 

callosum of Cyfip1+/- rats. This myelin thinning seems to be preserved across species, 

where an independent group (Domínguez-Iturza et al., 2019) found myelin thinning in 

Cyfip1+/- mice, also in the corpus callosum. Domínguez-Iturza et al., 2019 also found 

impaired bilateral functional connectivity and motor coordination in Cyfip1+/- mice. 

Motor learning has also been shown to be impaired in Cyfip1+/- mice in Bachmann et al., 

2019. The corpus callosum connects and mediates information between the two brain 

hemispheres, and some white matter tracts connecting motor areas travel through the 

body of the corpus callosum. Therefore, myelin thinning in this region can be the 

underlying reason of abnormal bilateral connectivity and motor problems. 

 Results in Chapter 7 suggest that this myelin thinning might be a result of 

oligodendrocyte dysfunction, where apparent deficits in MBP protein distribution were 

observed in Cyfip1+/- oligodendrocytes in vitro. As stated in Chapter 6, an earlier study 

on Shiverer mice showed that reduced levels of MBP are associated with specific effects 

on behavioural flexibility using a reversal learning task, with no deficits on initial learning 

(Inagawa et al., 1988). In our laboratory, parallel experiments (not reported in this thesis) 

looking at the effect Cyfip1 haploinsufficiency on behavioural flexibility were performed, 

and published together with the findings from Chapter 5, 6 and 7 (Silva et al., 2019a). 

Here, two different tasks were used: reversal learning and associative mismatch task. In 

the reversal learning task, the Cyfip1+/- rats showed greater early preservation in choosing 

the previously rewarded stimulus, where effects were highly specific to the reversal 

element of the task, with no related effects on initial learning. This pattern of normal 

initial learning but impaired behavioural flexibility was also apparent in the associative 

mismatch task.  

Inability to alter behaviour in response to environment changes has been highly 

associated with orbitofrontal cortex and ventral prefrontal cortex in humans and rats 

(Schoenbaum et al., 2002; Chudasama and Robbins, 2003; Hornak et al., 2004). 

Although the TEM analysis in Chapter 6 was restricted to the corpus callosum, the DTI 

whole-brain analysis in Chapter 5 suggests that other white matter tracts might also be 

affected in Cyfip1+/- rats. In vitro findings, in Chapter 7, also suggest a general effect of 

Cyfip1 on myelination. Hence, myelin thinning in white matter structures relevant to 
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behaviour flexibility could lead to this abnormal behaviour. Although the role of the 

corpus callosum in behaviour flexibility is not established, this structure was previously 

shown to correlate with behaviour flexibility (Bearden et al., 2011), as explained in 

Chapter 6. The corpus callosum (along with the internal capsule) is also known to carry 

white matter bundles containing axons projecting from the frontal cortex and striatal 

regions, and development of the corpus callosum coincides with the maturation of the 

frontal cortex, mutually influencing each other’s development (Putnam et al., 2008; 

Ozalay et al., 2013). Therefore, changes in the corpus callosum structure could influence 

structures relevant for behavioural flexibility. The behavioural assays performed in the 

Cyfip1+/- rats were done in a separate cohort of animals, not allowing correlation analyses 

between behaviour and white matter properties. Future experiments combining in vivo 

DTI, behaviour assays, and histology in the same cohort of animals could reveal white 

matter structures associated with behavioural changes in the Cyfip1+/- rats, where the role 

of the corpus callosum on behaviour flexibility could be investigated.  

 An increasing body of evidence suggests that myelin also plays a role in circuit 

plasticity, where alterations in oligodendrocyte-myelin dynamics can occur during 

cognitive processing and learning. Several studies, in rodents and humans, have shown 

an association between learning  a new task and white matter alterations in relevant brain 

regions (McKenzie et al., 2014; Hofstetter and Assaf, 2017; Metzler-Baddeley et al., 

2017). McKenzie et al., 2014 showed that the production of newly formed 

oligodendrocytes is accelerated in mice learning a new motor skill, where mice had to 

learn how to run on a complex modified wheel, with irregularly spaced rungs. The authors 

further showed that myelination was essential for learning this new skill by blocking the 

oligodendrocyte production before and after learning this task. Here, mice only had 

difficulties performing this task when oligodendrocyte manipulation was done prior to 

learning. This suggests that myelination was crucial for learning a new complex task, but 

not required to recall a pre-learned skill. This effect is not specific to motor learning, 

where other studies have found white matter plasticity associated with other behavioural 

assays. Hofstetter and Assaf, 2017 looked at the influence of short learning tasks on white 

matter plasticity in both humans and rats, where humans performed a 2 hours spatial 

learning task, and rats underwent training for 1 day in a Morris water maze task. DTI data 

were acquired in both cohorts, before and after learning. In both species, changes in water 

diffusion were found in the fornix and were correlated with improvement in behavioural 

measures, showing a correlation between white matter and learning. Metzler-Baddeley et 
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al., 2017 used MRI methods with higher specificity to myelin changes to investigate 

myelin plasticity in adaptive working-memory training in humans. After 2 months of 

training, participants who underwent adaptive working memory training reported 

increases in myelin-associated metrics in relevant brain regions, compared to participants 

who practiced a non-challenging task.  Interestingly, the group who performed a repetitive 

non-challenging task showed opposite changes, revealing negative outcomes in myelin-

associated metrics. This pattern of opposing results indicate that myelin remodelling 

might only occur during ‘higher-level’ cognitive functions.  

 Considering the hypothesis that Cyfip1 haploinsufficiency leads to impaired 

myelination, one can postulate that Cyfip1+/- rats have less myelin plasticity as a response 

to learning new complex tasks. Flexible thinking is considered a component of ‘higher-

level’ cognition, involving the ability to adapt to new environmental cues. It is therefore 

possible that myelin remodelling is necessary to establish a new behaviour that 

contradicts the previously learned one. In order to test if reduced myelin plasticity in 

Cyfip1+/- rats contributes to their behavioural inflexibility, we have designed a new 

experiment in our laboratory to look at changes in white matter properties after 

biconditional training. In vivo imaging data were acquired from Cyfip1+/- and WT rats 

before and after training, where magnetisation transfer ratio (MTR) maps, as a proxy of 

myelin content, together with DTI and structural MRI data were collected. After the 

second scan, the brains were extracted to perform histological analysis (using TEM and 

immunofluorescence methods) in order to look at cellular alterations after training (see 

Figure 8.2 for experiment design). For histology, a behavioural-naïve control cohort was 

used, to explore cellular differences due to training. This will be the first study 

investigating a role of myelin plasticity during flexible thinking, and will further allow 

the identification of white matter connections important for this task; where the role of 

the corpus callosum in behavioural flexibility will also be studied.  
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Figure 8.2 - Experiment design to test alterations in white matter microstructure after biconditional 

discrimination learning. 

In this ongoing experiment, the mediation effect through which Cyfip1 haploinsufficiency affects 

biconditional learning due to alterations in myelin plasticity will be investigated. In order to focus on myelin 

content, magnetisation transfer ratio (MTR) maps were acquired, a technique that is more specific to myelin 

changes than DTI. Structural MRI, DTI, and MTR maps were collected before and after learning. At the 

end of the second scan, the brain tissue was taken for histology procedures, where electron microscopy and 

immunofluorescence techniques will be used to investigate cellular changes after training. Schematic 

representation of biconditional discrimination paradigm was taken from Dumont et al., 2015. 
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8.6. Conclusions and future directions 

The work developed in this thesis has made novel contributions to understanding how 

genetic variations at 15q11.2 BP1-BP2 chromosomal region may contribute to white 

matter microstructural abnormalities that can result in network dysfunction. Conclusions 

of this thesis can be summarised as follows: 

 

o Chromosomal imbalances in the 15q11.2 BP1-BP2 chromosomal region leads to 

abnormal white matter microstructural, where bidirectional dosage results in 

opposite changes in DTI metrics.  

o Cyfip1 haploinsufficiency also leads to white matter abnormalities in Cyfip1+/- 

rats. However, the direction of changes are opposite to those found in 15q11.2 

BP1-BP2 deletion carriers. 

o In Cyfip1+/- rats, Cyfip1 haploinsufficiency is associated with myelin thinning in 

the corpus callosum, and with a reduction of mature oligodendrocytes.  

o Cultured oligodendrocytes from neonatal pups (P0 to P3) suggest an abnormal 

distribution of MBP protein in Cyfip1+/- oligodendrocytes, an important protein 

for myelination.   

 

Altogether, these results suggest that Cyfip1 influences myelination in the central nervous 

system, which may underlie the 15q11.2 BP1-BP2 cognitive phenotypes. Here, it was 

clear that a link between the rat and human data is still uncertain, and more experiments 

using different types of imaging acquisition in the humans may help answering this 

question. In vitro assays, using cells from this novel Cyfip1+/- rat line, will provide further 

information about Cyfip1’s role on oligodendrocyte function, and therefore understanding 

the mechanisms through which Cyfip1 influences myelination. Finally, ongoing work in 

our laboratory is trying to establish a link between altered myelin plasticity in Cyfip1+/- 

rats and maladaptive brain function in the context of adaptive myelination, whereby 

changes in learning impacts acutely on myelination. These proposed experiments will be 

important to establish biomarkers for the altered neurodevelopmental processes leading 

to the increased psychiatric risk and behavioural problems associated with the 15q11.2 

BP1-BP2 CNV.  
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Appendix 1 
 

 

A. 1 Creation of the Cyfip1+/- rat 

 

A.1.1 CRISPR-Cas9 targeting 

Proprietary bioinformatics software (Horizon Discovery, St. Louis, USA) was used to 

design a short guide RNA (sgRNA) targeting a Protospacer Adjacent Motif (PAM) 

sequence within exon 7 of the rat Cyfip1 gene (GGCAGATCCACAATCCATCCagg) on 

chromosome 1 (Figure A.1).  

 

 

 

Figure A.1 - Targeting of the Cyfip1 gene with sgRNA in exon 7. Targeting of the sgRNA was 

restricted to the first two thirds of the Open Reading Frame of the Cyfip1 rat gene (first 21 of 32 

exons, Refseq: NC_005100.4, NM_001107517.1). Upstream targeting at the 5’end was also avoided 

due to the possible presence of cryptic promoters. The guide was designed and selected with the use 

of a commercially available online CRISPR design tool (commercial algorithm) to locate the 

appropriate PAM sequences and ideal locations for the sgRNA. An oligo was generated containing 

the specific guide sequence along with the appropriate scaffold and the oligo then acted as a template 

in an in vitro transfection (IVT) reaction to generate the sgRNA.   

 

An initial in vitro assessment of efficiency of the sgRNA-Cas9 was performed by 

nucleofecting the sgRNA-Cas9 into rat C6 glial cells. Genomic DNA (gDNA) PCR 

products were subsequently generated from nucleofected C6 cells using primers flanking 

the sgRNA site (FOR: GCCAAAGCTTCCCCTAAAGT; REV: 

TGGGCGTCAAGTACATTCTG; 497bp amplicon). gDNA PCR products were screened 

for NHEJ activity and deletion mutations using the SURVEYOR Cel-1 Mutation 
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Detection Assay (Integrated DNA Technologies, following manufacturer’s instructions, 

Figure A.2).  

 

 

 

 

 

A.1.2 Embryonic microinjection of sgRNA-Cas9 

Embryo donor female Long Evans rats were super-ovulated with pregnant mare serum 

(PMS) and given human chorionic gonadotrophin (HCG) 48 hrs post PMS 

administration. Females were immediately mated to stud males after HCG administration. 

Embryo donor females were euthanized 18-24 hrs after mating and their one-cell 

fertilized embryos were isolated by harvesting the reproductive tract and rupturing the 

ampulae. A total of 270 embryos were then put in culture media in a CO2 incubator until 

ready for microinjection. All 270 one-cell stage embryos were microinjected with the 

validated sgRNA-Cas9 over four sessions and then implanted into synchronized 

pseudopregnant Long Evans recipient females, resulting in 18 live births.  

  

A.1.3 Positive founders and confirmation of 4bp deletion 

Of the 18 live births, 7 pups demonstrated NHEJ activity (39% efficiency) as measured 

by the SURVEYOR assay (with gDNA derived from P14 tissue biopsies). To further 

identify positive founders, sequencing experiments of the gDNA PCR products were 

performed and revealed one positive female showing a 4bp out of frame heterozygous 

Figure A.2 – In vitro assessment of targeting efficiency. gDNA was 

obtained from C6 glial cells nucleofected with sgRNA-Cas9 and Green 

Fluorescent Protein (GFP). C6 cells nucleofected with GFP only acted 

as a visual positive of successful nucleofection (cells fluoresce green) 

and a genetic negative control of NHEJ activity. Meanwhile, NHEJ 

activity is observed in C6 cells nucleofected with sgRNA-Cas9 via the 

observation of smaller cel-1 bands and the relative intensity of these 

bands compared to the intensity of the larger wild-type band (497 bp) 

can be used to estimate NHEJ activity. 

 



 265 

deletion in exon 7 of the Cyfip1 gene at location Chromosome 1: 36974-36977 and a 

resulting bioinformatics prediction of an early stop codon in exon 8 (Figure A.3) 

Therefore, the efficiency ratio of generating rats carrying the required deletion was 5.5% 

(1 from 18 live births). 

 

 

 

 

Figure A.3 - Genomic sequencing of the Cyfip1 4bp heterozygous deletion founder. a) Manual reading 

of each double peak in the sequencing chromatograph (ABI Sequence Scanner) show that upstream 

of the deletion, sequences from the wild-type and modified allele are identical. At the site of the 

deletion i) the sequence read becomes mixed and ii) the sequence of the secondary peaks from the 

modified allele align with wild-type sequence, except they occur 4bp further upstream. This reveals 

the size and position of the modified allele. b) The 4bp deletion in the founder genomic sequence is 

highlighted in blue (Exon 7 highlighted in green; sgRNA site highlighted in yellow; exon 8 highlighted 

in purple) c) 4bp deletion in the mRNA sequence of the founder. d) The translation of mRNA from 

the 4bp-deleted sequence is bioinformatically predicted to create an early stop codon in Exon 8 

(codons TAG and TGA, region outlined by red box).  

 

A.1.4 Assessment of potential off-target effects 

Recent analysis has shown that Cas9-mediated off-target effects are relatively common 

(Anderson et al., 2018), which found that 23% of 81-genome-editing projects exhibited 

OTEs across mouse and rat models. Anderson et al., 2018 highlights the importance of 

validating the specificity of CRISPR-Cas9 gene editing and recommends an assessment 

of sgRNA design, in-silico prediction of potential OT sites and importantly biological 

assays, that together allow confidence that any OT engineered gene changes fall well 

below the background mutation frequency that can occur spontaneously. 
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To address this issue, we present an expanded analysis of potential OT sites in Table A.1. 

Here it is shown that the sgRNA guide designed against rat Cyfip1 has a MIT specificity 

score (Hsu et al., 2013) of 100% against the Cyfip1 gene and an overall score of 73.3% 

when factored against 49 OT sites. Previously in authoritative reviews it has been 

considered that a cut-off score of 66%, and above is sufficient to effectively eliminate the 

likelihood of OTE (Hsu et al., 2013) and this proposition has recently been confirmed by 

others (Anderson et al., 2018). Further, it has previously been shown that 2 mismatches 

(MM) – in concatenated or interspaced form - reduce Cas9 cleavage activity to low levels 

and can be further reduced to negligible levels if they occur within close proximity (12bp) 

to the PAM region (Hsu et al., 2013). Moreover, 3 concatenated mismatches were 

sufficient to eliminate detectable cleavage in the majority of loci tested, and more so, if 

these were interspaced and/or proximal to PAM. We also generated a list of top 10 

potential off-target (OT) sites, based on the sgRNA sequence used 

(GGCAGATCCACAATCCATCCagg), and ranked using the MIT website 

http://crispr.mit.edu/. Closer inspection of our list of Top 10 OT sites in Table A.2, shows 

that all have a minimum of 3 MMs and sites 1 and 3 both possess a MM in close proximity 

to the PAM.  
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Table A.1 - MIT predicted off target sites for the Cyfip1 sgRNA in-silico. 

 

 

MIT specificty scores - using Benchling (previously MIT website) Overall specificity score 73.3 %

Numbered Ots
Sequence PAM Score Gene Locus

GGCAGATCCACAATCCATCC AGG 100 Cyfip1 
(ENSRNOG00000011945) chr1:+114295724

OT1 GGAAAATCCACCATCCATCC TGG 1.4 chr2:-95793954
OT2 GCCAAATCCACAATCCATGC CAG 1.3 chr14:+5813530
OT3 GTATCATCCACAATCCATCC AAG 1.3 chr4:+109037870
OT4 CTCAGAAACACAATCCATCC CAG 1 chr3:+90820151
OT5 GGTAGCCCCACAATCCATCC CAG 1 chr8:+90295695
OT6 TGTACAGCCACAATCCATCC AAG 1 chr8:+45237516
OT7 GTCCGAACCCCAATCCATCC TAG 1 chr2:-85528916
OT8 TGGAAATCCACAATCCATCT CAG 0.9 chr2:+223864733
OT9 AGCAGATCCAGATTCCATCC AGG 0.7 chr4:+72665650
OT10 AGCATATACACAATCCATTC CAG 0.7 chr7:-113365387
OT11 TGCATACCCAGAATCCATCC TAG 0.6 chr6:-128916162
OT12 AGCATAACCAGAATCCATCC GGG 0.6 chr11:+79708047
OT13 GCTAGATCCTCAGTCCATCC TGG 0.6 chr2:-172781048
OT14 AGCAGATGCCCAATCCATTC GAG 0.6 chr18:-63836841
OT15 GACAAAGCCAAAATCCATCC AGG 0.6 chr3:+28891768
OT16 GTCAGAGACAGAATCCATCC AAG 0.6 chr4:-170865117
OT17 TGCACAGCCACAATCCTTCC AGG 0.5 chr14:+13356994
OT18 AGCACTTCCACCATCCATCC AGG 0.5 chr4:-180525716
OT19 AACTGATCCACAATTCATCC CAG 0.5 chr8:-8347020
OT20 CACAGATCTACAATCCCTCC CAG 0.5 chr3:-176292068
OT21 GGCAGATCCAGAACCCATCC CGG 0.5 chr6:-43384274
OT22 TGTAGATCCTCAATACATCC AGG 0.5 chr7:+67511010
OT23 TCCAGATCCAGAATCCCTCC TAG 0.4 chr11:-36121578
OT24 GGCAGGTTCTGAATCCATCC CAG 0.4 chr8:+24534839
OT25 GACACACCCACACTCCATCC AGG 0.4 chr19:-55314147
OT26 AGCAGAGTCACAATCCATGC AAG 0.4 chr2:-261967831
OT27 GGCAGCTGCGCAATCCATCA TGG 0.4 chr3:-173954380
OT28 GGCAAATTCATGATCCATCC AAG 0.4 chr10:+8354081
OT29 GGCACATTGACAATCCTTCC CAG 0.4 chr2:-126822158

OT30 GGCGGACCCCCAGTCCATCC AGG 0.4 Cyfip2 
(ENSRNOG00000006557) chr10:-31364956

OT31 TGCACATCCGCAATCCACCC CAG 0.4 chr10:-92422723
OT32 TGCAGATACATATTCCATCC CAG 0.4 chr15:+1789082
OT33 GGAATGTCCACAGTCCATCC AGG 0.4 chr18:-31761206
OT34 GGAATTTCCACATTCCATCC TGG 0.4 chr15:-61472675
OT35 AGCACATCCACTCTCCATCC CAG 0.3 chr19:-30859164
OT36 GATAGATCCACTGTCCATCC TGG 0.3 chr5:+63159170
OT37 AGCAGACTCACAATTCATCC TAG 0.3 chr2:-85469475
OT38 ACCAGATCCACACTCCTTCC CAG 0.3 chr5:+135998305
OT39 GGCACATCCACAATCCAGCA AAG 0.3 chr1:+146539887
OT40 TTGAGATCCACAATCTATCC TAG 0.3 chr2:+103959476
OT41 TGCAGAACCACTATCCATCT CGG 0.3 chrX:-63694162
OT42 AGCAGCTCCAGAATCCATCA TGG 0.3 chr1:-146566385
OT43 TGCAGATCTAAAATCCATCT GGG 0.3 chrX:-143494363
OT44 GCCAGCTCCAAAATCCATCT AAG 0.3 chr3:+127954078
OT45 TGCAGTTCCAGGATCCATCC AAG 0.3 ENSRNOG00000020103 chr18:+30285706
OT46 GTCAGAACCAGAATCCCTCC TGG 0.3 chr5:+75274315
OT47 GAAAGATCCATAATTCATCC TGG 0.3 chr2:+253045233
OT48 TGCAAATCCACAGTCCATTC AGG 0.3 chr5:-85205106

OT49 GCCAGGGCCACAATCCATAC AGG 0.3 Grm3 
(ENSRNOG00000005519) chr4:-21535579



 268 

Table A.2 – Top 10 predicted off target sites for the Cyfip1 sgRNA with a breakdown of mismatches 

and individual MIT scores. 

 

 

It is also important to notice recent discussions in the gene editing field as to the extent 

to which in-silico predicted OT sites (MIT website,Benchling) reflect true biological OT 

sites of Cas9-mediated activity. To some extent, this has been addressed experimentally 

by Anderson et al., 2018, whereby 30 robust OT sites were identified by two sequencing 

methodologies (whole-genome sequencing and TEG-sequencing) and found that 25 of 

these, i.e. 83%, where predicted using in silico methodologies. Therefore, in light of these 

results we can be reasonably confident that the Top 10 OTE table generated for the Cyfip1 

sgRNA is reflective of bone-fide biological OT sites.  

 

Furthermore, using a Surveyor assay, all the Top 10 predicted OT sites were negative, , 

i.e. no OTE were detected when we explicitly tested for them using wet methods. 

Corresponding gDNA PCR primer pairs were designed to flank each potential OT site 

(Figure A.4a). Extracted gDNA from the founder animal and wild-type controls were 

used as template for PCR, before each gDNA PCR product underwent the SURVEYOR 

assay (Figure A.4b). The lack of NHEJ activity, as indicated by a lack of smaller 

secondary products, revealed no evidence for genomic disruptions at the selected sites 

and was further confirmed by sequencing the 10 OT site gDNA products (data not 

shown). 

 

 

 

 

Sequence Genomic Coordinates Mismatches MM proximal to PAM (12bp core) Interspaced MM MIT score

Injected US sgRNA sequence GGCAGATCCACAATCCATCCAGG Chr1:+114295729 0 0 0 100
OT Site 1 GGAAAATCCACCATCCATCCTGG chr2:-115534496  3 1 3 1.4
OT Site 2 GTATCATCCACAATCCATCCAAG chr4:+173741171  4 0 0 1.3
OT Site 3 GCCAAATCCACAATCCATGCCAG chr14:+5796700   3 1 3 1.3
OT Site 4 CTCAGAAACACAATCCATCCCAG chr3:+97482256   4 0 2 1
OT Site 5 TGTACAGCCACAATCCATCCAAG chr8:+43715985   4 0 4 1
OT Site 6 GTCCGAACCCCAATCCATCCTAG chr2:-105200718  4 1 4 1
OT Site 7 TGGAAATCCACAATCCATCTCAG chr2:+241911684  4 1 4 0.9
OT Site 8 AGCAGATCCAGATTCCATCCAGG chr4:+137367617  3 2 3 0.7
OT Site 9 TGCATACCCAGAATCCATCCTAG chr6:-138113252  4 1 4 0.6
OT Site10 AGCATAACCAGAATCCATCCGGG chr11:-81022173  4 1 4 0.6
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Figure A.4 - In-silico identification of the Top 10 sgRNA off-target sites and NHEJ activity assessed 

by the SURVEYOR assay. a) The top 10 OT sites were computed by taking into account the following 

i) total number of mismatches (either 3-4 mismatches, highlighted in red), ii) mismatch absolute 

position (to accommodate for the relatively high disturbance of mismatches falling close to the PAM 

site) and iii) mean pairwise distance between mismatches to account for the steric effect of closely 

neighbouring mismatches in disrupting sgRNA -DNA interaction.  A total of 156 off-target sites were 

found, although only 14 of which were intragenic. Corresponding PCR primer pairs were designed 

to flank the top 10 potential off target sites. b) Using extracted gDNA from the founder animal and 

wild-type controls, gDNA products were made to flank each potential OT site (~300-500bp amplicon) 

and run on the SURVEYOR assay. None of the 10 OT sites tested revealed NHEJ activity and was 

later corroborated with sequencing data. 

 

A.1.5 Breeding, re-derivation and maintenance at Charles River, UK 

The F1 founder female was mated with male wild types at Horizon Discovery and 

generated F2 progeny containing the mutation confirming germ-line transmission.  A 

total of five male positives were exported to Charles River, Lyon, France for re-derivation 

by embryo transfer. The resulting specific pathogen free (SPF) progeny were sent to 

Charles River, Margate, UK for routine breeding and generation of experimental groups 

for phenotypic testing. The standard breeding protocol was a heterozygous x wild-type 

cross giving rise to 1:1 average Cyfip1+/- /wild-type progeny allowing full use of the litter 

and the generation of litter-mate controls. In most cases and unless otherwise stated, the 

genetic modification was transmitted through the male, resulting in the litters being raised 
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by wild-type dams. On occasion, transmission was through the female, this was to check 

for parent-of-origin effects; no POE have been found. The Cyfip1+/- rat model is viable 

and Charles River has reported no adverse effects on breeding performance, development, 

general health; and in addition, no deviation from the expected Mendelian 1:1 ratio of 

Cyfip1+/- to wild-types and no skewing of the sex ratios.  

 

A.1.6 Housing of experimental groups at Cardiff 

All experiments were carried out using adult male littermate Long Evans rats (4.5 - 

9months old) that had been produced at Charles River, UK and delivered to Cardiff at 8-

10 weeks of age. Rats were housed in groups of mixed wild-type/Cyfip1+/- in 

conventional, environmentally enriched cages, maximum 4 to a cage, with unrestricted 

food and water access and a standard 12h light-dark cycle (08:00 to 20:00). Room 

temperature was maintained at 21 ± 2°C and humidity at 55 ± 10%. Animal husbandry 

was carried out by technical staff at Cardiff University.  All procedures were performed 

in accordance with ARRIVE guidelines, the local regulations set by Cardiff University 

and the Animal (Scientific Procedures) Act 1986.  

 

A.1.7 PCR Genotyping 

Genotyping was carried out twice, an initial assay from tissue sent from Charles River 

prior to transport of the rats to Cardiff and then a further confirmatory assay post-mortem, 

in both cases the genotyping was carried out by the investigators in Cardiff.  DNA was 

extracted using Qiagen DNEasy Blood & Tissue Kit, Cat No./ID: 69506 and PCR carried 

out using a 2-primer design with primer sequences: Forward - 

TAGGGCTGCTCAGTTTTTACG, Reverse - TTGTTGTGGTTGG CCAGGAA.  For 

the cycling conditions 2 ul of sample was added to 23 ul of PCR Mastermix solution (12.5 

ul Promega GoTaq® G2 Green Mastermix M7822, M7823, 1 ul of each primer and 8.5 

ul nuclease-free water) and placed in a thermal cycler under the following conditions: 1.) 

95 °C for 10:00, 2.) 95 °C for 00:40, 3.) 60C for 00:40, 4.) 72 °C for 01:00, 5.) 40 cycles 

of steps 2-4, 6.) 72 °C for 05:00 and 7.) 8 °C for ever. The resulting PCR products for the 

mutant and wild-type sequences differed by 8bp, which produces a single band (wild-

type) or a double band (Cyfip1+/-), Figure A.5. To achieve this level of resolution, 10 ul 

PCR product and 3ul Promega 6X Blue/Orange Loading Dye (G1881) were pipetted into 

a well in a 4% agarose gel and run for 1.5-2 hours at 150v. 
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Figure A.5 - Gel image showing PCR products from Cyfip1+/- and wild-type rats using ear tissue; 

wild–type products show as a single band, Cyfip1+/- products as a double band, using this 2-primer 

design there was 100% concordance between the initial and post mortem genotype determinations.     

 

 

A.1.8 Molecular verification and characterisation of the Cyfip1+/- rat 

model 

 

A.1.8.1 qRT-PCR 

The effect of the heterozygous genomic heterozygous premature stop codon on 

transcription was tested by measuring Cyfip1 mRNA gene expression in the brain tissue 

of Cyfip1+/- rats via quantitative real-time PCR. Rats were sacrificed by carbon dioxide 

inhalation and whole brains from mutant adult males were extracted, alongside wild-type 

littermate controls (5.5 - 8months old, n=11 per genotype) and hemi-brain dissected and 

stored on dry ice before storage at -80 °C. In a separate group of animals (4.5 - 5 months 

old, n=10 per genotype) prefrontal cortex (PFC) and hippocampal regions from both brain 

hemispheres were dissected free-hand and frozen on dry ice before storage at -80 °C. 

RNA was extracted from the hippocampus and PFC (one hemisphere only), and hemi-

brains, using RNeasy Kits (Qiagen), followed by DNase treatment of RNA (TURBO 

DNA-free Kit, Ambion, Life Technologies) and cDNA synthesis (RNA to cDNA EcoDry 

Premix, Random Hexamers, Clontech). cDNA samples were prepared in triplicate in 96-

well reaction plates for SYBR-green-based quantitative real-time PCR (SensiFAST, HI-

ROX, Bioline), according to manufacturer’s instructions using a StepOnePlus System 

(Applied Biosystems, Thermo Fisher Scientific). Cyfip1-specific primers, along with 
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Gapdh and Hprt primers (housekeeping genes), were bioinformatically designed and 

assessed to span at least one exon-exon boundary and to match only for its target mRNA 

sequence in rat (primer-BLAST and nBLAST, NCBI), before being commercially 

synthesised (Sigma-Aldrich). Primer efficiencies were experimentally determined 

through a dilution series of brain region-specific wildtype cDNA (efficiency of 90-110% 

was required, annealing temperature set at 60 °C). All samples were run in triplicate and 

individual -ΔCt values (relative to Gapdh and Hprt) were used to quantify mRNA gene 

expression. Primers used for qRT-PCR were as follows: Cyfip1 (FOR: 

GAGGAGAATAAGTCCCGGTGG, REV: GTAGCGTGCCAGCTCAGAAA; 

targeting exon 11-12); Gapdh (FOR: TCTCTGCTCCTCCCTGTTCT, REV: 

TACGGCCAAATCCGTTCACA); Hprt (FOR: TCCTCCTCAGACCGCTTTTC, REV: 

ATCACTAATCACGACGCTGGG). As illustrated in Figure A.6 quantification by qRT-

PCR confirmed that the genomic disruption of Cyfip1 leads to reduced Cyfip1 mRNA 

expression in Cyfip1+/- rats, with a reduction seen in the hemi-brain, hippocampus and 

PFC compared to wild-types (HEMI-BRAIN GENE (F(1,16)=63.094, p=0.0001), HIPP 

GENE (F(1,18)=27.192, p=0.0001), PFC GENE (F(1,18)=39.831, p=0.0001); 1-way 

ANOVA on -ΔCt data). We also confirmed that Cyfip1 haploinsufficiency did not change 

Cyfip2 expression (data not shown).   

 

 

Figure A.6- Cyfip1 mRNA expression in the hemi-brain, hippocampus and PFC and 

of wild-type and Cyfip1+/- rats. Measurement of –ΔCt by qRT-PCR revealed reductions 

of Cyfip1 mRNA in the hemi-brain of Cyfip1+/- rats compared with wild-types (wild-type: 

-2.312 ± 0.187, Cyfip1+/-: -3.253 ± 0.302; equivalent to a 47.9% decrease using 2-ΔΔCt). 

Similarly, Cyfip1 mRNA expression in Cyfip1+/- rats was reduced compared with wild-

types in the hippocampus (wild-type: -1.976 ± 0.256, Cyfip1+/-: -2.455 ± 0.139; equivalent 
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to a 28.3% decrease) and PFC (wild-type: -2.695 ± 0.178, Cyfip1+/-:  -3.219 ± 0.193; 

30.5% reduction). Four hemi-brains were of insufficient RNA quality to perform qRT-

PCR (n=2 per genotype). Individual –ΔCt data is graphed with error bars representing 

SEM. 1-way ANOVA performed on individual data points, with normality assessed by 

Shapiro-Wilk tests. * = P<0.05, ** = P<0.01, *** = P<0.001. 

 

A.1.8.2 Immunofluorescent western blotting 

Semi-quantitative immunofluorescent western blotting assays were employed to measure 

Cyfip1 protein in the brain of Cyfip1+/- rats and thereby determine whether the disruption 

already observed at the genomic (see section 3 and 7) and mRNA expression level (see 

previous section) was maintained at the level of Cyfip1 protein. The remaining, 

contralaterally dissected hippocampus and PFC (see section 8.1, n=10 per genotype), 

hemi-brains from a separate cohort of rats (n=11 per genotype, 5.5m - 8m old), were 

homogenized manually with a glass Dounce homogeniser in 1 ml of ice-cold lysis RIPA 

buffer (RIPA Lysis and Extraction Buffer, ThermoFisher Scientific) containing protease 

inhibitors (cOmplete Mini EDTA-free Protease Inhibitor, Roche, 1 tablet/ 10 ml RIPA). 

Additionally, Cyfip1 protein level was quantified in the corpus callosum, given that the 

work developed in this thesis focused on this region. A new cohort of rats (n=9 WT and 

10 Cyfip1+/- rats). was used for this analysis. The corpus callosum were manually 

dissected from the brains and visually inspected under the microscope. The homogenates 

were centrifuged at 12,000 rpm for 20 minutes at 4°C and aliquots of supernatant 

containing proteins stored at -80°C. A total of 40 µg of protein (quantified using Pierce 

BCA Protein Kit Assay, as per manufacturer’s instructions, ThermoFisher Scientific) in 

Laemmli sample buffer containing 1/20 β-mercaptoethanol (Bio-rad) were denatured at 

95°C for 5 min prior to separation on a 4-12% gradient Bis-Tris Midi gel (NuPAGE, 

ThermoFisher Scientific) in 1x Bolt MES SDS Running Buffer (ThermoFisher Scientific) 

at a constant voltage of 115 V for 1 hr. Transfer was performed in 1 x Bolt Transfer Buffer 

(ThermoFisher Scientific) to Amersham Protran nitrocellulose membranes (GE 

Healthcare Life Sciences) at a constant voltage of 85 V for 2 hr 15 min at 4 °C. Blots 

were blocked in 5% non-fat milk (Blocking Agent, Amersham, GE Healthcare Life 

Sciences) in 0.01 M Tris buffered saline solution containing 0.2% Tween 20 (TBST), and 

this TBST solution was used for all subsequent washes. Primary and fluorescent 

secondary antibodies were similarly diluted in TBST containing 0.2% Tween 20 and 5% 

milk and they were used at the following concentrations: Cyfip1 (AB6046, Millipore), 
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1:1,000; Gapdh (ab8245, Abcam), 1:5,000; IRDye® 680RD Goat anti-Rabbit IgG (Li-

Cor, 926-68071), 1:15,000 and IRDye® 680RD Donkey anti-Mouse IgG (Li-Cor, 926-

68072), 1:15,000. Incubation of blots in primary antibody solutions were at 4°C 

overnight, whilst fluorescent secondary antibodies were for 1 hr at RT. Blots were 

visualised using the 700 nm channel of the Odyssey CLx Imaging System (Li-Cor) and 

densitometric quantification was performed on scanned blot films using ImageStudio Lite 

software (Li-Cor). Densitometry data was normalised to the protein Calnexin (Cal) and 

between-blot variance was minimised by normalising each Cyfip1+/- sample signal to the 

average signal of all the wildtype samples on the same blot. 

Figure A.7 shows an overall 27% reduction in Cyfip1 protein levels in the hemi-

brain samples of Cyfip1+/- compared with wild-types (Hemi-brain Cyfip1 prot 

(F(1,20)=2.087, p=0.164); 1-way ANOVA). Similar levels of mean reductions were found 

in the hippocampal and prefrontal cortex samples (Hipp Cyfip1 prot, (F(1,18)=0.985, 

p=0.334), 1-way ANOVA; PFC Cyfip1 prot (F(1,20)=1.738, p=0.204), 1-way ANOVA). 

Due to a great degree of variability, these reductions were not significant. Surprisingly, 

when looking at the protein level in the corpus callosum, a 51.6% decrease of Cyfip1 

protein is seen revealing a significant reduction despite the presence of some variability 

(Corpus callosum Cyfip1 prot, (F(1,17)=7.778, p=0.013), 1-way ANOVA). The increased 

variability in the hemi brain, hippocampal and prefrontal cortex samples was common to 

both the wild-type and Cyfip1+/- rats, so it is unlikely to be due to the genetic manipulation 

per se. Whether these data reflect a degree of variability in the extent to which the 

reductions in mRNA translate into systematic reductions in protein levels, at least in the 

hippocampus and PFC, remains to be determined. 
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Figure A.7 - Cyfip1 protein levels in the hemi-brain, hippocampus and PFC of wild-

type and Cyfip1+/- rats. Measurement of protein levels by immunofluorescent western 

blotting revealed reductions of Cyfip1 protein in the hemi-brain (27% reduction), 

hippocampus (11.6% reduction), pre-frontal cortex (19,1% reduction), and corpus 

callosum (51.6% reduction) of Cyfip1+/- rats compared with wild-types. Due to the high 

variability within each group, only differences in the corpus callosum were significant. 

Densitometric data given relative to the average of all wild-type samples (100%) and 

normalised to protein control, Calnexin (Cal). Bars represent SEM, and 1-way ANOVA 

performed on individual data points. * = P<0.05, ** = P<0.01, *** = P<0.001.  
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A.2 Supplementary material for Chapter 3 

 

A.2.1 TBSS analysis excluding individuals who are related 

 

Table A3. Individual information on dosage, age, gender, total intracranial volume, and 

family relationships. Individuals who are related are highlighted with a certain colour, 

and the colour code is specified in the KEY column. The individuals who were removed 

from the analyses to produce Figures A.8 are specified on column 6. Dosage: 1= deletion, 

2=NoCNV, 3=duplication. 

 

Subject dosage age gender TIV 
 

Subj 1 2 59 1 1612.33 
 

Subj 2 2 41 1 1767.58 removed 

Subj 3 2 37 1 1642.45 
 

Subj 4 2 49 2 1500.51 
 

Subj 5 2 56 1 1916.71 
 

Subj 6 2 36 2 1329.03 
 

Subj 7 2 22 1 1640.82 
 

Subj 8 2 42 1 1860.66 
 

Subj 9 2 39 2 1629.37 
 

Subj 10 2 26 2 1638.81 
 

Subj 11 2 31 2 1420.73 
 

Subj 12 2 37 1 1569.75 
 

Subj 13 2 28 2 1486.33 
 

Subj 14 3 62 1 1769.55 
 

Subj 15 3 45 1 1616.38 
 

Subj 16 1 44 2 1575.26 
 

Subj 17 1 32 2 1376.6 
 

Subj 18 1 27 1 1558.38 
 

Subj 19 1 56 2 1385.12 
 

Subj 20 1 38 1 1544.59 
 

Subj 21 1 27 1 1860.96 
 

Subj 22 1 41 2 1479.42 
 

KEY  

  nephew-aunt 

  half-siblings 

  mother-daughter 

  siblings 

  siblings 

  daughter-father 

  son-mother 

  siblings 

  uncle-niece 

  first cousins 

  first cousins 
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Subject dosage age gender TIV 
 

Subj 23 3 52 2 1546.55 removed 

Subj 24 1 65 1 1547.32 
 

Subj 25 1 45 2 1458.81 
 

Subj 26 3 26 2 1333.78 removed 

Subj 27 3 53 1 1715.04 
 

Subj 28 3 51 2 1484.94 removed 

Subj 29 2 35 1 1701.68 
 

Subj 30 1 24 1 1662.12 
 

Subj 31 3 58 2 1382.59 
 

Subj 32 1 27 1 1593.04 removed 

Subj 33 1 37 2 1543.53 
 

Subj 34 1 23 2 1414.08 removed 

Subj 35 3 40 2 1509.29 
 

Subj 36 1 57 2 1416.03 
 

Subj 37 3 26 2 1464.85 
 

Subj 38 3 49 1 1499.49 
 

Subj 39 3 28 1 1676.73 
 

Subj 40 2 25 1 1791.84 
 

Subj 41 2 50 1 1676.31 
 

Subj 42 3 22 2 1607.84 
 

Subj 43 3 51 1 1552.31 
 

Subj 44 1 46 2 1589.06 
 

Subj 45 3 54 1 1706.39 removed 

Subj 46 1 50 1 1692.26 
 

Subj 47 3 23 1 1770.81 
 

Subj 48 1 56 1 1426.4 
 

Subj 49 1 60 2 1505.46 
 

Subj 50 3 22 1 1607.08 
 

Subj 51 1 61 1 1643.26 
 

Subj 52 3 59 2 1530.1 removed 

Subj 53 1 50 1 1526.48 
 

Subj 54 3 51 2 1458.54 
 

Subj 55 3 41 1 1725.68 
 

Subj 56 3 35 2 1467.06 
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Subject dosage age gender TIV 
 

Subj 57 3 27 2 1547.91 
 

Subj 58 1 55 1 1749.57 
 

Subj 59 3 48 2 1412.99 
 

Subj 60 1 54 2 1328.75 removed 

Subj 61 2 35 2 1295.43 
 

Subj 62 3 57 1 1551.93 
 

Subj 63 3 37 2 1379.58 
 

Subj 64 3 36 2 1506.7 
 

Subj 65 1 34 1 1630.99 
 

Subj 66 1 42 2 1465.2 
 

Subj 67 1 47 2 1272.6 removed 

Subj 68 3 65 2 1418.19 
 

Subj 69 1 40 2 1475.89 
 

Subj 70 1 21 1 1675.78 
 

Subj 71 1 53 1 1449.1 
 

Subj 72 1 32 2 1447.54 
 

Subj 73 1 41 2 1370.07 removed 

Subj 74 3 56 1 1638.58 
 

Subj 75 2 53 1 1821.95 
 

Subj 76 2 39 1 1700.44 
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Figure A.8 - TBSS whole-group voxel-based analysis excluding individuals who are 

related.  Significant results for the two-sample t-test showing group differences between 

deletion (Del, n = 25), duplication (Dup, n = 22), and no large copy number variants 

(NoCNV, n = 18) groups for fractional anisotropy (FA), axial diffusivity (AD), radial 

diffusivity (RD), and mean diffusivity (MD) maps. Here, only contrasts that gave rise to 

significant results after correction are displayed (p<0.05, corrected). Within the 

significant results, red and blue code for less significant results and yellow and green for 

more significant results. The deletion showed widespread increased FA, and decreased 

AD, RD, and MD compared with duplication group.  The duplication showed increased 

AD compared with NoCNV group. 

 

 

p = 0.05 p < 0.001

Fractional Anisotropy

Del > Dup

Axial Diffusivity

Dup > NoCNV Dup > Del

Radial Diffusivity Mean Diffusivity

Dup > Del Dup > Del





Archival Report

Reciprocal White Matter Changes Associated
With Copy Number Variation at 15q11.2 BP1-BP2:
A Diffusion Tensor Imaging Study
Ana I. Silva, Magnus O. Ulfarsson, Hreinn Stefansson, Omar Gustafsson, G. Bragi Walters,
David E.J. Linden, Lawrence S. Wilkinson, Mark Drakesmith, Michael J. Owen, Jeremy Hall, and
Kari Stefansson

ABSTRACT
BACKGROUND: The 15q11.2 BP1-BP2 cytogenetic region has been associated with learning and motor delays,
autism, and schizophrenia. This region includes a gene that codes for the cytoplasmic FMR1 interacting protein 1
(CYFIP1 ). The CYFIP1 protein is involved in actin cytoskeletal dynamics and interacts with the fragile X mental
retardation protein. Absence of fragile X mental retardation protein causes fragile X syndrome. Because abnormal
white matter microstructure has been reported in both fragile X syndrome and psychiatric disorders, we looked at
the impact of 15q11.2 BP1-BP2 dosage on white matter microstructure.
METHODS: Combining a brain-wide voxel-based approach and a regional-based analysis, we analyzed diffusion
tensor imaging data from healthy individuals with the deletion (n = 30), healthy individuals with the reciprocal
duplication (n = 27), and IQ-matched control subjects with no large copy number variants (n = 19), recruited from
a large genotyped population sample.
RESULTS: We found global mirror effects (deletion . control . duplication) on fractional anisotropy. The deletion
group showed widespread increased fractional anisotropy when compared with duplication. Regional analyses
revealed a greater effect size in the posterior limb of the internal capsule and a tendency for decreased fractional
anisotropy in duplication.
CONCLUSIONS: These results show a reciprocal effect of 15q11.2 BP1-BP2 on white matter microstructure,
suggesting that reciprocal chromosomal imbalances may lead to opposite changes in brain structure. Findings in
the deletion overlap with previous white matter differences reported in fragile X syndrome patients, suggesting
common pathogenic mechanisms derived from disruptions of cytoplasmic CYFIP1-fragile X mental retardation
protein complexes. Our data begin to identify specific components of the 15q11.2 BP1-BP2 phenotype and
neurobiological mechanisms of potential relevance to the increased risk for disorder.

Keywords: 15q11.2 BP1-BP2, Copy number variant, CYFIP1, Diffusion tensor imaging, Fragile X syndrome, Genetics
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Copy number variants (CNVs) are rare structural variations of
the genome arising from unbalanced meiotic rearrangements
that can result in carriers possessing a deletion or duplication
of parts of one of the chromosome pairs. An increased burden
of CNVs has been observed in several neurodevelopmental
and psychiatric diseases, including autism spectrum disorder
(ASD), attention-deficit/hyperactivity disorder (ADHD), intel-
lectual disability, and schizophrenia (1,2). How these damaging
variants modify risk for psychopathology is still not well un-
derstood at the mechanistic level, but given their relatively high
penetrance and cross-disorder pleiotropic effects, significant
impact on brain structure and function is anticipated.

Altered white matter (WM) structure has been consis-
tently reported in psychiatric disorders. For instance, in the
case of schizophrenia, neuroimaging studies have shown

abnormal structural and functional connectivity at both
microscopic and macroscopic levels, and such data have
been central in supporting various “dysconnectivity” hy-
potheses of mental disease (3,4). It follows that a key
question for neurobiological research is whether CNVs
that are associated with neurodevelopmental disorders,
including schizophrenia, are also associated with changes
in WM and brain connectivity.

The 15q11.2 BP1-BP2 cytogenetic microdeletion is
emerging as a recognized syndrome and has been associated
with developmental, speech, language, and motor delays (5,6),
and also with increased susceptibility for epilepsy (7), ADHD
(5), ASD (8), and schizophrenia (9). Moreover, recent ultra
high-resolution chromosomal microarray analyses report the
15q11.2 BP1-BP2 deletion as the most frequent finding in
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those with only ASD or with ASD combined with intellectual
disability and congenital anomalies (10). The reciprocal dupli-
cation has also been associated with increased risk for ASD
(11), although its significance is still unclear (8).

Not all the individuals with the BP1-BP2 microdeletion/
microduplication are clinically affected, and the genes in this
region have variable expressivity. Yet, healthy individuals
with the deletion and without a current clinical diagnosis
frequently report mild-to-moderate impairments in motor
function and deficits across several cognitive domains,
including an increased incidence of difficulties in mathe-
matics and reading skills (11,12), while healthy individuals
with the duplication perform to a similar level as population
control subjects (12). In a recent study by Ulfarsson et al.
(13), these cognitive deficits were shown to be accompanied
by structural changes in the brain, as assessed by structural
magnetic resonance imaging (MRI), in individuals with a
deletion or duplication showing reciprocal structural effects,
as well as by different patterns of brain activation in tests of
reading and mathematics. However, the effect on WM
microstructure cannot be assessed with standard MRI, and
diffusion tensor imaging (DTI) studies are needed.

The 15q11.2 BP1-BP2 region is adjacent to the areas
affected in the Prader-Willi and Angelman syndromes,
conditions resulting from deletions of the BP1-BP3 (type I)
or the BP2–BP3 (type II) regions at 15q11.2, with the BP1-
BP2 deletion partly overlapping the type I but not type II
Prader-Willi/Angelman region. Individuals with type I dele-
tion report more severe neurodevelopmental disturbances
compared with individuals with the smaller type II deletion
(14,15). The isolated BP1-BP2 region spans w500 kb and
encompasses four different genes: nonimprinted in Prader-
Willi/Angelman syndrome 1 gene (NIPA1 ), nonimprinted in
Prader-Willi/Angelman syndrome 2 gene (NIPA2 ), cyto-
plasmic FMR1 interacting protein 1 (CYFIP1 ), and tubulin
gamma complex associated protein 5 gene (TUBGCP5 ) (16).
The four genes probably play a role in brain development
and function, and some work has been done to understand
the extent and mechanism through which they contribute to
increased risk for psychiatric disorder in the 15q11.2 BP1-
BP2 region (5). For instance, the NIPA1 gene is known to
mediate Mg21 transport and was associated with autosomal
dominant hereditary spastic paraplegia (17), which might be
caused by abnormal bone morphogenic protein (BMP)
signaling as a result of dysregulations in NIPA1 (18). The
NIPA2 gene encodes for proteins used in renal Mg21

transport and metabolism and, when mutated, can cause
childhood absence epilepsy (19). TUBGCP5 is highly
expressed in the subthalamic nuclei, a region linked to
obsessive-compulsive disorder and ADHD (20). More is
known about the CYFIP1 gene, which is considered a
prominent candidate gene contributing to 15q11.2 BP1-BP2
brain and psychological phenotypes (21). Haploinsufficiency
of Cyfip1 in mouse models, recapitulating the predicted low
dosage of CYFIP1 in 15q11.2 BP1-BP2 microdeletion, has
been shown to impact two main processes: 1) the regulation
of cytoskeleton remodeling by the binding of CYFIP1 protein
to RAC1, and subsequent activation of the WAVE regulatory
complex neurons (22,23); and 2) via direct interaction of the
CYFIP1 protein with fragile X mental retardation protein

(FMRP), the repression of eIF4E-mediated translation of
FMRP target messenger RNAs (24). These actions of
CYFIP1 protein in the brain have the potential to influence
WM, the former through effects on neuronal structure and
integrity and the latter via interactions with FMRP, muta-
tions that are known to be associated with changes in WM
structure (25). Loss of FMRP function, due to an expansion
repeat in the FMR1 gene on the long arm of the X chro-
mosome, is a cause of fragile X syndrome (FXS), the
most common monogenic form of inherited intellectual
disability (26).

Recently, two studies (27,28) used DTI to investigate
differences in WM microstructure, comparing subjects with
FXS with subjects without FXS but with similar IQ and levels
of autistic symptoms (minimizing confounding effects owing
to intellectual ability), and found increased fractional
anisotropy (FA) as well as decreased radial diffusivity (RD)
and mean diffusivity (MD) in several WM tracts in FXS
subjects. Therefore, it might be anticipated, given the close
molecular links between CYFIP1 and FMRP, that some de-
gree of phenotypic overlap may be present in FXS and
15q11.2 BP1-BP2 deletion.

In the present work, we employed a DTI approach to assess
WM microstructural changes associated with the 15q11.2
BP1-BP2 region in an adult cohort, selected from the Icelandic
population, without a known diagnosis of schizophrenia or
autism, thereby potentially avoiding the confounding effects of
the disorders clinical signs. Combining brain-wide voxel-based
approach (FSL Tract-Based Spatial Statistics [TBSS]) with an
atlas-based analysis, allowing quantification of the magnitude
of regional changes, we hypothesized that we would see a
similar pattern of effects as reported for FXS: increased FA in
15q11.2 BP1-BP2 deletion. We also assessed healthy adults
with the reciprocal duplication to evaluate the extent of any
reciprocal effects on the neural phenotype. Our data begin to
identify specific components of the 15q11.2 BP1-BP2
phenotype and mechanisms of potential relevance to the
increased risk for disorder.

METHODS AND MATERIALS

Participants

In total, 30 individuals with the 15q11.2 BP1-BP2 deletion, 27
with the reciprocal duplication, and 19 control subjects with no
large CNVs (NoCNV) were recruited from a large genotyped
sample of approximately 160,000 subjects representing half of
the Icelandic population, in which none of the subjects had any
other large CNVs. Subjects between 21 and 66 years of age
were included in this study, and the number of female and male
subjects was the same (38 men and 38 women) and balanced
in each condition group. All the subjects were clinically healthy,
such that subjects were excluded if they had ICD-10 or DSM-
IV diagnoses for schizophrenia or schizoaffective or bipolar
disorder; were diagnosed with autism, intellectual disability, or
developmental delay at the State Diagnostic and Counselling
Centre of Iceland (serves children and adolescents with a
disability); met psychoses criteria on the Mini-International
Neuropsychiatric Interview (29); were diagnosed with schizo-
phrenia, schizoaffective or bipolar disorder, autism, intellectual
disability, or developmental delay according to self-reports (or
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reports from parents); or were using antipsychotic medication.
Approval for this study was obtained from the National
Bioethics Committee of Iceland and the Icelandic Data Pro-
tection Authority.

The IQ scores were assessed using an Icelandic version of
the Wechsler Adult Intelligence Scale (30,31) including four
subtests (vocabulary, similarities, block design, and matrix
reasoning). Further details on how these individuals were
genotyped and on how the cognitive assessment was per-
formed can be found in Stefansson et al.’s (12) study. There
were no significant differences in the IQs between groups.
Although all the individuals with the deletion were tested, only
11 of 19 from the NoCNV group and 26 of 27 from the dupli-
cation group were tested. Demographic information is
described in Table 1, and family relationships between sub-
jects are described in Supplemental Table S2.

Diffusion Tensor Imaging

Water diffusion is anisotropic in healthy nerve fibers,
diffusing freely along the fiber tracts but restricted in the
perpendicular direction (32). DTI is sensitive to these
anisotropic changes, which makes this technique particu-
larly useful for evaluating WM microstructure (33). DTI
findings are commonly reported in terms of scalars such as
FA, axial diffusivity (AD), RD, and MD.

Diffusion MRI Acquisition and Preprocessing

MRI data were acquired on a Philips Achieva 1.5T system
(Phillips Healthcare, Eindhoven, the Netherlands). A diffusion-
weighted echo-planar imaging sequence with sensitivity
encoding acceleration was used. Seventeen noncolinear
gradient diffusion-weighted images (DWIs) at b = 800 s/mm2

and one nonweighted (b = 0 s/mm2) image were acquired with
the following parameters: echo time = 72 ms, repetition time =
9024 ms, 60 slices, slice thickness = 2 mm, field of view = 2403
240 mm, acquisition matrix = 144 3 144, resulting in data ac-
quired with a 1.67 3 1.67 3 2 mm voxel resolution.

Diffusion-weighted data were preprocessed using Explor-
eDTI v.4.8.3 (34) in MATLAB R2015a (The MathWorks, Inc.,
Natick, MA). First, the Brain Extraction Tool (35) (http://www.
fmrib.ox.ac.uk/fsl/) was used to remove nonbrain tissue.
Within the ExploreDTI pipeline, eddy currents and head motion
correction was performed using an affine registration to the
non–diffusion-weighted B0 images, with appropriate rotation of
the encoding vectors (36). Field inhomogeneities were cor-
rected using the approach of Wu et al. (37). Each DWI was
nonlinearly warped to the T1-weighted image using the FA
maps from the DWIs as a reference. Warps were computed

using Elastix (38), by using normalized mutual information as
the cost function and constraining deformations to the phase-
encoding direction. The corrected DWIs were therefore trans-
formed to the same (undistorted) space as the T1-weighted
structural images. ExploreDTI was used to generate whole-
brain maps of FA, AD, RD, and MD.

TBSS Analysis of DTI

The corrected FA, AD, RD, and MD maps were analyzed using
the FSL’s TBSS tool. TBSS is a whole-brain analysis (39) that
starts with a nonlinear registration of the FA maps to a stan-
dard FA template (FMRIB58_FA, FMRIB Software Library FA
adult template). Then, FA maps are thinned and averaged to
create a study-specific WM skeleton template, and the regis-
tered FA maps are aligned to this template. An optimal FA
threshold of 0.2 was chosen for the binary skeleton mask.
Afterward, all the AD, RD, and MD maps were also registered
to the FMRIB58_FA template.

General linear models were created to investigate copy
number effects at 15q11.2 BP1-BP2. Statistically significant
differences were first assessed with a multiple regression
model (duplication . NoCNV . deletion and deletion .
NoCNV . duplication). Total intracranial volume, age, and sex
were included as covariates of no interest. Differences in DTI
measures between groups were assessed using voxelwise
independent t tests (deletion vs. NoCNV, duplication vs.
NoCNV, and deletion vs. duplication), in which six different
contrasts were used to assess group differences (Table 2).
The randomize function from FSL was used with the

Table 1. Subject Characteristics

Group Age, Years Male/Female IQ Scorea Subjects (N = 76)

Deletion 42.83 6 12.5 (21–65) 14/16 101.2 6 13.8 30

NoCNV 38.95 6 10.56 (22–59) 12/7 108.3 6 16.9 19

Duplication 43.48 6 13.51 (22–66) 12/15 100.8 6 11.8 27

Values are mean 6 SD (range) or n. The IQ score included four subtests (vocabulary, similarities, block design, and matrix reasoning).
NoCNV, no large copy number variants.
aIcelandic version of the Wechsler Abbreviated Scale of Intelligence (12). The test was performed in all individuals with the deletion, in 11 of 19

individuals in the NoCNV group, and in 26 of 27 individuals with the duplication.

Table 2. Summary of Between-Group FSL Tract-Based
Spatial Statistics Analyses Results

Contrast

Whole-Group Analysis

FA AD RD MD

Del . NoCNV 1 2 2 2

NoCNV . Del 2 2 2 2

NoCNV . Dup 2 2 2 2

Dup . NoCNV 2 1 2 2

Del . Dup 11 2 2 2

Dup . Del 2 1 11 1

Significant voxelwise comparisons (p , .05) are indicated by a plus
sign (1) (less significant) or two plus signs (11) (more significant), and
nonsignificant results (p . .05) are indicated by a minus sign (2). All the
p values were corrected using the threshold-free cluster enhancement
algorithm in FSL Tract-Based Spatial Statistics.

AD, axial diffusivity; Del, deletion; Dup, duplication; FA, fractional
anisotropy; MD, mean diffusivity; NoCNV, no large copy number
variants; RD, radial diffusivity.
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threshold-free cluster enhancement approach (40), generating
cluster-size statistics based on 5000 random permutations to
calculate probabilities corrected for multiple comparisons.
Significant results were considered with a corrected p value
,.05 (p , .025 for each tail of the two-tailed test). Anatomical
WM regions showing significant group differences were
identified with the John Hopkins University WM atlas (ICBM-
DTI-81) (41).

Regional DTI Metrics Statistical Analyses

Region values of FA, AD, RD, and MD were obtained by
averaging over the intersecting voxels between the WM DTI
maps with the John Hopkins University WM atlas (ICBM-
DTI-81), which comprises 48 tracts (41). To investigate
between-group regional differences in FA, AD, RD, and MD,
linear regression analysis was performed for each DTI
measure and for each WM tract, regressing out age, sex,
and total intracranial volume as covariates of no interest. For
these, RStudio version 1.1.463 (R Foundation for Statistical
Computing, Vienna, Austria) was used to test differences
between groups.

To account for multiple testing in the pairwise comparisons,
we used the standard false discovery rate method based on
the Benjamini-Hochberg approach (42), taking into account the
relation between different WM tracts and between DTI metrics.
Only significant false discovery rate–adjusted p values are re-
ported. Cohen’s d effect sizes were calculated for differences
between the deletion and duplication groups (43). An

interaction between sex and 15q11.2 BP1-BP2 dosage was
also evaluated.

RESULTS

Between-Group TBSS Analysis

TBSS was used to assess groupwise microstructural differ-
ences in major WM pathways throughout the brain. F statistics
showed extensive significant differences in the direction
deletion . NoCNV . duplication in FA, and duplication .
NoCNV . deletion in AD, RD, and MD. Further pairwise
comparisons showed extensive and global increase in FA, and
decreased AD, RD, and MD in the deletion group compared
with the duplication group. These differences were seen in
major WM tracts, such as the corpus callosum, superior longi-
tudinal fasciculus, inferior longitudinal fasciculus (ILF), and inter-
nal capsule (IC). Moreover, the deletion group also showed
increased FA when compared with the NoCNV group in the
posterior thalamic radiation. The duplication group showed
significantly increased AD when compared with the NoCNV
group. The contrasts that gave rise to significant voxelwise re-
sults (p , .05, corrected) are summarized in Table 2 and TBSS
results are displayed in Figure 1.

Between-Group Regional Analyses

Results from the atlas-based segmentation were consistent
with the TBSS. Plots of the data confirmed the overall pattern of
increased FA in the deletion group compared with the

p = 0.05p < 0.001 p < 0.001

Fractional Anisotropy

Del > NoCNV Del > Dup

Axial Diffusivity

Dup > NoCNV Dup > Del

Radial Diffusivity Mean Diffusivity

Dup > Del Dup > Del

Figure 1. FSL Tract-Based Spatial Statistics
whole-group voxel-based analysis. Significant re-
sults for the two-sample t test showing group dif-
ferences between subjects with the deletion (Del)
(n = 30), duplication (Dup) (n = 27), and no large copy
number variants (NoCNV) (n = 19) for fractional
anisotropy, axial diffusivity, radial diffusivity, and
mean diffusivity maps. Here, only contrasts that
gave rise to significant results after correction are
displayed (p , .05, corrected). Within the significant
results, red and blue code for less significant results
and yellow and green for more significant results.
The deletion showed widespread increased frac-
tional anisotropy compared with the duplication and
NoCNV groups, and decreased axial diffusivity,
radial diffusivity, and mean diffusivity compared with
the duplication group. The duplication group
showed increased axial diffusivity compared with
NoCNV group.
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duplication group, with the NoCNV group lying intermediate
between these groups (Figure 2). However, the deletion group
showed greater effect sizes than the duplication group when
compared with the NoCNV group (Supplemental Table S1).
Because the pairwise comparisons were only significant be-
tween the deletion and duplication groups, we only show
Cohen’s effect size plots for comparisons of the deletion group
versus the duplication group. Cohen’s effect sizes for FA and
AD are displayed in Figure 3, and for all the DTI measures in
Supplemental Figure S1. The largest effect size was observed
for higher FA and lower RD in the posterior limb of the IC (PLIC).
Across the whole brain, the effect size was medium in FA
(Cohen’s d = 0.69), RD (Cohen’s d = 20.68), and MD (Cohen’s
d = 20.63), and small for AD (Cohen’s d =20.38), according to
Cohen’s criteria (43). Findings are summarized in Table 3 and
extended in Supplemental Table S1. As some of the subjects
are related, we reanalyzed the data using only onemember from
each family and found the results to be consistent with initial
findings/primary analyses. However, a few WM tracts became
nonsignificant, possibly owing to the loss of power from
reducing the cohort to 65 subjects (Supplemental Figures S3
and S4).

Sex Differences

A sex-by-dosage interaction model was used to investigate
sex differences in relation to 15q11.2 BP1-BP2 dosage.
Although we found no significant interaction effect in the
whole-group analysis, we found significant differences in
effect size when analyzing men and women separately, as

assessed by using a two-tailed unpaired t test. Men showed
larger effect size for increased FA (t = 2.56, p = .013)
compared with women, and an overall large effect size in the
whole brain (Cohen’s d = 0.99), whereas women showed a
small effect size (Cohen’s d = 0.47). Moreover, men showed
large effect sizes in more regions, namely in the genu and
body of the corpus callosum, left ILF, anterior and posterior
corona radiata, posterior thalamic radiation, cerebral
peduncle, anterior limb of the IC, and PLIC. Women, how-
ever, showed a large effect size for increased FA in the left
cingulum (cingulate gyrus portion) that is not seen in men
(Supplemental Figure S2).

DISCUSSION

In a whole-brain exploratory analysis, we found consistently
increased FA and decreased RD and MD in individuals with the
15q11.2 BP1-BP2 deletion compared with individuals in the
reciprocal duplication group. The duplication group showed
significantly increased AD relative to the NoCNV and deletion
groups (Figure 1). Additional regional analyses (Figure 2) indi-
cated that, in most WM tracts, the NoCNV group was inter-
mediate between the deletion and duplication groups,
suggesting a “mirror phenotype” (12). However, the deletion
showed a greater impact on WM microstructure by showing
larger effect sizes than in the duplication group (Supplemental
Table S1).

We found the greatest effects in FA and RD bilaterally in the
PLIC (Figure 2 and Supplemental Figure S1). The PLIC carries
sensory information from the thalamus to the cortex, a key
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Figure 2. Boxplots showing group differences for atlas-based analyses. Significant group differences in fractional anisotropy (FA), axial diffusivity (AD), radial
diffusivity (RD), and mean diffusivity (MD) are shown after multiple comparisons correction (p , .05). *p , .05, **p , .01, ***p , .001. BCC, body of corpus
callosum; LALIC, left anterior limb of the internal capsule; LC(CG), left cingulum (cingulate gyrus portion); LILF, left inferior longitudinal fasciculus; LPCR, left
posterior corona radiata; LPLIC, left posterior limb of the internal capsule; LSCR, left superior corona radiata; LSLF, left superior longitudinal fasciculus;
NoCNV, no large copy number variants; RACR, right anterior corona radiata; RC(CG), right cingulum (cingulate gyrus portion); RPCR, right posterior corona
radiata; RPLIC, right posterior limb of the internal capsule; RPTR, right posterior thalamic radiation; RSCR, right superior corona radiata; RSLF, right superior
longitudinal fasciculus; SCC, splenium of the corpus callosum.
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sensorimotor relay area implicated in schizophrenia (44) and
ASD (45). In schizophrenia, reductions in FA have been re-
ported in the IC (4). However, in ASD patients, functional
connectivity between motor regions of the thalamus and cor-
tex was found to be hyperconnected (46), and a longitudinal
study showed that the thalamus and IC undergo an atypical
development trajectory in ASD, in which increasing connec-
tivity from childhood through adolescence and adulthood was
seen (47). The increased FA in the PLIC seen in the deletion
group could be a result of an abnormal thalamus and IC
development, which could relate to motor delays frequently
reported in the BP1-BP2 deletion. Thus, a younger group is
needed to look at the age trajectory of FA and its correlates
with motor function outcome. We also found a large effect size

in FA in the left ILF, a major WM tract thought to be critical to
semantic processing and involved in dyslexia. Dyslexia and
dyscalculia are common features in 15q11.2 BP1-BP2 dele-
tion, and individuals with the deletion were previously shown to
have a smaller fusiform gyrus (13), a structure that was shown
to play a role in reading and mathematics and that connects to
the ILF (48).

Although all DTI changes seem to be consistent throughout
the brain, regional analysis shows increases and decreases in
AD in different WM tracts in the deletion (Figure 2 and 3).
Previously, AD has been related to axonal damage and RD
with axonal density and myelin (49). FA reflects the relative
contribution of AD and RD. Because we find global increased
FA, including areas where AD is decreased, the RD

Figure 3. Effect sizes on deletion versus duplication for fractional anisotropy (left) and axial diffusivity (right). The threshold where an effect size is considered
to be large [0.8, according to Cohen’s criteria (43)] is represented by the vertical red dashed line. Black, green, and red dots represent small, medium, and large
effect sizes, respectively. BCC, body of corpus callosum; CI, confidence interval; GCC, genu of the corpus callosum; LACR, left anterior corona radiata; LALIC,
left anterior limb of the internal capsule; LC(CG), left cingulum (cingulate gyrus); LCP, left cerebral peduncle; LILF, left inferior longitudinal fasciculus; LPCR, left
posterior corona radiata; LPLIC, left posterior limb of the internal capsule; LPTR, left posterior thalamic radiation; LRLIC, left retrolenticular part of internal
capsule; LSCR, left superior corona radiata; LSLF, left superior longitudinal fasciculus; LUF, left uncinate fasciculus; RACR, right anterior corona radiata;
RALIC, right anterior limb of the internal capsule; RC(CG), right cingulum (cingulate gyrus); RCP, right cerebral peduncle; RILF, right inferior longitudinal
fasciculus; RPCR, right posterior corona radiata; RPLIC, right posterior limb of the internal capsule; RPTR, right posterior thalamic radiation; RRLIC, right
retrolenticular part of internal capsule; RSCR, right superior corona radiata; RSLF, right superior longitudinal fasciculus; RUF, right uncinate fasciculus; SCC,
splenium of the corpus callosum.
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contribution seems to be stronger. The global decreased RD in
the corpus callosum (and other areas) found here could be a
result of increased axonal density that may also explain the
increased WM volume found previously in the corpus callosum
in healthy individuals with the deletion (12,13). Furthermore,
areas with reduced AD could be a result of reduced axonal
integrity.

Increased FA arising from abnormal WM organization has
been reported before in patients with Williams syndrome, a
chromosomal disorder associated with visuospatial deficits,
in which higher FA in the superior longitudinal fasciculus
tract was correlated with deficits in visuospatial construc-
tion (50). The globally increased FA in the deletion group
could point to either a compensatory mechanism in
response to primary deficits, as a protection against disease
onset, or a diffuse dysregulation of neuronal dynamics,
increasing the risk for psychiatric disorder. Hence, a central
question is how each gene within this CNV region could
contribute to this phenotype. All four genes in this region are
highly conserved and expressed in human central nervous
system, and may play a role in 15q11.2 BP1-BP2–associ-
ated phenotypes. Moreover, mutations in each gene were
associated with different disorders: NIPA1 with autosomal-
dominant hereditary spastic paraplegia (17), NIPA2 with
childhood absence epilepsy (19), TUBGCP5 with ADHD and
obsessive-compulsive disorder (20), and CYFIP1 with
increasing susceptibility to ASD (51) and with schizophrenia
(52). Furthermore, dysregulations in mechanisms related to
NIPA1 and CYFIP1 genes might have an impact on WM
microstructure. NIPA1 was found to inhibit the BMP
signaling via interaction with BMP receptor type II (18),
which is crucial for typical axonal growth, guidance, and
differentiation. In a Drosophila model, enhanced BMP
signaling resulted in abnormal distal axonal overgrowth at
the presynaptic neuromuscular junction (53), which could
result in increased axonal density. CYFIP1 , on the other
hand, has a crucial role in actin remodeling during neural
wiring, in which dysregulations could result in changes in
axonal density, organization, and myelination (54,55).

Recently, two articles by the same group [Green et al. (27)
and Hall et al. (28)] reported increased FA and decreased RD
and MD in FXS patients compared with IQ-matched control
subjects. There is, therefore, a marked degree of overlap be-
tween our current findings in 15q11.2 BP1-BP2 deletion and
WM changes in FXS, consistent a priori with the suggested
molecular link between CYFIP1 and FMRP. The question ari-
ses, what common neural mechanism(s) may contribute to this
overlap in WM phenotype? Here, evidence that both FMRP
and CYFIP1 influence diverse aspects of synaptic function, as
well as effects on dendritic architecture, may be of relevance
(56–58). Both Fmr1 knockout and Cyfip1 hemizygous-null adult
mice have in common an increased ratio of immature-to-
mature spines (59–63). While the relationship between
neuronal density and number of synapses per neuron is still
not well understood, the observed increased FA in FXS (26,27)
and 15q11.2 BP1-BP2 deletion (this study) could be caused by
an increased neuronal density as an adaptive response to an
increased number of immature spines and reduced functional
synapses.

Further speculations as to cellular/molecular mechanisms
underlying the observed WM changes should, at this stage,
be made with caution. DTI data are difficult to relate in a
definitive way to underlying cellular changes, and their
investigation would require postmortem or biopsy. To over-
come this, translational models of human disease in animals
are an attractive alternative to explore individual genotype-
phenotype relationships (64). Therefore, owing to the

Table 3. Comparisons Between the Deletion and
Duplication of the 15q11.2 BP1-BP2 Region on FA, AD,
RD, and MD

Dependent
Variable ROI t

p Value
(FDR Corrected)

Effect
Size

FA Del vs. Dup LILF 23.15 .02a 0.86

LPCR 22.85 .03a 0.73

RPTR 22.68 .04a 0.65

LC(CG) 22.93 .03a 0.75

LALIC 22.97 .03a 0.76

RPLIC 24.31 .003b 1.11

LPLIC 25.06 .0006c 1.31

AD Del vs. Dup BCC 3.55 .02a 20.86

SCC 22.62 .04a 20.62

LPLIC 22.88 .03a 0.75

RD Del vs. Dup BCC 2.89 .03a 20.65

SCC 2.88 .03a 20.68

RSLF 2.69 .04a 20.70

LSLF 2.69 .04a 20.69

RACR 3.01 .03a 20.73

RSCR 2.78 .03a 20.71

RPCR 2.78 .03a 20.69

LC(CG) 3.22 .03a 20.83

LALIC 2.80 .03a 20.72

RPLIC 3.32 .02a 20.84

LPLIC 4.48 .002b 21.16

MD Del vs. Dup BCC 3.38 .02a 20.77

SCC 3.31 .02a 20.78

RSLF 2.99 .03a 20.78

LSLF 2.95 .03a 20.77

RACR 3.03 .03a 20.76

RSCR 2.89 .03a 20.75

LSCR 2.60 .04a 20.65

RPCR 2.63 .03a 20.66

RC(CG) 2.97 .03a 20.67

AD, axial diffusivity; BCC, body of corpus callosum; Del, deletion;
Dup, duplication; FA, fractional anisotropy; FDR, false discovery rate;
LALIC, left anterior limb of the internal capsule; LC(CG), left cingulum
(cingulate gyrus portion); LILF, left inferior longitudinal fasciculus;
LPCR, left posterior corona radiata; LPLIC, left posterior limb of the
internal capsule; LSCR, left superior corona radiata; LSLF, left
superior longitudinal fasciculus; MD, mean diffusivity; RACR, right
anterior corona radiata; RC(CG), right cingulum (cingulate gyrus
portion); RD, radial diffusivity; ROI, region of interest; RPCR, right
posterior corona radiata; RPLIC, right posterior limb of the internal
capsule; RPTR, right posterior thalamic radiation; RSCR, right
superior corona radiata; RSLF, right superior longitudinal fasciculus;
SCC, splenium of the corpus callosum.

ap , .05.
bp , .01.
cp , .001.
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potential role of CYFIP1 in WM microstructure phenotypes
associated with the 15q11.2 BP1-BP2 region, it would be
informative to assess DTI data using low-dosage Cyfip1
animal models. Furthermore, direct access to brain tissue
would allow an analysis of underlying cellular changes rele-
vant to the DTI findings.

Clinical phenotypes of reciprocal CNVs have been broadly
classified into four general categories: mirrored, identical,
overlapping, and unique (65). The 16p11.2 (66), 1q21.1 (67),
3q29 (68), and 17p11.2 (69) CNVs have been associated with
mirrored phenotypes. Comparable to what we have reported
here, increased FA was found in individuals with the 16p11.2
deletion, and opposite changes were found in individuals with
the reciprocal duplication (70). The extensive reciprocal effects
on WM reported here, and in previous studies (12,13), show
that the 15q11.2 BP1-BP2 also affects WM microstructure in a
dosage-dependent way. When it comes to neuropsychiatric
and behavioral findings at this locus, the picture is less clear
(6). The microdeletion has been associated with develop-
mental delay, schizophrenia, and autism, whereas duplication
is generally not considered as a risk locus for schizophrenia
(71) and has not come out as a significant risk variant for
developmental delay in recent large-scale genetic studies (72).
Moreover, the microdeletion has been shown to have a greater
impact on cognitive function in healthy individuals, particularly
in the acquisition of mathematical skills and reading, whereas
individuals in the duplication group performed similarly to the
NoCNV group (12,13). In this study, the microdeletion also
shows a greater impact on WM microstructure, with larger
effect sizes than the microduplication (Supplemental
Table S1), but the lack of cognitive data in this sample did
not allow us to find correlations between increased FA and
cognition.

A limitation of this study was the impossibility to correct
regions with crossing fibers, and reductions in the number of
fibers in these regions might give rise to increased FA. The fact
that we see an overall increased FA, and not only in crossing
fiber regions, makes this less likely to be the main cause of the
group differences. In the current analysis, we could not find a
sex-by-dosage interaction, but men showed larger effect sizes
than women (Supplemental Figure S2), suggesting sex-
dependent changes in WM. Although the molecular causality
behind this sex difference is still unclear, sex bias has been
observed in neurodevelopmental disorders (73). Moreover,
15q11.2 BP1-BP2 was shown to have a greater impact on
ASD-related phenotype in men than women (8). Further larger
studies will, however, be required to determine the exact
interaction of sex and 15q11.2 BP1-BP2 dosage.

Using complementary methods of analysis, this study
shows a consistent pattern of WM microstructure alter-
ations, which are consistent with recent FXS DTI studies,
beginning to reveal brain mechanisms underlying the com-
plex routes to psychopathology mediated by mutations at
the 15q11.2 BP1-BP2 cytogenetic region. The reciprocal
effects on WM microstructure, described here, suggest that
deviations from normal gene dosage in each direction can
lead to abnormalities in brain development, underlining the
importance of studying how reciprocal chromosomal im-
balances impact neural processes, which might have
important implications for therapeutic intervention.
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ARTICLE

Cyfip1 haploinsufficient rats show white matter
changes, myelin thinning, abnormal
oligodendrocytes and behavioural inflexibility
Ana I. Silva 1,2,3, Josephine E. Haddon1,2,4, Yasir Ahmed Syed1,5, Simon Trent1,2, Tzu-Ching E. Lin1,2,
Yateen Patel1,2, Jenny Carter1,2, Niels Haan 1,2, Robert C. Honey4, Trevor Humby1,4, Yaniv Assaf6,
Michael J. Owen 1,2, David E.J. Linden1,2,3,7, Jeremy Hall1,2 & Lawrence S. Wilkinson1,2,4

The biological basis of the increased risk for psychiatric disorders seen in 15q11.2 copy

number deletion is unknown. Previous work has shown disturbances in white matter tracts in

human carriers of the deletion. Here, in a novel rat model, we recapitulated low dosage of the

candidate risk gene CYFIP1 present within the 15q11.2 interval. Using diffusion tensor imaging,

we first showed extensive white matter changes in Cyfip1 mutant rats, which were most

pronounced in the corpus callosum and external capsule. Transmission electron microscopy

showed that these changes were associated with thinning of the myelin sheath in the corpus

callosum. Myelin thinning was independent of changes in axon number or diameter but was

associated with effects on mature oligodendrocytes, including aberrant intracellular dis-

tribution of myelin basic protein. Finally, we demonstrated effects on cognitive phenotypes

sensitive to both disruptions in myelin and callosal circuitry.
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Low gene dosage of the cytoplasmic FMRP interacting protein
1 (CYFIP1) gene is a candidate risk factor for psycho-
pathology by virtue of its involvement in the pathogenic

15q11.2 BP1-BP2 copy number variant (CNV). Heterozygous
deletion of this genomic interval leads to a two- to four fold
increase in risk for intellectual disability and psychiatric pro-
blems, including schizophrenia, autism, as well as a significant
increase in the risk for epilepsy1,2. The deletion contains four
genes: non-imprinted in Prader-Willi/Angelman syndrome 1
gene (NIPA1), non-imprinted in Prader-Willi/Angelman syn-
drome 2 gene (NIPA2), CYFIP1 and tubulin gamma complex
associated protein 5 gene (TUBGCP5)3. Whilst all these genes are
expressed in the brain and may be of potential relevance to
psychopathology, CYFIP1 haploinsufficiency is considered to be a
likely significant contributor to the 15q11.2 BP1-BP2 psychiatric
phenotype due to its known involvement in a number of key
brain plasticity-related functions. These include alterations in
dendritic spine morphology and branching, mediated by inter-
actions in two distinct complexes: the WAVE regulatory complex
to modulate ARP2/3 dependent actin cytoskeleton dynamics, and
CYFIP1-eIF4E complex to suppress protein translation at the
synapse through interactions with fragile X mental retardation 1
protein (FMRP), the gene product of FMR14. Mutations in FMR1
are causative for fragile X syndrome, a condition associated with
intellectual disability and a range of psychiatric symptoms5.

Changes in white matter microstructure have been reported
consistently in major psychiatric disorders including schizo-
phrenia, autism and intellectual disability6. Moreover, using dif-
fusion tensor imaging (DTI) methods, in recently published
findings we found extensive white matter changes in 15q11.2
BP1-BP2 CNV carriers, specifically widespread increases in
fractional anisotropy (FA) in deletion carriers7. Some of the
biggest changes we observed were in the posterior limb of the
internal capsule and corpus callosum. Prominent effects in the
corpus callosum are consistent with previous findings by others of
increased corpus callosum volume in 15q11.2 BP1-BP2 deletion
subjects8. The human data raise three main questions; which of
the four genes in the 15q11.2 BP1-BP2 interval are important for
the disturbances in white matter microstructure, what are the
cellular changes underlying the white matter effects, and what are
the functional consequences of the white matter changes in the
context of the increased risk for disorder. Given the potential
major impact of CYFIP1 in 15q11.2 BP1-BP2 associated pheno-
types, in the present work we addressed these questions by taking
advantage of the enhanced experimental tractability of a Cyfip1
haploinsufficiency rat line (hereafter designated Cyfip1+/−) cre-
ated using CRISPR/Cas9 technology modelling the reduced gene
dosage of CYFIP1 in 15q11.2 BP1-BP2 deletion carriers.

Our focus on white matter microstructure was also guided by
evidence that CYFIP1 is an actin regulator, and thus likely to
affect white matter via the requirement of precise regulation of
the actin cytoskeleton for normal cellular development, mor-
phology and migration. Hence, CYFIP1 haploinsufficiency has
the potential to disrupt axonal organisation via both effects on
axonal guidance9 and the myelin component of white matter
tracts10,11. Myelin is produced by mature oligodendrocytes and
several studies have linked actin regulators to oligodendrocyte-
myelin dynamics. The Wiskott-Aldrich Syndrome protein family
member 1 (WAVE1) and the integrin-linked kinase (ILK) reg-
ulate oligodendrocyte differentiation and axon
ensheathment12,13, while the Arp2/3 complex, a key actin
nucleator, is required for initiation of myelination11, and Rho
GTPases Cdc42 and Rac1 regulate myelin sheath formation14.

We therefore hypothesised there would be white matter
abnormalities in the Cyfip1+/− rat line possibly linked to
underlying changes in axonal architecture including myelin. We

also anticipated functional effects on brain and behaviour on the
basis that axon-myelin perturbations can have marked effects on
brain network activity caused by disruptions in the temporal
coherence of action potential integration across different brain
regions15,16. Synchronisation of synaptic signals is crucial in
learning, and a previous study in shiverer (deletion mutant of
myelin basic protein (MBP)) and mld (allelic mutant to shiverer
with lowered MBP expression) mice15 showed that deficits in
myelination had a specific effect on behavioural flexibility in a
reversal learning task. In the present work therefore, we looked
for evidence of maladaptive brain function in the Cyfip1+/− rats
using behavioural tasks that assayed behavioural flexibility.

Results
Cyfip1 haploinsufficiency disrupts white matter micro-
structure. Full details of the creation of the Cyfip1+/− rat model
are in the Supplementary Methods. CRISPR/Cas9 targeting led to
a 4 bp out of frame heterozygous deletion in exon 7 of the Cyfip1
gene at location Chromosome 1: 36974–36977 and a resulting
bioinformatics prediction of an early stop codon in exon 8, which
was verified functionally using qPCR and Western Blot to mea-
sure reductions in mRNA and protein respectively.

To investigate white matter microstructure in the Cyfip1+/− rat
brain a cohort of 24 behaviourally naïve male rats (wild-type
(WT) n= 12, Cyfip1+/− n= 12) were anaesthetised with
isoflurane in oxygen at 4% and maintained at 1%, and DTI data
were collected using a 9.4 T MRI scanner, utilising 60 noncol-
linear gradient directions with a single b-value shell at 1000 sm−2.
Group comparisons were carried out using Tract-Based Spatial
Statistics (TBSS)17 available in FMRIB Software Library (FSL),
with a randomise function allowing voxel-wise nonparametric
permutation analysis of the DTI maps projected onto a whole
brain white matter skeleton (Supplementary Fig. 1). The
randomise function was used with the threshold-free cluster
enhancement (TFCE)18, generating cluster-size statistics based on
1000 random permutations. Behaviourally naïve animals were
used in the light of evidence showing behaviour itself can
influence white matter19,20. Figure 1 shows the regions where
significant differences in white matter microstructure were found
after correction for multiple comparisons. Figure 1a shows the
pattern of changes using a highly conservative family-wise error
(FWE) correction. This approach showed consistent reductions in
FA in the corpus callosum, in the external and internal capsule,
and in parts of the fimbria/fornix in Cyfip1+/− rats, with no
differences in axial diffusivity (AD), radial diffusivity (RD) and
mean diffusivity (MD). We complemented the highly conserva-
tive FWE correction method used in human imaging studies with
the False Discovery Rate (FDR) correction for multiple
comparisons based on the Benjamini–Hochberg procedure21,
used previously in rodent imaging data19,22. This analysis, shown
in Fig. 1b, revealed additional white matter changes including
increases in FA in regions of the fornix and fimbria suggesting
that Cyfip1 haploinsufficiency may have differential effects in
different brain regions. Figure 1b also shows changes in other
DTI metrics, after FDR correction, illustrating mostly decreases in
AD and increases in RD, and MD. These effects were
complementary in terms of (a) being localised in the corpus
callosum and external and internal capsule and (b) being
consistent with the overall predominant effects of Cyfip1
haploinsufficiency in reducing FA.

We next manually generated binary masks of regions of
interest (corpus callosum, internal capsule, external capsule and
fimbria/fornix), guided by the results from FWE correction using
FSL (Supplementary Fig. 2), and assessed mean FA, AD, RD and
MD in these white matter tracts. As can be seen in Table 1,
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analysing the DTI data in this way (which averaged differences
between WT and Cyfip1+/− rats within a discrete fibre tract, as
opposed to the voxel-by-voxel analysis which detected clusters of
voxel differences in white matter tracts across the whole brain)
showed that the most significant differences were reductions in
FA in the corpus callosum (t= 2.3, df= 20.75, p < 0.05) and
external capsule (t= 2.4, df= 22, p < 0.05) in the Cyfip1+/− rats
compared to WT, as assessed with a two-tailed unpaired t-test.
These data were consistent with the previous voxel-by-voxel
analysis and provided the additional finding that the most
extensive white matter changes in the Cyfip1+/− rats occurred in
these structures.

Cyfip1 haploinsufficiency affects myelin in corpus callosum.
We next investigated the cellular nature of the Cyfip1 associated

DTI changes. DTI measures can be affected by several factors and
previous studies have linked decreases in FA in white matter
tracts with less myelin, lower axonal density, axonal damage, or
changes in axonal organisation23,24. To assess cellular changes, we
carried out an ultra-structural analysis, blind to genotype, using
transmission electron microscopy in behaviourally naïve animals
focusing on the corpus callosum, given the DTI data indicating
the sensitivity of this structure to Cyfip1 haploinsufficiency.
The experiment used a new cohort of rats (WT n= 5, Cyfip1+/−

n= 4). In order to obtain a representative sample, we sampled 15
regions across the anterior-posterior extent of the corpus callo-
sum encompassing the genu, body and splenium, from sagittal
brain sections (representative micrographs in Fig. 2a). We mea-
sured the number of myelinated and unmyelinated axons, the
inner diameter and the outer diameter (including the myelin

FA FWE

FA

BH
(FDR)

AD

RD

MD

WT > Cyfip1+/–

Cyfip1+/– > WT

p < 0.05

a

b

c

Fig. 1 Cyfip1 haploinsufficiency disrupts white matter microstructure. White matter changes comparing WT (n= 12) and Cyfip1+/− (n= 12) rats. Data
shows significant group differences using two-tailed unpaired t-tests based on Threshold-Free Cluster Enhancement (TFCE) algorithm after a family-wise
error (FWE) rate correction for fractional anisotropy (FA), and b false discovery rate (FDR) correction based on the Benjamini–Hochberg procedure for FA,
axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD). All the parametric maps were generated at a significance level of p < 0.05. c Scale
bars indicating the direction of the changes in both a, b, where relative decreases in Cyfip1+/− rats are represented by a gradient of blue (less significant) to
green (more significant), and relative increases in Cyfip1+/− are represented by a gradient of red (less significant) to yellow (more significant)

Table 1 Quantification of DTI changes in regions where significant differences in FA were seen in TBSS analysis after FWE
correction

ROIs FA AD (10–2) RD (10−3) MD (10−3)

WT Cyfip1+/− WT Cyfip1+/− WT Cyfip1+/− WT Cyfip1+/−

CC 0.49 ± 0.02 0.46 ± 0.02a 0.14 ± 0.005 0.13 ± 0.006a 0.69 ± 0.05 0.71 ± 0.04 0.92 ± 0.04 0.91 ± 0.03
IC 0.45 ± 0.02 0.44 ± 0.02 0.11 ± 0.007 0.11 ± 0.007 0.53 ± 0.03 0.54 ± 0.03 0.74 ± 0.04 0.73 ± 0.04
EC 0.38 ± 0.02 0.36 ± 0.02a 0.12 ± 0.004 0.12 ± 0.003 0.73 ± 0.03 0.73 ± 0.02 0.89 ± 0.03 0.88 ± 0.02
FF 0.50 ± 0.03 0.48 ± 0.02 0.17 ± 0.008 0.16 ± 0.004 0.69 ± 0.06 0.70 ± 0.04 1.01 ± 0.06 1.00 ± 0.03

Source data are provided as a Source Data file
FA fractional anisotropy, AD axial diffusivity, RD radial diffusivity, MD mean diffusivity values from WT and Cyfip1+/− rats, ROIs regions of interest, CC corpus callosum, IC internal capsule, EC external
capsule, FF fornix/fimbria
Results obtained using TBSS-based ROI analysis, mean ± standard deviation, two-tailed unpaired t-test, a < 0.05
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sheath) of each axon, and then calculated the myelin thickness
and the g-ratio (myelin thickness relative to axon diameter, where
smaller g-ratios indicate greater myelin thickness) of each mye-
linated axon (see measures taken in Fig. 2b).

We used linear mixed effects (LME) models to analyse the
effect of genotype on axon diameter, g-ratio and myelin thickness,
considering variation across animals, whereas a two-tailed
unpaired t-test was used to compare the number of axons

between groups. In this analysis, the myelin thickness was log-
transformed since the data followed a log-normal distribution,
whereas the other measures followed a normal distribution. No
genotype differences were found in the number of unmyelinated
(t= 0.39, df= 5.15, p= 0.71) and myelinated (t=−0.63, df=
5.72, p= 0.55) axons (Fig. 2c), or in the diameter of the
axons (Fig. 2d, LME: χ2(1)= 0.05, p= 0.83), suggesting no
differences in axonal density and calibre in the corpus callosum of
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Fig. 2 Decreased myelin thickness in the corpus callosum in the Cyfip1+/−rats. a Representative electron micrographs of axons in the WT (n= 5 animals
and n= 7148 axons) and Cyfip1+/− (n= 4 animals and n= 5979 axons) rats. b Schematic illustration of the axon and myelin sheath and calculation of the
g-ratio and myelin thickness. c Mean number of myelinated (t=−0.63, df= 5.72, p= 0.55, ns) and unmyelinated axons per group (t= 0.39, df= 5.15,
p= 0.71, ns), assessed with a two-tailed unpaired t-test. d Mean axon diameter of myelinated fibres per group (LME: χ2(1)= 0.05, p= 0.83). e Mean
g-ratio per group (LME: χ2(1)= 2.03, p= 0.15) and mean myelin thickness per group (LME: χ2(1)= 14.63,***), showing significant decreased myelin
thickness in Cyfip1+/− rats. f mean g-ratios calculated for small (n= 1510 WT and 1276 Cyfip1+/− axons; LME: χ2(1)= 4.23,*), medium-small (n= 2283
WT and 2043 Cyfip1+/− axons; LME: χ2(1)= 4.44,*), medium-large (n= 2551 WT and 1993 Cyfip1+/− axons; LME: χ2(1)= 7.14,**), and large (n= 804
WT and 667 Cyfip1+/− axons; LME: χ2(1)= 13.92,***) myelinated axons, showing significant increases in g-ratio in all different axon diameter ranges, and
more significant in larger axons. g Scatter plot of myelin thickness values across all axon diameters WT (n= 7148 axons) and Cyfip1+/− (n= 5979 axons).
Differences between axon diameter, g-ratio and myelin thickness measures were assessed using linear mixed effects (LME) models adjusted for individual
variability. Data are mean ± SEM; *<0.05, **<0.01, ***<0.001. Source data are provided as a Source Data file
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the Cyfip1+/− rats. The analyses did not show a significant
increase in g-ratio when comparing all axons in each group
(LME: χ2(1)= 2.03, p= 0.15), however it revealed a significant
reduction in myelin thickness in the Cyfip1+/− rats (LME: χ2(1)
= 14.63, p < 0.001), both shown in Fig. 2e. The fact that we did
not see a significant difference in g-ratio could have resulted from
variability in the average of axon diameters within animals in the
same group, which is related to g-ratio (Supplementary Fig. 3).
Furthermore, we needed to consider that the extent of
myelination can be related to axon diameter25, and whether the
effects on the g-ratio were specific to certain sizes of axons.
Analysing the g-ratio of axons within specific diameter ranges
revealed a significant increased g-ratio in each interval in the
Cyfip1+/− rats (Fig. 2f), that was more significant in larger axons.
These analyses indicate decreased myelin thickness in the corpus
callosum of the Cyfip1+/− rats that is more pronounced in
larger axons.

Cyfip1+/− rats have less oligodendrocytes in corpus callosum.
Myelin is produced by mature oligodendrocytes, so we next tested
whether Cyfip1 haploinsufficiency influenced the number and/or
the maturation of oligodendrocytes using antibodies to the spe-
cific molecular markers Olig2 and Cc1. This experiment used rats
taken randomly from the same group of rats providing the DTI
data shown in Fig. 1 (WT n= 7 WT and Cyfip1+/− n= 7). The
analysis focused on the corpus callosum and external capsule and
at least four random sections were taken for quantification in
each rat from coronal sections. Sections were stained for Olig2
and Cc1 proteins. Cells stained for Olig2 alone represented all the
oligodendrocyte lineages from early progenitors to mature cells,
whereas cells double-stained for Olig2 and Cc1 proteins revealed
specifically the mature oligodendrocyte (myelin-producing)
population. In the Cyfip1+/− rats, this analysis showed a

significant reduction in both the number of oligodendrocyte
lineage cells (Fig. 3a; t= 2.18, df= 11.94, p < 0.05) and mature
oligodendrocytes (t= 2.48, df= 11.99, p < 0.05) in comparison
with WT. We also found a significant reduction in the level of
MBP (Fig. 3b, t= 2.16, df= 11.96, p= 0.052) in the corpus cal-
losum/external capsule of the Cyfip1+/− rats. The significance was
assessed using a two-tailed unpaired t-test.

Cyfip1+/− rats have aberrant MBP distribution in oligoden-
drocytes. We used primary cell culture methods to address fur-
ther the question of how Cyfip1 haploinsufficiency might impact
on oligodendrocytes and myelination. We used standard proto-
cols26, which generate oligodendrocyte precursor cells (OPC) at
≥95% purity from WT and Cyfip1+/− rats. Three independent
biological replicates were performed. After 3 days of differentia-
tion the cells were processed for immunohistochemistry with
antibodies to O4 and MBP. Cells stained for O4 alone mark the
early, immature stages of oligodendrocyte differentiation and
combined O4/MBP staining mark later mature stages of oligo-
dendrocyte differentiation. For the imaging analysis five images
from random visual fields were taken per well and a minimum of
1000 cells quantified per experimental group/ replicate, as pre-
viously, we used a LME models for statistical analysis to account
for variation across biological repeats (where these were con-
sidered random effects).

We focused on MBP, which is both a marker for mature
oligodendrocyte differentiation and essential for the production
of myelin27. With the enhanced cellular resolution possible with
cultured oligodendrocytes, we immediately noticed that the
staining pattern for MBP looked markedly different in cells
originating from Cyfip1+/− brain tissue compared to WT.
Specifically, as illustrated in Fig. 4a, there appeared to be a more
punctate organisation in Cyfip1+/−cells where MBP staining was
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Fig. 3 Altered number of oligodendrocyte lineage and mature cells, and levels of myelin basic protein (MBP), in the corpus callosum of the Cyfip1+/−rats.
a Mean number of oligodendrocyte lineage (n= 7 each; t= 2.18, df= 11.94, *), stained with Olig2, and mature (n= 7 each; t= 2.48, df= 11.99, *), stained
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0.052). c Representative images (at magnification ×20 (top) and ×10 (bottom)) for the following immunomarkers: DAPI, Olig2, Cc1 and Mbp in the corpus
callosum of the WT and Cyfip1+/−rats. Scale bars= 50 μm (top) and 100 μm (bottom). Differences between groups were assessed using a two-tailed
unpaired t-test. Data are mean ± SEM; *<0.05, **<0.01, ***<0.001. Source data are provided as a Source Data file
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localised mainly to the cell body region, compared to a more
widely distributed pattern of cellular staining in WT that
extended into the cell processes. We interrogated this finding in
more detail using a quantitative analysis that classified MBP+
cells into three previously established categories indexing the
maturation stages of oligodendrocytes that culminates in the
formation of compact myelin28: Type 1, MBP localised only to
the cell body; Type 2, any ramified MBP intracellular distribution

extending into the cell processes; Type 3, final maturation stage
where MBP is throughout the cell and distributed within the
membranous processes of cells to give rise to a ‘spider’s web-like’
appearance (see Fig. 4b for representative examples). The
quantitative data confirmed the previous qualitative observation
in revealing a highly significant increased incidence of Type
1 cells in Cyfip1+/− (LME: χ2(1)= 68.49, p < 0.001, Fig. 4c).
Furthermore, whilst there were no significant genotype differ-
ences in the overall proportion of cells classified, broadly, as Type
2 (LME: χ2(1)= 0.59, p= 0.44) or Type 3 (LME: χ2(1)= 0.02,
p= 0.88, Fig. 4c), within each of these classifications Cyfip1+/−

oligodendrocytes showed a more constrained cellular distribution
of MBP as indicated by a highly significant and consistent
reduction in the area of MBP staining in the Cyfip1+/−

population, which amounted to about 50% of that seen in
WT cells (LME: χ2(1)= 258.03, p < 0.001, Fig. 4d). The area of
MBP staining observed in the WT cells was consistent with
previous findings by others using similar culture methods14.
Furthermore, the effects of Cyfip1 haploinsufficiency occurred in
the absence of any observable genotype effects on MBP+
oligodendrocyte cell size/gross morphology or the overall number
of differentiating oligodendrocytes present in the cultures as
evidenced by the total numbers of O4+ cells. (Fig. 4c, LME: χ2(1)
= 1.44, p= 0.23). Together, these data were consistent
with Cyfip1 haploinsufficiency hindering the translocation of
MBP to the distal parts of the highly branched mature
oligodendrocyte, a process that is critical for successful differ-
entiation and the production of myelin29, and likely therefore to
be of relevance to the previous finding of myelin thinning in the
Cyfip1+/− rats.

Cyfip1 haploinsufficiency affects behavioural flexibility. We
next assessed whether the Cyfip1 related imaging and cellular
phenotypes were associated with effects on behaviour. Beha-
vioural changes have been observed in rodent models of reduced
myelination including shiverer and mld mice with modifications
in myelin basic protein15. Both mutants showed highly specific
effects on behavioural flexibility in a reversal learning task,
whereby they had difficulty changing their behaviour to reflect
the new reward contingencies, without concomitant deficits in
learning deficits per se15. Furthermore, both human30–35 and
animal studies36,37 have also shown that disruptions to con-
nectivity involving callosal circuitry and circuits involving the
internal and external capsules impact on a number of psycholo-
gical functions, in particular those mediating attention and
response control, especially response inhibition.

To assay behavioural flexibility, we utilised a touch screen-
based appetitive reversal learning task in a separate cohort of
experimental rats (WT n= 7, Cyfip1+/− n= 10). The reversal
learning task first allowed an assessment of basic appetitive
learning where rats had to learn that one visual stimulus was
associated with reward (the S+) and another stimulus was not
(S−), with the two stimuli counterbalanced across animals. This
was followed by reversal of the contingencies (see Supplementary
Fig. 4 for flowchart of task design). Successful reversal learning
can be aligned to tasks used in clinical studies (i.e. the Stroop task,
SART, stop signal) to examine cognitive processes supporting
flexible control of behaviour38–44. All rats successfully completed
the early stages of pre-training in the reversal learning task where
they had to learn to collect food from the magazine and to touch
stimuli presented on the touchscreen to earn rewards, achieving
these to criterion in a similar number of sessions (Magazine
Training (mean ± s.e.m): WT= 2.7 ± 0.5, Cyfip1+/−= 3.7 ± 0.3,
ANOVA: GENOTYPE (F(1,15)= 2.79, p= 0.12); Touch Train-
ing: WT= 15.6 ± 2.2, Cyfip1+/−= 13.3 ± 2.1, GENOTYPE
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Fig. 4 Cyfip1 haploinsufficiency influences the intracellular distribution of
myelin basic protein (MBP) in cultured oligodendrocytes. a Immunostaining
of oligodendrocytes for MBP and O4 from wild type (WT) and Cyfip1+/−,
scale bar= 50 μm, illustrating the punctate intracellular pattern of staining of
MBP in Cyfip1+/− relative to the more diffused, widespread pattern of
staining in WT. b Representative images of oligodendrocytes staining for
MBP exhibiting features of Type 1 (MBP localised to the cell body), Type 2
(MBP ramifying into the cell processes), Type 3 (MBP distributed throughout
the cell and within the membranes of cell processes) reflecting increasing
maturation stages of oligodendrocytes, scale bar= 20 μm. c the effects of
genotype on the percentage of Type 1 (n= 172 WT and 637 Cyfip1+/− cells;
LME: χ2(1)= 68.49, ***), Type 2 (n= 735 WT and 905 Cyfip1+/− cells,
LME: χ2(1)= 0.59, p= 0.44), Type 3 (n= 456WT and 454 Cyfip1+/− cells;
LME: χ2(1)= 0.02, p= 0.88), and O4+ cells (n= 4917 WT and 5789
Cyfip1+/− cells; LME: χ2(1)= 1.44, p= 0.23), as a proportion of all cells
(n= 6623 WT and 7845 Cyfip1+/− cells) in the culture (stained with
Hoechst); this panel also illustrates the effects of genotype on the overall
proportion of differentiating oligodendrocytes as indexed by all cells
staining for O4. d effects of genotype on the area of intracellular MBP
staining in Type 2 (n= 491 WT and 591 Cyfip1+/− cells; LME: χ2(1)=
258.03, ***) and Type 3 (n= 265 WT and 341 Cyfip1+/− cells; LME: χ2(1)
= 145.52, ***) oligodendrocytes, as depicted in the representative images in
b. Values were obtained from 3 independent experiments. Differences
between number of cells and area were quantified using linear mixed
effects (LME) models adjusted for variability in each biological repeat. Data
are mean ± SEM; *<0.05, **<0.01, ***<0.001. Source data are provided as a
Source Data file
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(F(1,15)= 0.53, p= 0.48)). Then the rats moved on to the visual
discrimination training where the two stimuli were present. As
illustrated in Fig. 5a, both groups achieved high levels of
performance to a criterion of 80% correct trials across two
successive days and there was no difference in the number of
sessions required to reach criterion between the groups (Fig. 5b,
ANOVA: GENOTYPE (F(1,14)= 0.03, p= 0.86)). One Cyfip1+/−

was not included in these and subsequent analyses as they failed to

reach criterion on the visual discrimination task (see also
Supplementary Table 1a).

Following acquisition of the initial visual discrimination the
contingencies were reversed. This manipulation had the expected
effect where perseverating with the previously correct choice led
to scores were that were below chance levels (i.e., 50%). However,
in contrast to the basic learning of the visual discrimination, there
was an effect of genotype when the reward contingencies were
reversed in the immediate post-reversal sessions (see Fig. 5c). In
this part of the task,45,46, the Cyfip1+/− rats continued to respond
to the original S+ over successive sessions, while the WT began
to switch their choices to the new S+ (a 2 × 2 ANOVA revealed a
main effect of SESSION (F(3,39)= 3.67, p < 0.05) and a
GENOTYPE × SESSION interaction (F(3,39)= 3.76, p < 0.05),
where a main effect of GENOTYPE was marginally significant
(F(1,13)= 4.32, p= 0.06)). Further analysis of simple main effects
revealed an effect of SESSION in the WT (F(3,39)= 7.34, p <
0.01) but not in the Cyfip1+/− group (F(3,39)= 0.09, p= 0.96),
and an effect of GENOTYPE on sessions 3 and 4 following
reversal (Minimum F(1,52)= 9.42, p < 0.01).

In subsequent sessions with the reversed contingencies the rats
gradually reached a criterion of 50% correct. However, fewer
Cyfip1+/− than WT rats reached this criterion (Fig. 5d, Chi-
squared: χ2= 9.61, p < 0.05). However, again, group differences
were apparent in those fewer Cyfip1+/− rats that successfully
reached this criterion (Fig. 5d, Chi-squared: χ2= 9.61, p < 0.05).
Here, three Cyfip1+/− rats failed to complete early reversal
compared to only one WT. Effectively this sub-group of rats were
never able to successfully inhibit the previously learned response
despite being given ample opportunity to do so that extended to
the end of the experiment (rats that completed this phase of
reversal did so in an average of 13 sessions, whereas those that
failed to learn the reversed contingencies had an average of
22 sessions before the end of the experiment). Figure 5d also
illustrates the high degree of behavioural specificity shown by the
Cyfip1+/− rats in the task; insofar as genotype differences were
not evident in the relative proportion of those rats that were able
to successfully inhibit the previous response strategy, and went on
to learn the new contingency to 80% criterion (two WT rats, and
one Cyfip1+/− rat failed to reach 80% criterion and so were not
included in subsequent analyses of sessions to criterion). More-
over, Cyfip1+/− rats that completed these stages of reversal
(reaching 50 and 80% correct) did so in a similar number of
sessions to WTs, where separate ANOVAs revealed no effect
of GENOTYPE on sessions to either 50% criteria (F(1,10)= 0.31,
p= 0.59), or 80% criteria (F(1,7)= 0.44, p= 0.57 (Fig. 5e; see also
Supplementary Table 1a for the number of rats completing each
stage of the reversal task; the total sessions and trials across the
whole task are also shown in Table 1b).

We further assessed the effects of Cyfip1 haploinsufficiency on
the ability to change behaviour in the face of changed
contingencies (WT n= 21, Cyfip1+/− n= 15) using an estab-
lished associative mismatch task47–50 when the contingencies
involving sensory events were changed. Here, rats first received
two audio–visual sequences (i.e. Tone→Steady Light, Click→-
Flashing Light; the combinations were counterbalanced across
animals). As reported previously47–50, presentations of the
initially novel visual stimuli resulted in an orienting response
towards the light cue that habituated over the course of the four
training sessions, as animals came to expect the presentation of
the light following the auditory cue. There were no effects of
genotype on behaviour in this part of the task or on habituation
to the test apparatus, Fig. 6a, where a 2 × 2 ANOVA on activity
during habituation to the chambers revealed a main effects of
BLOCK (F(5,170)= 119.5, p < 0.05) but no other effect of
genotype or interaction (Maximum F(5,170)= 0.4, p= 0.85). A
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Fig. 5 Cyfip1 haploinsufficient rats show deficits in behavioural flexibility in a
reversal learning paradigm. WT (n= 7) and Cyfip1+/− (n= 9) rats
successfully acquire the visual discrimination in the touchscreen boxes,
reaching the same level of performance (% correct) a during the last
session of training, and b reaching criteria in a similar number of sessions
(ANOVA: F(1,14)= 0.03, p= 0.86). One Cyfip1+/− rat did not complete
initial learning. c Cyfip1+/− rats show more persistent responses to the
original stimulus response contingencies during the first few sessions of
reversal, (WT (n= 6) and Cyfip1+/− (n= 9), ANOVA: GENOTYPE X
SESSION interaction, F(3,39)= 3.76,*), where one of the WT rats did not
start reversal learning task. d A larger proportion of Cyfip1+/− rats failed to
reach the 50% correct criterion during reversal than WT rats, (Chi-squared:
χ2= 9.61,*). e However, those that do reach criteria do so in a similar
number of sessions as WT rats (effect of GENOTYPE, ANOVA: 50%
criteria (F(1,10)= 0.31, p= 0.59), and 80% criteria (F(1,7)= 0.44, p=
0.57). Data are mean ± SEM. *<0.05, **<0.01, ***<0.001. The raw number
of animals completing each task can be seen in Supplementary Table 1a.
Source data are also provided as a Source Data file
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one-way ANOVA revealed no differences in orienting to the cued
visual stimuli at the end of the training phase (Fig. 6b,
GENOTYPE (F(1,34)= 2.4, p= 0.62)).

During testing rats were presented with both the original
training trials (match; i.e. Tone→Steady Light, Click→Flashing
Light) and novel mismatch combinations of the same cues (e.g.
Tone→Flashing Light, Click→Steady Light), WT rats showed the
normal preference47–50 to orient to the visual cues on mismatch
trails (relative to match trails) demonstrating their ability to
respond to the changed contingencies. In contrast, the Cyfip1+/−

rats failed to show this preference, instead showing no preference
for responding to either the habituated (match) or the novel
(mismatch) cues (Fig. 6c, ANOVA: GENOTYPE (F(1,34)= 5.92,
p < 0.05) as indicated by the discrimination ratios (total orienting
to matched/total orienting to both matched+mismatched). This
pattern of behaviour represents further evidence of a deficit in
behavioural flexibility associated with Cyfip1 haploinsufficiency.
In this case, the deficit was revealed by a failure to respond when
the contingencies involving sensory events were changed.

Discussion
We used a CRISPR/Cas9 engineered rat line to model the con-
tribution of Cyfip1 haploinsufficiency to white matter changes
observed in carriers of the pathogenic 15q11.2 BP1-BP2 deletion.
The Cyfip1+/− rat model allowed us to carry out a DTI analysis
with high resolution using identical preprocessing to our 15q11.2
BP1-BP2 human imaging study, and employ rigorous statistics
including exploratory voxel-wise assessments permitting com-
parisons of genotype effects across brain regions. The Cyfip1+/−

rat line provided enhanced experimental tractability in terms of
direct access to brain tissue, with interpretation of DTI changes at
the cellular and molecular level, and also allowed relevant beha-
vioural analyses under controlled conditions.

A main finding of the DTI experiments were significant
decreases in FA that were most pronounced in the corpus cal-
losum and external capsule. More widespread changes in white
matter were apparent when using a less conservative correction
method including increased FA in some areas of the fornix/fim-
bria. The precise relationship between DTI measures and cellular
changes is subject to ongoing debate24 and whilst DTI can
identify white matter changes it cannot definitively distinguish
between disruptions to axons and/or myelin. Consequently, at the
outset the DTI effects we obtained in the rat model could have
been related to changes in axon microstructure or myelin,
or both.

Transmission electron microscopy indicated a thinning of the
myelin sheath in the corpus callosum of the Cyfip1+/− rats in the
absence of any changes in axonal number or diameter. Myelin is
produced at the end stages of oligodendrocyte differentiation and
we found reductions in later stage mature oligodendrocytes in
corpus callosum in-vivo. However, whilst previous evidence in
other contexts has shown that changes in oligodendrocyte
number can be associated with myelin thickness51,52 this still
leaves the question of the cellular mechanism(s) by which Cyfip1
haploinsufficiency could interfere with the process of myelination
and lead to myelin thinning.

We addressed the issue of cellular mechanism taking advantage
of the enhanced cellular resolution offered by cultured primary
oligodendrocyte. We showed evidence that Cyfip1 haploinsuffi-
ciency impacts on mature oligodendrocyte function by hindering
the intracellular distribution of a key protein, MBP, where in the
Cyfip1 mutants the protein localised to the cell body and failed to
achieve the normal highly distributed pattern of expression
encompassing the distal cell processes and membranes. The
myelination process is initiated by events occurring at the distal
parts of the highly branched mature oligodendrocyte and hence,
our finding of a deficit in translocation of MBP to those regions is
consistent with and provides a mechanism for our in vivo
observations of myelin thinning in the Cyfip1+/− animals. Several
previous studies have established a critical role for MBP in
initiating and supporting the production of myelin in mature
oligodendrocytes triggered by contact with axons, where a prin-
ciple function of MBP is to organise the compaction of oligo-
dendrocyte plasma membranes to form myelin53. However and of
key relevance, previous studies such as those reporting the effects
of mutations Kif1b29 have also demonstrated myelin deficits,
including myelin thinning, that are associated with abnormal
intracellular distributions of MBP highly reminiscent of the pat-
tern seen in the Cyfip1+/− animals.

The effects of Cyfip1 haploinsufficiency on oligodendrocytes
and myelination may be related to deficits in actin physiology via
interactions with the WAVE complex. Multiple aspects of oli-
godendrocyte function, including cell proliferation, differentia-
tion, migration and myelination are reliant on effective
cytoskeleton remodelling10. In mouse models manipulating
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Fig. 6 Cyfip1 haploinsufficient rats show deficits in flexible responses in
orienting behaviour on a mismatch task. a There are no genotype effects on
habituation to the experimental apparatus. Both WT (n= 21) and Cyfip1+/−

(n= 15) show reduced activity to the experimental chambers over the
course of each 30-min long session (5 min blocks). b Both WT and
Cyfip1+/− rats showed reduced orienting to the auditory-visual sequences
presented during training (ANOVA: F(1,34)= 2.4, p= 0.62), and cWT rats
preferentially responded to the novel mismatched visual stimuli over the
familiar matched stimuli (discrimination ratio <0.50). In contrast, Cyfip1+/−

rats showed no preference, responding equally to both matched and
mismatched visual cues (ANOVA: F(1,34)= 5.92,*). *<0.05, **<0.01,
***<0.001. Source data are provided as a Source Data file
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WAVE1 protein directly impacts on the ability to form myelin in
the corpus callosum12. MBP stimulates the production of soluble
G-actin from F-actin as part of the mechanism controlling the
necessary disassembly of actin filaments in the distal processes of
oligodendrocytes11 which is a crucial step for myelination54.
Consequently, our findings showing a failure of MBP to be
located appropriately precisely where these interactions take place
would impact adversely on myelin formation. Whether any
effects mediated by MBP abnormalities seen here also involve the
previously reported aberrant F-actin dynamics55 in Cyfip1+/−

mouse models, remains to be established.
Effects related to the close interaction between CYFIP1 and

FMRP affecting protein translation cannot be discounted, espe-
cially in view of a degree of overlap between white matter changes
in the Cyfip1+/− rat model and a mouse Fmr1 knockout, speci-
fically reduced FA in the corpus callosum56. The mouse Fmr1
knockout also revealed evidence of global disruptions in func-
tional connectivity as indexed by fMRI56. Prior to myelination,
mRNAs encoding MBP are transported into the oligodendrocyte
processes, where local translation of MBP mRNAs occurs, so
perturbations in CYFIP1-FMRP interactions could presumably
affect MBP mRNA translation. However, whilst there is some
in vitro evidence linking FMRP with regulation of mRNA
translation in developing oligodendrocytes57, current data does
not allow further speculation regarding FMRP mediated effects
on the phenotypes seen in the Cyfip1+/− rat model. Additional
complexity is apparent when considering the range of functions
that may be sensitive to reduced dosage of Cyfip1, encompassing
oligodendrocyte production, differentiation and migration; effects
on neurons as opposed to oligodendrocytes, can also have an
impact on axon-oligodendrocyte interactions and influence
myelination in that way58.

We assessed the extent to which the imaging and cellular data
were associated with behavioural effects. Behavioural flexibility
has been shown to be sensitive to abnormalities in myelination in
mouse models of myelin deficits15. Furthermore, in humans,
corpus callosum morphology correlates with behavioural flex-
ibility in a study using a cohort of twin pairs, where one was
diagnosed with bipolar disorder and the other was clinically
healthy30. We therefore focused the behavioural analyses on
psychological processes supporting such flexibility. We first
showed that during reversal learning, Cyfip1+/− rats showed
greater early perseveration in choosing the previously rewarded
stimulus. The effects in the Cyfip1+/− rats were highly specific to
the reversal element of the task, with no concomitant effects on
initial learning.

The pattern of normal initial learning but impaired behavioural
flexibility was also evident when assessed independently in an
associative mismatch task. In this case, the changed contingencies
involved the relationships between the components of
audio–visual sequences. This task has been described pre-
viously47–50, and characterised with respect to its psychological
origin47,49, the conditions under which it is observed48,50 and its
underlying brain substrates, where there is evidence that hippo-
campal circuity is involved, and mediation of related psycholo-
gical processes by callosal circuitry59–61. We again observed a
highly specific effect of Cyfip1 haploinsufficiency on the orienting
behaviour generated when there was a mismatch between the
trained and tested audio–visual sequences, with the Cyfip1+/−

rats not showing the expected increase in orienting to a familiar
visual stimulus that was unpredicted by the auditory cue that
preceded it. An inability to alter behaviour in response to changes
in the environment has been strongly associated with orbito-
frontal cortex (particularly during reversal learning62) and ventral
prefrontal cortex damage in humans63 and rats62,64. Whilst the
role of the corpus callosum in behavioural flexibility has not been

as extensively investigated, it is known to be important in the
functional integrity of brain regions that are classically linked
with behavioural flexibility32,64,65. The corpus callosum (along
with the internal capsule) carries white matter bundles containing
axons projecting from the frontal cortex and striatal regions32,
and pruning and myelination of the corpus callosum coincides
with cortical maturation in the frontal cortex, mutually influen-
cing each other’s development65,66.

Increases in FA with little evidence of reductions were a pro-
minent feature of our findings in human 15q11.2 BP1-BP2
deletion carriers7. Hence, while the rat model and human phe-
notype converged on white matter changes they differed in the
direction of the change. Differences between the human and rat
findings could have resulted from several factors. First, the
15q11.2 BP1-BP2 deletion involves three other genes in addition
to CYFIP1, especially NIPA1 which is expressed in the brain and
was found to inhibit the bone morphogenic protein (BMP),
crucial for typical axonal growth and guidance67,68. Therefore, a
priori, haploinsufficiency of NIPA1, and possibly the other genes
in the interval69,70, may impact on the 15q11.2 BP1-BP2 deletion
DTI phenotype. The possibility that there are species differences
in the expression patterns of CYFIP1/Cyfip1 and also any com-
pensatory responses to haploinsufficiency should also be borne in
mind. Furthermore, the humans and rats are likely to have been
subject to differential compensatory mechanisms arising from
very different environmental challenges across their
lifespan6,71,72. Moreover, as changes in myelin thickness impact
relatively modestly on DTI measures24 it may be that whilst
myelin changes may be present in both human and the rat model,
in terms of the human DTI data any effect on myelin may have
been masked by other molecular and cellular consequences of the
copy number deletion. To date, there have been no published
studies of myelin (as opposed to overall white matter) changes in
15q11.2 BP1-BP2 deletion, though the current data predicts their
existence and this is something that could be tested using ultra-
structural magnetic resonance imaging (MRI) methods providing
the necessary resolution to visualise and quantify myelinated
axons directly in the living human brain73. Nonetheless, whilst an
exact between-species comparison would require an assessment
of CYFIP1-specific heterozygous humans, we have demonstrated
a clear link between Cyfip1 haploinsufficiency and white matter
microstructure.

In conclusion, we have employed a novel rat model of Cyfip1
haploinsufficiency to probe the neurobiological and behavioural
mechanisms underlying the significantly enhanced risk for psy-
chopathology linked to the 15q11.2 BP1-BP2 deletion. We found
disturbances to white matter as seen in human carriers, and
showed effects on myelin thickness associated with an abnormal
intracellular distribution of MBP, together with evidence of highly
specific effects on behavioural flexibility. Cross species compar-
ison of the imaging phenotypes in rats and humans suggest it is
unlikely that effects mediated by CYFIP1 are solely responsible
for the 15q11.2 phenotype, and additional work is required to
determine the contribution made by the other three genes,
NIPA1, NIPA2, and TUBGCP5 affected in the 15q11.2 BP1-BP2
deletion. However, these findings in the Cyfip1 rat model give an
insight into the contribution made by low dosage of CYFIP1 to
the 15q11.2 BP1-BP2 deletion phenotype.

Methods
Rats. The Cyfip1 rat model was created by Cardiff University in collaboration with
Horizon Discovery (St Louis, USA) using CRISPR-Cas9 targeting (https://www.
horizondiscovery.com/) and supported by a Wellcome Trust Strategic Award
(DEFINE). Full information on the creation and validation of the rat model is in
the Supplementary Methods section. All the rats used in this study were Long
Evans males. The rats were produced from breeding stocks held at Charles River
(UK) using a WT x HET design resulting in an average 1:1 WT to Cyfip1+/−, the
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mutation was transmitted in Mendelian fashion with no sex bias and the rats were
healthy and viable showing no general ill effects of the mutation. The rats were
transported to Cardiff at 8–10 weeks of age. At Cardiff the rats were housed in
mixed-genotype groups of 2–3 rats. The rats had free access to food and water
(except for those used in the reversal learning task, see below) and lived under
the condition of a 12 hr light/day cycle (lights on at 7:00 am), room temperature
21 ± 2 °C. Rats used in DTI were 5-months-old. The rats were euthanised 1 month
after the scanning and used for immunofluorescence. The rats used for electron
microscopy were 6-months-old. The rats used for behavioural experiments were
6–9-months-old. The reversal learning task was motivated by liquid reward (10%
sucrose solution w/v) and to enhance working in the task, the rats were subject to
water restriction immediately prior to and during task training, in which case the
rats were given 2 h access to water per day. The water restriction schedule has no
adverse effects on the health or welfare of the rats, being designed to give rise to a
temporary increase in motivation for the liquid reinforcement, and across the
whole day the rats on the schedule drink as much fluid as under free access
conditions. All the experimental procedures were performed in accordance with
institutional animal welfare, ethical and ARRIVE guidelines and under the UK
Home Office License PPL 30/3135 (Animals (Scientific Procedures) Act 1986).

Diffusion tensor imaging acquisition. A cohort of 24 rats (WT n= 12 and
Cyfip1+/− n= 12) were anaesthetised with isoflurane in oxygen at 4% and main-
tained at 1% during the scanning. MRI scans were acquired with a 9.4 T MRI
scanner (Bruker, Karlsruhe, Germany) with a 30-cm bore and a gradient strength
of up to 600 mTm−1. The MRI protocol included DTI acquisition with a diffusion-
weighted (DW) spin-echo echo-planar-imaging (EPI) pulse sequence having the
following parameters: TR/TE= 4000/22 ms, Δ/δ= 10.5/4.5 ms, two EPI segments,
and 60 noncollinear gradient directions with a single b-value shell at 1000 smm−2

and one image with a b-value of 0 smm−2 (referred to as b0). Geometrical para-
meters were: 34 slices, each 0.32 mm thick (brain volume) and with in-plane
resolution of 0.32 × 0.32 mm2 (matrix size 80 × 96; FOV 25.6 × 30.73 mm2). The
DTI protocol lasted ~16 min. In addition, high resolution, T2 weighted images
were acquired for anatomical reference with a multi-slice multi-echo pulse
sequence with the following parameters: TR of 7200 ms, TE of 15 ms and effective
TE of 45 ms, rare factor was 8. Image resolution was set to 0.22 mm3 with matrix
size of 128 × 160 × 50 to cover the entire brain.

DTI data correction and DTI maps extraction. ExploreDTI 4.8.374 and SPM
(version 12, UCL, London, UK) were used in the preprocessing of the rat DTI data.
First, eddy-current induced distortion and motion correction were performed and
mean-DWI images were extracted using ExploreDTI. Non-brain tissue was
removed from the mean-DWI and the T2-weighted images following these steps:
(1) T2-weighted scans were anisotropic smoothed using ExploreDTI, (2) both
smoothed T2-weighted and mean DWI images were bias corrected using the seg-
mentation tool in SPM12, (3) the bias corrected T2-weighted were coregistered
with a population-specific template and multiplied by a mask to remove the non-
brain tissue, (4) the skull was removed from the mean DWIs using the 3D masking
option in ExploreDTI. Then, data was corrected for field inhomogeneities, using
ExploreDTI, where the skull-stripped mean DWIs images were used as a native
space mask, and the skull-stripped T2-weighted structural scans were used as
transformed space mask. Each DWI image was nonlinearly warped to the T2-
weighted image using non-DWIs map as a reference. ExploreDTI was used to
generate FA, AD, RD and MD maps.

Preprocessing for Tract-Based Spatial Statistics. For the voxel-wise analyses of
DTI data, Tract-Based Spatial Statistics (TBSS) method was implemented, which is
part of the FSL. All FA maps were submitted to a free-search for a best registration
target, where each volume was first registered to every other volume, and the one
requiring minimum transformation to be registered to other volumes was selected
as the best registration target. This target was used as a template into which the
registration was performed. Following registration, a mean FA map was calculated,
thinned to represent a mean FA skeleton, and an optimal threshold of 0.2 was
applied to the mean FA skeleton to create a binary white matter skeleton mask
(Supplementary Fig. 1). The local FA-maxima, as well as the AD, RD and MD, of
each rat were projected onto this white matter skeleton.

ex vivo transmission electron microscopy and immunofluorescence. For
transmission electron microscopy, a new cohort of nine rats (WT n= 5 and
Cyfip1+/− n= 4) was used. For immunofluorescence seven brains were randomly
selected (WT n= 7 and Cyfip1+/− n= 7) from the cohort used for DTI. In both
cohorts, the rats were intracardially perfused with 0.1 M phosphate buffered saline
(PBS), followed by 4% of glutaraldehyde in 0.1 M PBS in the cohort used for
electron microscopy, and 4% paraformaldehyde in 0.1 M PBS (PFA) in the cohort
used for immunofluorescence. For transmission electron microscopy, the brains
were placed on a shaker to postfix in glutaraldehyde for 4 h, after which they were
placed in phosphate buffered saline and stored at 4 °C until further use. Then the
brains were embedded in TAAB embedding resin. Ultra-thin sections (50 nm)
were stained with aqueous 4% uranyl acetate and lead citrate. The sections were
visualised on a transmission electron microscope (CM12, Philips, the Netherlands)

and, for quantification, images were taken using an on-axis 2048 × 2048 charge-
coupled device camera (Proscan, Schering, Germany). In order to obtain a
representative sample, 15 regions across the extent of the anterior-posterior extent
of the corpus callosum per animal were taken for quantification. For immuno-
fluorescence, the brains were placed on a shaker to postfix in PFA for 4 h, after
which they were placed in phosphate buffered 30% sucrose. Coronal cryosections
of the brain, of 15 μm thickness, were made on a cryostat (CM1860 UV, Leica,
UK), mounted onto a Poly-L-Lysine (PLL)-coated slides (three sections per slide),
and stored at −20 °C. For immunofluorescence, antibodies were used as follows:
anti-Olig2 (ab109186, Abcam) 1:400, anti-APC [CC-1] (ab16794, Abcam) 1:400,
anti-MBP (MAB386, Millipore) 1:300. For the Olig2 and Cc1 doublestaining, the
slices were heated in a 5% citrate buffered antigen retrieval solution (pH 6, 10x,
Sigma-Aldrich Company, UK), using a water bath at 90% for 10 min. All the slices
were blocked for 1 h with 5% donkey serum (Sigma-Aldrich Company, UK), and
0.3% Triton X-100 in PBS. The appropriate primary antibodies were applied and
incubated overnight at 4 °C. On the next day, after washing, the slices were
incubated for 2 h with secondary antibodies (Alexa Fluor Life Technologies,
Manchester, UK), in a concentration of 1:1000 at room temperature. Then, the
slides were washed, counterstained with 1:1000 DAPI, mounted and cover-slipped.
For quantification of Olig2+ and Cc1+ cells, images were taken on an inverted
fluorescent time lapse microscope (DMI6000B, Leica, UK), and at least 4 images
from random visual fields were taken from regions including the corpus callosum
and external capsule. For quantification of MBP intensity, one coronal section per
rat was taken on an Axio scan (Zeiss, Germany), and the same exposure time and
intensity were used for all the slides.

in vitro immunofluorescence. Primary OPC cultures were isolated from neonatal
Long Evans (postnatal day 0–3) rat from cortices following a standard protocol26.
This protocol is known to generate OPC at ≥95%. Briefly, cerebral cortices were
dissected, and the meninges were removed. Following the enzymatic digestion for
an hour, the cell suspension was placed into cell culture flasks. The mixed glial
cultures were grown for ~10 days in Dulbecco modified Eagle medium supple-
mented with 10% foetal calf serum at 37 °C in 7.5% CO2. On day 10, the flasks were
shaken for 1 h at 260 rpm on an orbital shaker to remove the loosely attached
microglia and were then shaken at 260 rpm overnight to dislodge the loosely
attached oligodendrocyte precursors. OPCs were seeded onto PLL-coated eight well
chamber slides (2 × 104 cells/well), in Sato’s medium supplemented with 0.5%
foetal calf serum (FCS) in order to induce differentiation. After 3 days of differ-
entiation, the cells were fixed using 4% PFA in PBS for 10 min following two
washes with PBS. Cells were stained with anti-O4 (1:200; MAB345, Millipore) and
anti-MBP (1:200; MAB386, Millipore) antibodies (Alexa 555/488-conjugated sec-
ondary antibody, 1:300; Alexa Fluor Life Technologies). For quantification, images
were taken on an inverted fluorescent time lapse microscope (DMI6000B, Leica,
UK) with ×20 magnification, where 5 images from random visual fields were taken
per well. Three independent biological replicates were performed.

Reversal learning. A separate group of 17 rats were used in the reversal learning
task (WT n= 7, Cyfip1+/− n= 10). Testing was conducted in a touchscreen-based
automated operant system that consisted of an operant chamber with a flat-screen
monitor equipped with an infrared touchscreen with accompanying Animal
Behaviour Environment Test (ABET) II software (Campden Instruments, Leics).
Session duration was 30 min, or until 100 trials were completed under all training
conditions. Pre-training consisted of two stages (Magazine Training and Touch
Training) these gradually shaped the screen-touching behaviour required for the
reversal learning touchscreen task proper. Following successful completion of pre-
training Visual Discrimination Training began (Supplementary Fig. 4); two stimuli
were presented at a time (S+ and S−, counterbalanced across animals), on either
side of the screen. The rat had to touch the correct stimulus (S+) to elicit reward.
Reward delivery was accompanied by illumination of the tray light and a tone.
Entry to collect the reward turned off the tray light and started the inter-trial
interval (ITI −5s) following which the rat initiated the next trial by a second
magazine entry. Touching the incorrect stimulus (S−) terminated the trial and the
house-light was turned on for a time-out period of 5 s and no reward given,
following the time-out the ITI period began after which the rat had to initiate the
next trial by executing a magazine entry. Once the rats reached performance cri-
teria (Completing 50+ trials with 80–85% correct, for 2 consecutive sessions), the
contingencies were reversed (previous S+ now S−; previous S− now S+) and
behaviour monitored (see Supplementary Figure 4 for schematic of task design).

Mismatch task. A different group of 36 rats performed the mismatch task (WT
n= 21, Cyfip1+/− n= 15). On the first 4 days, the rats were placed in the experi-
mental apparatus (a modified skinner box allowing presentations of auditory and
visual stimuli) for 30 min. Following this general habituation to the apparatus they
received 4 days of training with two audiovisual sequences. One auditory stimulus
(a 2 kHz tone) preceded the constant presentation of a light, whereas a second
auditory stimulus (a 10Hz series of clicks) preceded the flashing presentation of the
same light stimuli (i.e. Tone→Steady Light, Click→Flashing Light; the combinations
were randomly counterbalanced across animals). All stimuli were presented for
10 sec. There were 10 presentations of both audiovisual sequences on each of the first
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3 days of training and six presentations of both sequences on day 4 that served as
warm-up trials for the eight test trials that immediately followed. The inter-trial-
interval was 2min. Rats received two types of test trials, match and mismatch. The
order in which the two types of test trials were presented was counterbalanced.
Match test trials were presentations of the same audiovisual sequences that had been
presented during training (e.g. Tone→Steady Light, Click→Flashing Light), whereas
on mismatch trials the auditory stimuli preceding the visual stimuli were exchanged
(e.g. Tone→Flashing Light, Click→Steady Light). All experimental sessions were
recorded using a video recorder and orienting responses subsequently scored by
observers who were blind to the genotype of the rats and the nature of the test trials
(match or mismatch). An Orienting Response (OR) was defined as the tip of a rat’s
snout being located in the side of the apparatus that contained the light and pointing
in the direction of the light.

Statistical analyses. Differences in DTI measures between the two groups (WT
and Cyfip1+/) were assessed using voxel-wise independent t-tests, where two dif-
ferent contrasts were used (WT > Cyfip1+/−, and Cyfip1+/− >WT). Using the
randomise function (part of FSL), the null distribution was built over 1000 random
permutations, using the TFCE18 algorithm where cluster-like structures are
enhanced, and the results are shown for p < 0.05. For multiple comparison cor-
rection, first FWE correction was used. Since only FA changes were found within
this analysis, we also used a less conservative correction method based on FDR
correction, purposed by Benjamini–Hochberg21. To quantify the changes in areas
where significant differences in FA were seen after FWE correction, regions of
interest (ROIs) were manually delineated using FSL. Several consecutive slices were
outlined on the coronal plane and the selected ROIs included the corpus callosum,
internal capsule, external capsule, and fornix/fimbria regions. The CBJ13 MR-
histology rat atlas at age P8075 was used as reference. A representation of the binary
masks can be found in Supplementary Fig. 2. FA, AD, RD and MD were quantified
by applying these binary masks and extracting the mean values for each region
across subjects.

For quantification of cells the ImageJ software (version 1.51) was used. The
number of myelinated and unmyelinated axons, axon diameter, myelin thickness
and g-ratio (measure of myelin thickness relative to axon diameter: where lower g-
ratios indicates thicker myelin sheath) of normally myelinated axons were
quantified. A total of 13127 (WT n= 7148, Cyfip1+/− n= 5979 axons) myelinated
axons were analysed. For quantification of oligodendrocytes ex vivo, the total
number of Olig2+ , and the overlapped Olig2+/Cc1+ cells were counted. Only
cell bodies clearly identified by Olig2 and Cc1 immunofluorescence and
overlapping with DAPI staining were counted. MBP+ reactivity was determined
by comparing immunofluorescence staining intensity. The whole region of corpus
callosum and external capsule was selected in the coronal section, and
quantification was done by calculating the mean intensity of the pixels above a
preset intensity threshold, multiplied by the number of pixels above that threshold,
and dived by the total area quantified. For in vitro quantification, to assess OPC
differentiation, the percentage of O4+ and MBP+ cells relative to Hoechst-stained
nuclei were quantified. In order to compare different levels of maturation of
oligodendrocytes, MBP-positive oligodendrocytes were classified into three
categories considering the distribution of MBP in the cells: (i) type 1, where the
MBP staining was only present in the nucleus, (ii) type 2, ramified distribution and
(iii) type 3, membranous distribution. Furthermore, to quantify MBP distribution
in type 2 and type 3 cells, the area of MBP+ staining was quantified.

All the cell quantifications were conducted with the investigator blinded to the
phenotype. Differences between WT and Cyfip1+/− were analysed in RStudio
version 1.1.463 (R Foundation for Statistical Computing, Vienna, Austria). In order
to compare all the axons in each group while taking into account variation across
individuals, we used linear mixed effects models to analyse the effect of genotype
on axon diameter, g-ratio and myelin thickness, where these measures were
considered fixed effects, and animals were considered random effects. Since we
only had one random effect, we used non-restricted maximum likelihood to
estimate the model parameters. In this analysis, the myelin thickness was log-
transformed since the data followed a log-normal distribution, whereas the other
measures followed a normal distribution. For in-vitro analyses, linear mixed effects
models were also used to consider variation across biological repeats (where these
were considered random effects). All the other measures were analysed using two-
tailed unpaired Student’s t-test. Data are given as mean ± s.e.m.

Visual discrimination and reversal learning performance was assessed using
ANOVA with factors of GENOTYPE and SESSION. Any significant interaction
was subsequently examined by analysing the Simple Effects. Completion rates for
the rats during the different phases of reversal were assessed non-parametrically
using Chi-squared test. Performance in the mismatch task was assessed using
ANOVA with factor of GENOTYPE and BLOCK during the habituation to the test
apparatus phase of training and factor GENOTYPE in the habituation to the
stimulus pairs and mismatch test phases. Orienting responses in the mismatch test
phase were analysed as a discrimination ratio (total orienting to matched/total
orienting to both matched+mismatched).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All data from this study are available from the corresponding author upon reasonable
request. The source data underlying Table 1, Fig. 2c–g, Fig. 3a–b, Fig. 4c–d, Fig. 5a–e,
Fig. 6a–c, and Supplementary Figs. VI and VII are provided as a Source Data file.
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