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Abstract  

Advances in psychiatric genetics have begun to reveal the complex biological 

underpinnings of psychiatric disorders.  Rare but penetrant copy number variants 

offer particularly direct mechanistic clues. The deletion at 15q11.2(BP1-BP2) has 

a 13% penetrance for developmental delay, congenital malformation, autism or 

schizophrenia. Reduced dosage of CYFIP1, one of four genes within this deletion, 

has emerged as a likely contributor to cognitive dysfunction seen in 15q11.2(BP1-

BP2) deletion patients. However, the route from CYFIP1 haploinsufficiency to 

impaired behaviour has not been fully mapped. 

While synaptic deficits have been identified in mice haploinsufficient for Cyfip1 

(Cyfip1+/-), circuit-level phenotypes have not been investigated. Using multi-site 

chronic electrode implants I recorded local field potential data simultaneously from 

prefrontal cortex, hippocampus and nucleus accumbens in a novel Cyfip1+/- rat 

model during a behavioural task and during sleep. 

Cyfip1+/- rats show normal performance accuracy on a discrete-trial alternation T 

maze task, but require more trials to achieve criterion during training. Task-

dependent hippocampal-prefrontal network coordination remains intact in well-

trained Cyfip1+/- rats, although theta-gamma phase-amplitude coupling within 

dorsal hippocampus is reduced compared to WTs. While circadian patterns and 

sleep architecture appear normal, hippocampal non-REM ripples are diminished in 

Cyfip1+/- rats compared to WTs, and preliminary data from the related Fmr1 

(Fragile X Mental retardation 1) knockout rat also show aberrant ripples. 

Disrupted interactions are seen in the cortico-hippocampal-accumbal network, most 

prominently during approach to sucrose reward locations. Altered N-methyl-D-

aspartate receptor signalling is implicated, as Cyfip1+/- rats show an exaggerated 

response to acute ketamine injection in the form of an enhanced surge in high 

frequency oscillations in nucleus accumbens and prelimbic cortex. 

Overall, abnormal behaviour- and ketamine-dependent network dynamics in 

hippocampus, prefrontal cortex and nucleus accumbens of Cyfip1+/- rats are 

reminiscent of some features of neuropsychiatric disorders, and lend weight to 

causal roles for CYFIP1 haploinsufficiency in predisposing patients to cognitive 

dysfunction.  
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1 
Chapter 1 Introduction  

This chapter introduces the genetic and genomic insights that are having a major 

impact on our understanding of complex psychiatric disorders, followed by an 

introduction to the gene of interest, CYFIP1, and the in vivo circuit-level analysis 

approach which together represent the focus of this thesis. Sections of this chapter 

have been published in Heckenast et al. (2015). 

1.1 Psychiatric molecular genetics: an inroad to complex 

psychiatric disorders 

Many psychiatric disorders carry a significant genetic risk, apparent through 

classical family, twin and adoption studies (Gottesman, 1991; Kendler and Eaves, 

2005). Together with environmental influences, genetic predisposition can 

significantly increase the chances of falling ill. As an example, schizophrenia is a 

severe disorder characterised by hallucinations and delusions (positive symptoms), 

a reduction in affect (negative symptoms) and cognitive deficits, with a lifetime 

prevalence of 1% (American Psychiatric Association, 2013; Tandon et al., 2009). 

The extent to which genetic makeup contributes to schizophrenia risk, i.e. the 

heritability of the disorder, is estimated to be 60-80% (Sullivan et al., 2012). 

Therefore, in principle, identifying which genes and variants contribute to risk and 

the mechanisms through which they impact brain function should allow rational 

design of new therapies. This is particularly critical for treatment of cognitive 
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deficits, the symptom domain most predictive of longer term prognosis (Green et 

al., 2000), which is not alleviated by currently available medications (Insel, 2010, 

2012; Keefe et al., 2007). The pathophysiology of schizophrenia and other 

psychiatric conditions needs to be better understood before new targeted treatments 

can be designed. 

One significant inroad to understanding the pathogenesis of schizophrenia, and 

increasingly other diagnosed psychiatric conditions such as bipolar disorder and 

autism, therefore lies with advances in psychiatric molecular genetics. Making use 

of large sample sizes and the integration of data within large-scale international 

consortia, modern day association studies are beginning to reveal the specific DNA 

variants that give rise to the genetic component of risk for disorder. These studies, 

most mature for schizophrenia, have seen great advances in cataloguing associated 

loci, with suspected candidate genes confirmed, new ones discovered and 

importantly convergent evidence implicating key, possibly causal, molecular 

pathways (Hall et al., 2015; Need and Goldstein, 2014; Pocklington et al., 2015; 

Rees et al., 2014; Ripke et al., 2014). Two emerging general conclusions are that 

the genetic architecture underlying psychiatric risk is highly multi-genic and 

complex, with contributions from, typically, hundreds of individually low 

penetrance single nucleotide polymorphism (SNP) variants that are common in the 

population (known as the ópolygenicô risk) together with a much lower number of 

rare but much more damaging variants (discussed further below). Secondly it 

appears there can be substantial genetic overlap between diagnosed conditions, 

whereby the same variants can confer risk across multiple clinically defined 

disorders including, to varying degrees, schizophrenia, bipolar disorder, autism, 

ADHD, developmental delay and intellectual disability (Kirov, 2015; Lee et al., 

2013). Notwithstanding their emerging complexity, the genomic findings have 

stimulated the creation of new genetic models in order to delineate the biological 

mechanisms by which genetic variants can contribute to risk for disorder. 

Concurrently, the rapid progress in genome editing technologies, such as CRISPR, 

have enabled epidemiological studies of psychiatric genetics to inform mechanistic 

studies in cellular and animal models (McCarthy et al., 2014) by increasing the ease 
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and efficiency of genetic manipulation in a wider range of model species, including 

rats (Hamra, 2010). 

Broadly, this thesis aims to understand the neural and behavioural consequences of 

Cyfip1 haploinsufficiency, a gene within the recently identified risk-carrying 

15q11.2 copy number variant (CNV), with a view to defining mechanisms of 

cognitive impairment in 15q11.2 CNV carriers. The work presented here is part of 

a major research programme at Cardiff University that aims to harness the recent 

advances in understanding the genomics underlying complex psychiatric conditions 

such as schizophrenia to generate novel animal models that could help in 

understanding the pathophysiology of disease processes and ultimately develop 

better treatments. In this chapter, following an overview of the genetic architecture 

of complex psychiatric disorders, I will introduce the 15q11.2 deletion syndrome 

and outline the rationale that led to the creation of the Cyfip1+/- rat model. Finally, 

I will introduce electrophysiological recording from behaving animals as the main 

experimental approach in this thesis, which provides one of the most directly 

translatable measures with which to investigate the activity of neural networks 

underlying cognitive processes and may represent useful disease biomarkers (Rosen 

et al., 2015).  

1.2  The allelic architecture of genetic risk for psychiatric disorder 

The genetic architecture of psychiatric conditions such as schizophrenia, bipolar 

disorder and autism is highly complex: risk alleles have varying frequencies in the 

population, different penetrance levels and interacting properties both with other 

genes and the environment, all of which contribute to the intricate relationship 

between genotype and phenotype. In broad terms, the main sources of genetic risk 

can be divided into: 1) genetic ñnudgesò: alleles that are common in the population 

but have small individual effect sizes; 2) genetic ñshovesò: rare alleles with a larger 

effect on disease risk (McCarroll and Hyman, 2013) (Figure 1.1). It has been 

proposed that this basic genetic architecture arises from the effects of natural 

selection, whereby common alleles persist because they are individually less 

damaging to fecundity, whereas rarer, more damaging variants, such as CNVs, are 
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under negative selection because they adversely impact on fecundity (Kirov, 2015). 

In support of this notion, de novo rare variants have particularly high penetrance, 

potentially because they have not yet been subjected to the rigours of selection 

(Sullivan, Daly, and OôDonovan 2012). Genome-wide association studies (GWAS) 

using microarray-based methods and more recently sequencing methods are being 

used to identify the variants associated with an increased risk for psychiatric 

disorder.  

 

Figure 1.1 | The pathogenesis of psychiatric disorders. Figure taken from Gandal et al., 
(2018). 
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1.2.1 Genetic nudges: common, low penetrance single nucleotide 

polymorphisms 

Successive GWAS in schizophrenia and other conditions have seen the number of 

significantly associated SNPs increase in parallel with sample sizes. The largest 

GWAS to date, which included 36,989 patients diagnosed with schizophrenia and 

113,075 controls (Ripke et al., 2014), identified 108 risk loci for schizophrenia. The 

data were amassed through huge collaborative efforts among many research groups 

to combine phenotype-genotype datasets, and it is likely that as sample sizes 

increase further, more risk loci will be identified (Owen, 2014). The currently 

known 108 SNP risk loci are located both within genes (coding [exons] and non-

coding [introns] regions) and between genes. As a proportion of the SNP variance 

is likely to reflect markers for risk genes in close genomic proximity, the 108 loci 

are estimated to implicate at least 350 genes (or more, depending on how liberally 

the associations are defined, see Need and Goldstein (2014)) across a number of 

putative pathogenic pathways. 

These implicated genes include some previously suspected biological systems 

based on non-genetic evidence, as well as highlighting new associations. In line 

with a major theory of schizophrenia, which suggests aberrant dopamine signalling, 

the gene coding for the dopamine D2 receptor was in a risk locus. The most 

statistically significant association related to genes in the major histocompatibility 

complex, some of which are involved in innate immunity, lending support to an 

increasingly recognized hypothesis regarding the immune systemôs role in 

schizophrenia (reviewed in Patterson (2009), and Sperner-Unterweger and Fuchs 

(2015)). A subsequent study was able to ascertain which gene was driving this 

association (Sekar et al., 2016): the gene coding for the C4 complement protein 

which is, amongst a range of functions, interestingly also associated with synaptic 

pruning during development (Sekar et al., 2016). Other risk SNP loci implicate 

genes and pathways in other biological systems, notably those involved in 

glutamatergic neurotransmission, calcium signalling, epigenetic modification and 

synaptic function and plasticity, findings which demonstrate a degree of 

convergence with recent data from the analyses of rare variants, as described below. 
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The emerging picture of common risk variants suggests there is significant overlap 

in risk SNPs between schizophrenia, bipolar disorder, autism, major depression and 

ADHD, with cases from one disorder showing higher genetic similarity to the cases 

of another disorder than with their controls (Lee et al., 2013) (Figure 1.1). 

Following from this, analysing data from several psychiatric conditions helps 

improve predictions of polygenic risk (Maier et al., 2015) and a recent meta-

analysis found similar overlap in transcriptomic profiling (Gandal et al., 2018). 

These findings suggest that current diagnostic categories do not align with 

genetically distinct pathophysiological states (Sullivan et al., 2018). 

1.2.2 Genetic shoves: rare, higher penetrance genetic variants  

CNVs are rare, sub-microscopic deletions or duplications of short stretches of 

chromosome, caused by unbalanced rearrangements during meiosis, leading to 

carriers having a structural variation on one of the chromosome pairs. CNVs range 

from hundreds of base pairs to several megabases in length and often span multiple 

genes. Schizophrenia patients have a 1-3-fold genome-wide enrichment of 

relatively rare CNVs, indicating significant contributions of these structural 

abnormalities to schizophrenia risk (Walsh et al. 2008; International Schizophrenia 

Consortium. 2008; Stefansson et al. 2008). This increased CNV burden is evident 

in several other neurodevelopmental and psychiatric disorders, including 

intellectual disability, autism spectrum disorders and attention-deficit/hyperactivity 

disorder (Kirov, 2015).  

The deletion at 22q11.2 was the first identified schizophrenia-associated CNV, and 

larger sample sizes have allowed at least 15 more pathogenic loci to be identified 

(Rees et al., 2014). While only around 2.5% of patients with schizophrenia carry a 

pathogenic CNV, their odds ratios (the fold change in risk compared to the general 

population) are between 2 and 60 (Rees et al., 2015), a substantially larger effect 

size than SNPs. Almost all CNVs are also associated with a range of other 

neurodevelopmental disorders, such as autism spectrum disorder and intellectual 

disability (Girirajan et al., 2012; Kirov et al., 2014) (Figure 1.2). 
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Figure 1.2 | Penetrance of schizophrenia-associated copy number variants. Taken 
from Kirov et al. (2014). AS/PWS, Angelman/Prader-Willi syndrome; del, deletion; dup, 
duplication; VCFS, velo-cardio-facial syndrome; WBS, Williams-Beuren syndrome. 

While much of the overall population genetic risk for schizophrenia and other 

disorders is accounted for by alleles present in one or both of the parents, the hardest 

hitting, most penetrant individual mutations found in a small fraction of patients are 

often de novo (Kirov 2015), i.e. not present in the somatic cells of the parents but 

arising in their germ line during meiosis. The method used to study de novo CNVs, 

for example, is a proband-parent trio design, where CNVs which occur in the child 

but neither of the parents are identified. This design has proven successful in 

identifying de novo mutations in autism spectrum disorder and intellectual 

disability (Rauch et al., 2012; Sanders et al., 2012), while in a sample of 662 

schizophrenia proband-parent trios and 2623 controls, Kirov et al. (2012) found rare 

de novo CNVs to be significantly more common in cases that in controls (5.1% vs 

2.2%). Further de novo mutations were located at known schizophrenia risk loci, 

3q29, 15q11.2, 15q13.3 and 16p11.2, while others included genes for the discs large 

(DLG) protein family, which are part of the post synaptic density, and euchromatic 

histone-lysine N-methyltransferase 1 (EHMT1), a histone methyl transferase which 

interacts directly with DLG proteins. 

Developmental delay, autism, congenital malformations

Schizophrenia
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Rare and de novo mutations can also occur as single nucleotide variants (SNVs) 

and tiny insertions and deletions (indels) which, until recently, were undetectable 

due to their rarity and miniscule size. Whole genome sequencing now allows rapid 

and higher-resolution scanning in order to detect these mutations. Initially, 

sequencing research was limited to the exome, where data from schizophrenia trios 

showed enrichment of small de novo mutations in the N-methyl-D-aspartate 

receptor (NMDA) signalling complex, interactors with activity-regulated 

cytoskeleton-associated protein (ARC) at the synapse, and in the targets of the 

fragile X mental retardation protein (FMRP)-CYFIP1 complex involved in 

translation regulation. Further evidence supporting these findings came from a large 

scale case-control exome sequencing study, which found enrichment of small rare 

mutations in PSD-95, an NMDA receptor associated protein, and targets of the 

FMRP-CYFIP1 complex (Purcell et al., 2014). In addition they also found an 

enrichment in voltage-gated calcium channels, which have also been strongly 

implicated in previous GWAS analyses (Ripke et al., 2014) and play a key role in 

synaptic plasticity (Berger and Bartsch, 2014). 

The largest whole genome sequencing study to date found that disruptive and 

damaging rare variants in schizophrenia cases were enriched in brain-specific 

genes, specifically in neuron-expressed genes, and within neurons were more 

enriched in synaptic genes, such as targets of FMRP (Genovese et al., 2016). So far 

only one gene passed the stringent statistical threshold to be confirmed by the whole 

genome sequencing approach (SETD1A, (Singh et al., 2016)), and it is likely that 

even greater sample sizes are needed when looking for such rare variants (Gratten, 

2016). Nevertheless, these studies support the implication of synaptic pathways 

underlying schizophrenia (Hall et al., 2015).  

1.3 Putting psychiatric genetics to work 

An important next step in order to take advantage of the recent progress in 

identifying risk genes is the creation of animal and cellular models able to reveal 

the mechanisms by which genetic variants influence risk for disorder. While animal 

models in psychiatry in particular have encountered significant hurdles (Arguello 

and Gogos, 2006; Nestler and Hyman, 2010; Wong and Josselyn, 2015), the high 
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construct-validity of genetic approaches still holds strong potential to shed light on 

the mechanisms underlying disease aetiology. 

An initial challenge arose in prioritising exactly which genetic animal models 

should be created. There has been some debate regarding the most advantageous 

genetic strategy for modelling purposes. By modelling common variants, with an 

individually small contribution to risk, it may prove difficult to see their effect on 

the phenotype, despite their significant overall contribution to risk in concert with 

other common and rare variants. However, it should not be forgotten that common 

variants have the potential to implicate genes and pathways of large effect, which 

can then be investigated and other elements of the pathway targeted by drugs 

(McCarroll and Hyman, 2013). An alternative basic strategy, one now widely 

supported (Karayiorgou et al. 2012; Need & Goldstein 2014; although see Hyman 

2018), is to focus on the rare, highly penetrant mutations. While CNVs are the 

strongest contributing genetic factor in only a small fraction of schizophrenia cases, 

it is proposed that identifying the mechanism of these (predicted) stronger 

phenotypes will lead to finding convergent disturbances at the mechanistic level. In 

addition to the 22q11.2 mouse model, which has been intensively studied (Mukai 

et al., 2008; Nilsson et al., 2016a; Sigurdsson et al., 2010; Tamura et al., 2016; Van 

et al., 2017), a handful of mouse models have been created to model the recently 

identified, high penetrance CNVs (or single genes within them) for 

neuropsychiatric disorders, such as 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; Nilsson et al., 2016b; Thelin et al., 2017), 1q21.1 (Nielsen et al., 2017) 

and finally, the key risk variant of this thesis, 15q11.2 (Bozdagi et al., 2012; 

DeRubeis et al., 2013; Hsiao et al., 2016; Pathania et al., 2014). 

Following the decision to pursue highly penetrant CNV variants, the next challenge 

is to identify the causative, and mechanistically interesting individual genes within 

the CNVs responsible for the observed risk phenotype. While it is important to 

investigate all genes affected by the CNV, it makes practical sense to prioritize ones 

which other lines of evidence suggest may be mechanistically important. This was 
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the motivation behind the creation of the novel rat model investigated in this thesis, 

a rat heterozygous for Cyfip1 (Cyfip1+/-) designed to model the reduced gene dosage 

of CYFIP1 in 15q11.2(BP1-BP2) deletion carriers. 

1.4 15q11.2 

The primary genetic lead of this thesis is the 15q11.2(BP1-BP2) CNV. This region 

is a risk locus for several neuropsychiatric and neurological disorders: intellectual 

disability, autism spectrum disorder, schizophrenia, developmental delay and 

epilepsy (Chaste et al., 2015; Fromer et al., 2014; Horsthemke and Wagstaff, 2008; 

Kirov et al., 2012; Leblond et al., 2012; Stefansson et al., 2014; Tam et al., 2010; 

Vanlerberghe et al., 2015; Zhao et al., 2013b). A deletion in this region is one of 

the most common CNVs linked to schizophrenia, with an odds ratio of 2.15 (Rees 

et al., 2014), while the reciprocal duplication contributes more to ASD risk 

(Malhotra and Sebat, 2012). This chromosomal segment has previously been of 

interest due to its involvement in Prader-Willi and Angelman syndromes, both 

imprinting disorders. Type I deletions of these syndromes include the BP1-BP2 

segment, in addition to the imprinted region, and are associated with more severe 

neurodevelopmental symptoms than Type II deletions, where this segment is 

spared, revealing the critical nature of the BP1-BP2 deletion (Butler, 2017).  

1.4.1  Carriers of the 15q11.2(BP1-BP2) CNV 

Carriers of the 15q11.2(BP1-BP2) microdeletion may be identified when they 

present for genetic services due to varying degrees of developmental delay or 

intellectual disability (Abdelmoity et al., 2012; Burnside et al., 2011; Cox and 

Butler, 2015; Doornbos et al., 2009; von der Lippe et al., 2011; Madrigal et al., 

2012; Picinelli et al., 2016; Rudd et al., 2014; Sempere Pérez et al., 2011; 

Vanlerberghe et al., 2015; van der Zwaag et al., 2010). A proportion of these 

carriers are diagnosed with schizophrenia or ASD at ~20% and ~27% respectively, 

with ~73% reporting developmental delay, estimated from a review of clinical case 

studies (Butler, 2017). However, not all carriers share a clinical phenotype, 

indicating that the CNV has incomplete penetrance with variable expressivity. 
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The above numbers were likely subject to ascertainment bias (referring to the non-

random sampling that arises from studying subjects referred to genetic clinics) and 

lower power. Data from a much larger cohort (~13,000-32,000 cases, ~18,000 

controls) led to a penetrance estimation for developmental delay, congenital 

malformation, ASD or schizophrenia, of 13% (Kirov et al., 2014). It is suggested 

that incomplete penetrance is seen due to the ótwo-hitô hypothesis, whereby those 

with clinical phenotypes have a further pathogenic mutation or environmental insult 

that confers additional risk (Girirajan et al., 2012; Rudd et al., 2014). Incomplete 

penetrance offers the opportunity to study the effects of the CNV in controls, 

separately from disease states. A database of genotype data from a third of the 

Icelandic population provides an opportunity to study these carriers. Stefansson et 

al. (2014) identified 47 15q11.2(BP1-BP2) deletion carriers without a current 

clinical diagnosis of schizophrenia, ASD or intellectual disability from an Icelandic 

sample of 101,655 genotyped subjects, and found them to have marginally lower 

IQ than population controls as well as deficits in overall level of daily functioning 

(as assessed by the general assessment of function scale (Hall, 1995)) and cognitive 

deficits relating to dyslexia and dyscalculia, even after adjusting for IQ. In fact, 

these control carriers fell between population controls and schizophrenia patients 

on a number of tests, suggesting the presence of sub-clinical effects. 

Structural MRI was assessed in 15 carriers of the 15q11.2(BP1-BP2) deletion and 

revealed reduced grey matter volume in the perigenual anterior cingulate cortex 

(ACC) and the left insula, as well as bilateral white matter reductions in the 

temporal lobe and increased white matter in the corpus callosum. The changes seen 

in ACC, a key region for cognitive and emotional processing and executive function 

(Bersani et al., 2014; Tamminga et al., 2000), are reminiscent of reduced grey 

matter volume observed in schizophrenia patients (Baiano et al., 2007). Similarly, 

temporal white matter reductions are associated with early-stage schizophrenia 

(Bora et al., 2011), although the white matter changes in the corpus callosum appear 

to be in the opposite direction to that found in schizophrenia patients (Arnone et al., 

2008). The literature on structural correlates of dyslexia and dyscalculia, deficits 

observed in 15q11.2(BP1-BP2) deletion carriers, also reveals some overlap, such 
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as grey matter reductions in ACC associated with dyscalculia (Rotzer et al., 2008). 

Considering the clear neurodevelopmental impact of the 15q11.2(BP1-BP2) CNV, 

the next question is to identify which genes contribute to the phenotype.  

1.4.2 The case for CYFIP1 contributing to the 15q11.2 CNV phenotype 

The 15q11.2(BP1-BP2) CNV extends over ~500kb and spans four non-imprinted 

genes: NIPA1, NIPA2, CYFIP1 and TUBCGP5 (Chai et al., 2003) (although one 

study did report parent of origin effects (Chung et al., 2015) implicating the 

possibility of imprinting). All genes are expressed in the central nervous system, 

with CYFIP1, NIPA1 and NIPA2 widely expressed, and TUBGCP5 expressed 

specifically in the subthalamic nuclei (Nagase et al., 2001). NIPA1 and NIPA2 are 

both involved in Mg2+ transport (Goytain et al., 2007), and mutations in NIPA1 

cause autosomal dominant hereditary spastic paraplegia (Rainier et al., 2003) while 

NIPA2 mutations cause childhood absence epilepsy (Jiang et al., 2012). TUBGCP5 

is involved in microtubule nucleation at the centrosome during mitosis (Izumi et 

al., 2008) has been implicated in other disorders including attention deficit 

hyperactivity disorder and obsessive compulsive disorder (De Wolf et al., 2013). 

All four genes have the potential to play roles in brain development and function, 

but at present it is unclear to what extent they each contribute to the risk of 

psychiatric disorder in carriers of the 15q11.2(BP1-BP2) deletion/duplication (Cox 

and Butler, 2015). 

CYFIP1 has emerged as a prominent candidate for having a significant contribution 

to the cognitive dysfunction seen in the 15q11.2(BP1-BP2) deletion phenotype, 

primarily due to being first identified as an interacting partner of FMRP. Functional 

loss of FMRP causes the most common type of monogenic ID in the form of Fragile 

X Syndrome, where 30%-72% of cases exhibit ASD symptoms (Rosti et al., 2014). 

As mentioned, rare, disruptive point mutations are enriched in genes encoding 

targets of the FMRP/CYFIP1 complex, including ARC (Fromer et al., 2014; 

Genovese et al., 2016; Purcell et al., 2014). In addition, transcriptional profiling in 

human induced pluripotent stem cells with reduced CYFIP1 expression revealed 

the dysregulation of genes associated with schizophrenia and epilepsy, providing 
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further support for the role of CYFIP1 in disorders associated with 15q11.2(BP1-

BP2) deletion (Nebel et al., 2016). 

Cyfip1 is widely expressed in the nervous tissue (Hsiao et al., 2016; Köster et al., 

1998; Yoon et al., 2014) but also other cell types, where it has been linked to cell 

migration in cancer metastasis (Bramham et al., 2016). CYFIP1 has been shown to 

have a role in two main functional complexes involved in the development and 

maintenance of neuronal structures at the synapse. On the one hand it interacts with 

the WAVE complex to mediate actin polymerization, and on the other, in 

combination with FMRP it exerts translational control on FMRP target mRNAs 

(Napoli et al., 2008; Schenck et al., 2001a, 2003) (Figure 1.3). Given these roles, 

what impact might reduced CYFIP1 expression, as seen in 15q11.2(BP1-BP2) 

deletion carriers (Chai et al., 2003), have on brain structure, function and 

development, and how might these changes lead to the 15q11.2(BP1-BP2) deletion 

phenotype? An emerging literature of CYFIP1 has started answering these 

questions using in vivo and in vitro modelling approaches. 

1.4.3 Functions of CYFIP1 in the brain 

CYFIP1 is expressed widely in the brain from embryonic development through to 

adulthood (Köster et al., 1998) and, while it is present in all neuronal and glial cells 

(Hsiao et al., 2016; Pathania et al., 2014; Yoon et al., 2014), it is ~90% enriched at 

excitatory synapses compared to all dendrites (Pathania et al., 2014). Expression 

levels measured in cerebellum and cortex peak at 3 weeks old, a period important 

in the activity-dependent stabilization of synapses (Bonaccorso et al., 2015).  

As mentioned above, CYFIP1 has two main functional states at the synapse, and 

broadly speaking acts as a molecular brake in both states (Figure 1.3). The small 

Rho GTPase RAC1 appears to act as a switch, regulating which complex CYFIP1 

binds to (Di Marino et al., 2015). When CYFIP1 is bound to the WAVE complex, 

it renders it inactive. RAC1 can bind to (Kobayashi et al., 1998) and trigger a 

conformational change in CYFIP1 (DeRubeis et al., 2013; Di Marino et al., 2015), 

releasing the WAVE complex to interact with ARP2/3 and begin actin 
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polymerisation forming F-actin (Di Marino et al., 2015; Schenck et al., 2003). At 

this point, CYFIP1 is free to interact with other proteins, specifically FMRP 

(encoded by the FMR1 gene) and the mRNA cap-binding protein eIF4E. FMRP 

recruits target mRNAs to CYFIP1, which then binds eIF4E, thus preventing 

translation initiation (Napoli et al., 2008). Translation is regulated by brain-derived 

neurotrophic factor (BDNF) or activation of group 1 metabotropic glutamate 

receptors (mGluRs), which, via activation of RAC1, trigger the dissociation of 

CYFIP1 and eIF4E, releasing the CYFIP1 brake and allowing translation to proceed 

(Napoli et al., 2008). Importantly, CYFIP1 can only interact with one of these 

pathways at one time (DeRubeis et al., 2013), therefore it will be necessary to 

understand which phenotypes are linked to the disruption of actin polymerisation, 

or the dysregulation of FMRP-target mRNA translation, or both.  

1.4.4 Cyfip1 animal models 

The first animal modelling a reduction in the evolutionarily highly conserved 

CYFIP1 gene, a drosophila with dCyfip mutation, was reported in 2003 (Schenck 

et al., 2003), and it was using this model that the dual role of CYFIP1 was first 

identified (Schenck et al., 2001b, 2003). Over ten years later, renewed interest in 

this region following genetic advances linking it to schizophrenia and other 

neurodevelopmental disorders, Bozdagi et al. (2012) generated a heterozygous 

mouse model that is haploinsufficient for Cyfip1, reflecting the low dosage of 

CYFIP1 in 15q11.2(BP1-BP2) CNV deletion carriers. The Cyfip1-homozygous null 

mutant is lethal in mice during early embryonic development (Bozdagi et al., 2012; 

Pathania et al., 2014) . 

Cyfip1 is expressed both in axons and dendrites, therefore we can expect it to have 

an impact both pre- and post-synaptically. A collection of studies in recent years 

have begun to elucidate the consequences of Cyfip1 haploinsufficiency and the 

broad pattern emerging indicates that presynaptic phenotypes are present early in 

development, up to ~3 weeks, at which point presynaptic function appears normal 

while post-synaptic phenotypes emerge (Hsiao et al., 2016). The importance of 

developmental stages has also been highlighted by studies using human induced 
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pluripotent stem cells, showing Cyfip1-linked deficits in the development of neural 

progenitor cells (Yoon et al., 2014). 

1.4.4.1 Presynaptic effects 

Cyfip1 haploinsufficiency appears to impact synaptic development. Hippocampal 

sections from P10 Cyfip1+/- mice showed enlarged glutamatergic terminals with 

higher release probability compared to wild-type (WT) littermates due to increased 

vesicle pool size (Hsiao et al., 2016), which is not evident in mature neurons 

(Bozdagi et al., 2012). Postsynaptic strength was not affected as measured by 

miniature excitatory post-synaptic current amplitude (Hsiao et al., 2016). These 

presynaptic effects in cultured neurons were rescued when transfecting with a 

mutant version of Cyfip1 that contains only the WAVE-associated binding region, 

but not with a mutant where neither the eIF4E nor the WAVE-associated binding 

region were present (Hsiao et al., 2016). These findings suggest that Cyfip1 has a 

role in restraining the size and release probability in immature synapses, and that 

these presynaptic effects are likely mediated by Cyfip1ôs interaction with the 

WAVE regulatory complex, rather than via the FMRP-linked translation repression 

pathway. Furthermore, inhibition of RAC1 rescued this phenotype in cultured 

neurons and slices, indicating these effects are downstream of RAC1.  

Enlarged presynaptic terminals may be a consequence of the higher levels of 

polymerized actin (F-actin) compared to soluble (G-actin) found in Cyfip1+/- 

hippocampal lysates compared to WT (Hsiao et al., 2016). This finding is consistent 

with the role of Cyfip1 as a repressor of actin polymerisation via the WAVE 

complex. However, it should be noted that there has been some conflicting evidence 

on the direction of the change in F-actin levels. De Rubeis et al. (2013) found 

cortical neurons from 15 day old Cyfip1+/- mice had longer dendrites with reduced 

levels of F-actin, while Pathania et al. (2014) saw longer dendrites with increased 

F-actin in spines in hippocampal cultured neurons from Cyfip1+/- mouse embryos, 

and in the Drosophila cyfip mutants, presynaptic terminals of the neuromuscular 

junction had higher F-actin levels (Schenck et al., 2003; Zhao et al., 2013a).  
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Consistent with the role of Cyfip1 as a repressor of protein translation (Napoli et 

al., 2008), cultured Cyfip1+/-  neurons had greater levels of newly synthesised 

proteins, indicating higher levels of translation compared to WT (Hsiao et al., 

2016). However, given that the eIF4E binding region was not necessary to rescue 

the presynaptic phenotype of enlarged terminals and increased release probability, 

the increased translation of Cyfip1 targets is independent of this phenotype.  

In addition to defects at the synaptic terminal, evidence from the drosophila cyfip1 

null mutant model showed abnormal axonal growth, pathfinding and axonal 

branching. For example, in 79% of mutant fly embryos, axons abnormally crossed 

the midline, which was rescued by reinsertion of the Cyfip1 gene (Schenck et al., 

2003).  

1.4.4.2 Postsynaptic effects 

Cyfip1+/- mice show features akin to key characteristics of the Fmr1 knockout 

mouse. Bozdagi et al. (2012) found enhanced mGluR-dependent long-term 

depression (LTD) in hippocampal slices from 4-6-week-old Cyfip1+/- mice, which 

is unusually independent of protein synthesis and mammalian target of rapamycin 

(mTOR), while long-term potentiation (LTP) was unaffected. Due to the similarity 

of this finding to the Fmr1 phenotype, it would seem this feature is mediated via 

the FMRP-linked translation pathway. Hippocampal neurons, both in vivo from 

P55ï60 Cyfip1+/- mice and in vitro, show decreased dendritic complexity, with more 

immature dendritic spines, although spine density was unchanged (Pathania et al., 

2014). Cyfip1 haploinsufficiency in cultured neurons leads to increased F-actin 

assembly in dendritic spines, which may partly underlie the dendritic 

dysmorphology seen (Pathania et al., 2014). Cortical neuron dendrites were also 

abnormal, with more immature, long spines (DeRubeis et al., 2013). There may be 

a dose-dependent effect of Cyfip1, as when Cyfip1 expression levels were more 

extremely knocked-down by 70-80% vs. 40% seen in heterozygote neurons, 

cortical neurons showed a more profoundly reduced dendritic complexity, 

including reduced spine density (Abekhoukh et al., 2017). Pathania et al. (2014) 

suggested reduced dendritic complexity may be linked to Cyfip1ôs interaction with 
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RAC1, as the Rho GTPase has also been implicated in spine maturation (Cingolani 

and Goda, 2008). De Rubeis et al. (2013) attempted to parse out which Cyfip1 

pathway is responsible for spine defects, and found that neither Cyfip1 mutant 

protein (missing either the WAVE- or FMRP-interacting region, respectively) 

could restore normal morphology. This suggests that both Cyfip1 pathways are 

important for correct dendritic development.  

Expression of ARC, a key target protein of the FMRP-CYFIP1 complex, was found 

to be increased by ~30% at cortical synapses from Cyfip1+/- mice, consistent with 

the role of CYFIP1 as a translational repressor (DeRubeis et al., 2013). ARC is a 

dendritically-targeted mRNA that is enriched at active synapses (Steward and 

Worley, 2001) and has multiple roles in synaptic plasticity and actin 

polymerization. Decreasing Arc in the hippocampus leads to reduced F-actin levels 

(Messaoudi et al., 2007). Thus, while the overexpression of Arc in Cyfip1+/- mice 

supports the role of Cyfip1 as a translational repressor, dysregulation of Arc also 

demonstrates the converging routes by which Cyfip1 can influence F-actin 

polymerisation and subsequent morphological changes.  

Spine shrinkage, which normally follows NMDA receptor activation, was absent in 

Cyfip1+/- cultured hippocampal neurons, suggesting a role for Cyfip1 in the 

structural reorganisation seen during synaptic plasticity, possibly via its regulation 

of actin dynamics (Pathania et al., 2014). Cyfip1+/- neurons also showed increased 

Ŭ-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 

mobility, indicating a lack of stabilization of the receptors (Pathania et al., 2014), 

which can impact synaptic plasticity (Huganir and Nicoll, 2013). Disruptions to the 

receptor-stabilizing cytoskeletal architecture might be a downstream effect of 

dysregulated actin dynamics. Furthermore, ARC has also been shown to regulate 

AMPA receptor mobility (Chowdhury et al., 2006). These findings support an 

important role for Cyfip1 in the development of normal dendritic morphology and 

function. 
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While this thesis focuses on understanding the consequences of Cyfip1 

haploinsufficiency, copy number variations at the 15q11.2 locus also include 

duplications of the BP1-BP2 region. It is worth noting that at the synaptic level, 

neurons from transgenic Cyfip1-overexpressing mice show opposite effects. For 

example, Oguro-Ando et al. (2014) showed more complex dendritic morphology in 

Cyfip1-overexpressing mice. 
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Figure 1.3 | Role of Cyfip1 at the synapse. A simplified diagram of Cyfip1ôs role pre- and 
post-synaptically. Presynaptic effects, observed in cells from P10 Cyfip1 haploinsufficient 
mice but not P21, include increased glutamatergic terminal size and increased vesicle 
release probability, mediated via RAC1 and the Cyfip1-WAVE pathway. Postsynaptic 
effects, seen in P21 Cyfip1 haploinsufficient mice but not P10, show increased translation 
of CYFIP1-FMRP target mRNAs, such as ARC, and most studies see increased actin 
polymerisation. Translation is regulated by BDNF, which promotes the CYFIP1-WAVE 
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interaction via RAC1, which acts as a conformational switch shuttling CYFIP1 from one 
complex to the other.  

1.4.4.3 Behavioural effects 

Behavioural findings in Cyfip1+/- mice are subtle and comparable to those seen in 

the Fmr1 knockout model. Cyfip1+/- mice showed no anxiety phenotypes, as tested 

by open field analysis, and elevated zero maze (Bozdagi et al., 2012). Cognitive 

behavioural tests found no effect in the Y maze and Morris water maze, but 

observed an enhanced extinction of inhibitory avoidance, findings that parallel 

those seen in the Fmr1 KO mouse (Bozdagi et al., 2012; Dölen et al., 2007). In this 

task the experimenters measured latency to enter the dark side of a box (that has 

previously been paired with a shock) in 3 post-acquisition extinction training 

sessions, during which a shock is no longer delivered. Cyfip1+/- mice had shorter 

latencies by the third post-acquisition session, displaying faster extinction of the 

memory to avoid the dark side of the box (Bozdagi et al., 2012).  

1.4.5 From disrupted synapses to network-level deficits 

Our current understanding of Cyfip1 demonstrates its important role in the 

development of normal synapses, and while the exact mechanisms are still being 

investigated (Abekhoukh et al., 2017), these findings suggest a possible route by 

which Cyfip1 haploinsufficiency could give rise to a network-level dysfunction that 

leads to psychiatric symptoms. Disruptions in actin remodelling and synaptic 

protein translation impact dendritic morphogenesis and synaptic plasticity which in 

turn are essential for normal development of neural networks (Jan and Jan, 2010; 

Kasai et al., 2010). To demonstrate with an example, we can follow the 

consequences of Arc disruption on network functioning (Peebles et al., 2010). 

Overexpression of Arc in hippocampal neurons (which is known to follow Cyfip1 

haploinsufficiency (DeRubeis et al., 2013)) leads to thinner spines, reminiscent of 

the increase in immature spines seen in Cyfip1+/- mutants ï this follows what we 

would expect if Cyfip1 negatively regulates Arc expression. Arc is also important 

in regulating AMPA receptor cycling, and therefore elements of homeostatic 

plasticity, critical when responding to hyperexcitable events such as seizures. 



Introduction 

 

45 

 

Neural networks in Arcī/ī mutant mice are indeed hyperexcitable, linking Arcôs role 

to the aetiology of epilepsy (Peebles et al., 2010). 

Together, the above findings suggest that the negative consequences of Cyfip1 

haploinsufficiency on plasticity and spine dynamics could lead to a detrimental 

reorganisation of neural networks, ultimately leading to a psychiatric condition. 

1.5 In vivo circuit -level analysis as a phenotyping strategy 

This thesis presents experiments using a novel rat model haploinsufficient for 

Cyfip1. The rat model was created using CRISPR-Cas9 mediated genomic 

engineering leading to a 4 base pair deletion in the Cyfip1 gene resulting in the 

generation of a premature-stop codon (further details in Appendix 1). Such new 

models require extensive phenotyping to understand the impact of the engineered 

mutation on brain function. One major aim of animal models is to identify 

biomarkers of fundamental disease processes, and where possible provide 

translationally relevant observations, which could inform patient stratification and 

give better measures of drug efficacy. As mentioned, the synaptic impact of Cyfip1 

could give rise to network level deficits, which could then link the molecular and 

cellular changes to any behavioural consequences of the genetic mutation. In this 

thesis I utilize an in vivo electrophysiology approach to observe the impact of 

Cyfip1 haploinsufficiency in the context of an intact network in a behaving animal, 

a technique which also has potential to reveal translatable biomarkers through the 

analysis of neuronal oscillations. Next, I will introduce in vivo circuit-level analysis 

as a first line phenotyping strategy. Here, as in much of the discussion in the thesis, 

the main focus will be on schizophrenia, reflecting that the large majority of work 

in both psychiatric genomics and allied systems level analysis has been done in 

schizophrenia. However, as discussed previously, there can be overlap of symptoms 

and to an extent clinical conditions with respect to effects of the same genetic lesion, 

in the case of 15q11.2(BP1-BP2) CNV depending on the dosage effects (i.e. low 

dosage in the deletion or high dosage in the duplication) the increased risk is shared 

mainly between schizophrenia, autism and intellectual disability, together in some 

instances with motor deficits (Butler, 2017).  
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1.5.1  Neural oscillations and coherence 

Cognitive processing is supported by neural oscillations: population activity 

patterns emerging from the coordinated, periodic summed sub-threshold electrical 

activity of a population of neurons and synapses (Buzsáki and Draguhn, 2004). 

Oscillations originate in distributed brain areas, and their synchrony presents a 

framework for short- and long-range circuit interactions (Buzsáki and Watson, 

2012), as proposed by the influential ócommunication through coherenceô 

hypothesis (Fell and Axmacher, 2011; Fries, 2005; Friston et al., 2015a). This 

hypothesis posits that the pace of cognitive flexibility we require must depend on a 

method of communication between brain areas other than anatomical connections, 

which at these timescales are relatively fixed. It is proposed that a flexible 

communication mechanism can arise from the coherence between neuronal 

populations. Coherence captures the extent to which the phase relationships of the 

two regional oscillations remain consistent as well as correlations in power (Harris 

and Gordon, 2015) (Figure 1.4a). Oscillations reflect the changing excitability of 

the neuronal population, modulating the likelihood of firing and its sensitivity to 

inputs. Therefore, neuron firing is often phase-locked to the oscillation, reliably 

firing at a preferred phase of the oscillation ï the archetypal example being phase 

locking of hippocampal pyramidal neuron spike times to the local theta rhythm 

(OôKeefe and Recce, 1993). The recurring windows of excitability allow inputs 

from a distant but coherent brain region to influence its target (Fries, 2005). 

Oscillations of different frequencies can occur at the same time, and this mechanism 

might allow selective communication by operating in different frequency bands, 

ranging delta (1-4 Hz), theta (6-10 Hz) and beta (15-30 Hz), to faster gamma (30-

90Hz) and high frequency oscillations above 100Hz.  

Oscillations in the theta and gamma frequency bands in particular have been 

associated with mnemonic processing in rodents, humans and monkeys (Düzel et 

al., 2010). For example, theta coherence between hippocampus and prefrontal 

cortex is selectively increased during the retrieval phase of a working memory task 

in rats (Benchenane et al., 2010; Jones and Wilson, 2005; Sigurdsson et al., 2010), 

while gamma coherence peaks during the encoding phase (Spellman et al., 2015). 
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Intra-hippocampal gamma coherence between CA1 and CA3 is also increased 

during the retrieval phase of a maze task (Montgomery and Buzsáki, 2007). Human 

electroencephalogry (EEG) studies show that theta coherence between the 

prefrontal cortex and temporal lobe increases during encoding and retrieval, persists 

during the delay phase of a working memory task, and correlates with increasing 

working memory load (Axmacher et al., 2008). Gamma coherence in humans was 

initially noted for its role in visual óbindingô and perceptual processing (Engel and 

Singer, 2001), but intracranial recordings from epileptic patients allowed recording 

from the medial temporal lobe, showing that increased gamma coherence between 

hippocampus and rhinal cortex predicted successful encoding during a verbal 

memory task (Fell et al., 2001). In monkeys it was shown that hippocampal neurons 

showed enhanced phase-locking to gamma during successful encoding (Jutras et 

al., 2009).  

Oscillatory coherence has also been specifically linked to memory encoding 

through enhanced plasticity (Jutras and Buffalo, 2010). The precise neuronal firing 

that can arise from cells phase-locked to an ongoing rhythm can facilitate spike 

timing-dependent plasticity (STDP). Gamma oscillations are particularly well-

placed for inducing STDP (Abbott and Nelson, 2000; Axmacher et al., 2006; Jutras 

and Buffalo, 2010), as the temporal window where phase-locked neurons fire is on 

the scale of the 10-20ms window required for STDP to occur (Markram et al., 

1997). LTP can also be induced by delivering burst stimulation to the CA1 at the 

peak of theta oscillations, while inputs arriving during the trough induce LTD 

(Huerta and Lisman, 1995; Hyman et al., 2003). 

Networks oscillating at different frequencies can be further associated through 

cross-frequency coupling, such as theta-gamma phase-amplitude coupling, 

whereby gamma amplitude is modulated by theta phase (Bragin et al., 1995; Colgin, 

2015) (Figure 1.4b). This phase-amplitude coupling has been associated with 

working memory processes in rats (Tort et al., 2009) and humans (Axmacher et al., 

2010; Canolty and Knight, 2010) 
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Figure 1.4 | Coherence and phase amplitude coupling of oscillations. a, Raw traces 
from hippocampal CA1 (black) and prefrontal cortex (yellow), with data filtered at theta 
frequency (6-10Hz) overlaid in a thicker line. Peaks of the theta oscillations are marked 
with red circles and red lines highlight the relationship between the phase of theta in the 
two regions. The left traces are more coherent than the right. Figure provided by M.W. 
Jones. b, Data from hippocampal CA1 showing the raw trace (top), theta filtered signal (6-
10Hz, middle) and gamma filtered signal (30-90Hz, bottom). Gamma amplitude is more 
coupled to theta peaks (as highlighted by red lines) in the first three theta cycles than in the 
later ones. 

1.5.2 Aberrant oscillations in 15q11.2 CNV-associated psychiatric disorders 

To my knowledge, there have been no studies directly examining oscillatory 

activity in 15q11.2(BP1-BP2) deletion carriers. However, the literature contains 

extensive analyses of these phenomena in schizophrenia and to a lesser extent 

autism and intellectual disability. 

The idea that schizophrenia may be caused by pathological interactions between 

brain regions was first proposed by Wernicke early in the 20th century (Wernicke, 

1906). It is only in recent years that this hypothesis has been corroborated by 

observations of abnormalities in oscillations and their synchronization in 

schizophrenia patients from imaging and electrophysiological studies (Pettersson-

Yeo et al., 2011), coupled with anatomical evidence of altered white matter 

organisation (Kubicki et al., 2007). This aberrant connectivity is increasingly 

thought to play a role in the causes of cognitive deficits seen in patients (Haenschel 

and Linden, 2011), supporting the idea of schizophrenia as a ófunctional 
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disconnection syndromeô (Friston and Frith, 1995; Friston et al., 2016). Findings 

have seen deficits in local synchrony, measured as the power of oscillations within 

a brain region, or in synchrony between distinct brain regions (reviewed in 

Spellman and Gordon, 2015). In autism, more recent work in imaging, 

electrophysiology and white matter tractography points towards abnormal 

connectivity, with a combination of long-range hypo-connectivity and local hyper-

connectivity findings (Hughes, 2007; OôReilly et al., 2017).  

A significant problem in drug trials for schizophrenia is the lack of reliable and 

objective biomarkers to measure improvement in disease state (Hyman, 2014). 

Crucially, neural network activity as measured by electro/magnetoencephalography 

(EEG/MEG) and functional magnetic resonance imaging (fMRI) have the potential 

to be highly informative biomarkers for diagnosis and efficacy of treatment, paving 

the way to patient stratification and the discovery of new therapies (Haenschel and 

Linden 2011; Jones, Menniti, and Sivarao 2015).  

The important functional relevance to cognition of theta and gamma oscillations 

has led to an interest in these frequency bands in schizophrenia research. Studies 

investigating oscillations in humans can be divided into three broad experimental 

paradigms, 1) perception related paradigms, such as auditory steady-state responses 

and stimulus-evoked potentials, 2) spontaneous oscillations, i.e. during resting state 

or during sleep, and 3) during cognitive tasks, such as working memory (Phillips 

and Uhlhaas, 2015). Studies reporting on oscillatory activity during working 

memory tasks and during sleep are particularly relevant to this thesis, as the 

experiments presented herein utilize these behavioural contexts.  

Abnormal gamma band spectral power is consistently reported in schizophrenia, 

but different paradigms lead to mixed findings. A general pattern has emerged 

where cortical gamma power is reduced in perception-related tasks and during 

cognitive processes (Uhlhaas and Singer, 2010), including working memory 

(Haenschel et al., 2009), but increased in spontaneously occurring gamma during 

resting (Kikuchi et al., 2011) (although reports inconsistent with this pattern, 
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showing increased gamma during task performance (Barr et al., 2010) and reduced 

resting state gamma also exist (Rutter et al., 2009)). Gamma oscillations are driven 

by recurrent excitatory/inhibitory circuits between parvalbumin-positive (PV) 

interneurons and glutamatergic pyramidal cells (Cardin et al., 2009; Sohal et al., 

2009). Indeed, several findings point to impaired excitatory/inhibitory balance in 

schizophrenia, such as disrupted N-methyl-D-aspartate receptor (NMDAR) 

mediated transmission and post-mortem studies finding a reduction in PV 

interneurons and GAD67 expression, the enzyme that turns glutamate into ɔ-

aminobutyric acid (GABA) (Cohen et al., 2015).  

Aberrant theta activity is also commonly reported in schizophrenia, but again with 

mixed results on the direction of change (Hunt et al., 2017; Kim et al., 2015). During 

an N-back working memory task, unlike healthy participants, schizophrenia 

patients did not show an increase in frontal theta activity with working memory 

load (Schmiedt et al., 2005). Theta generation in the rodent hippocampus depends 

on cholinergic and GABAergic input from the medial septum or local 

interneuron/pyramidal cell recurrent networks (Buzsáki, 2002), while in the cortex, 

slice recordings suggest theta may be generated by layer 5 neurons (Carracedo et 

al., 2013). Frontal midline theta oscillations are prominent in human scalp EEG 

recordings and have been implicated in memory encoding and retrieval (Hsieh and 

Ranganath, 2014). Direct links between pathological changes in schizophrenia and 

in theta generating systems are currently unclear (Hunt et al., 2017).  

Network oscillations have been shown to have a strong genetic determination, as 

exemplified by highly correlated, fingerprint-like gamma oscillation characteristics 

in identical twins (van Pelt et al., 2012). Indeed, many of the genetic pathways being 

implicated in psychiatric illness have significant roles in the generation of 

oscillations, such as NMDAR signalling and GABAergic signalling (Pocklington 

et al., 2015). Furthermore, numerous genetic animal models have found abnormal 

changes in neural network activity, which in some cases have been directly linked 

to a causal mutation (e.g. Erbb4 and Zdhhc8 mutations, discussed further in Chapter 

3). 
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1.5.3 Using circuit -level analysis to investigate the Cyfip1+/- rat  

Skull surface EEG recordings from genetic animal models allow relatively direct 

translation to human studies, as well as using implanted electrodes to record directly 

from specific brain regions. Implanted electrodes can record local field potentials 

(LFP, local population activity) and individual spiking of neurons in behaving 

animals. Importantly, the characteristics of oscillations and mechanisms of 

generation have been conserved across species (Buzsáki et al., 2013), supporting 

the translatability of these measures. In addition, the high spatial and temporal 

resolution of this approach means that while it cannot give information regarding 

the entire brain it is well suited to investigate one or multiple brain areas. Multi -site 

electrophysiology particularly benefits from the larger size of a rat model compared 

to mice.  

LFP signals reflect the extracellular voltage changes generated by the excitatory 

and inhibitory post-synaptic potentials of a population of neurons surrounding the 

recording electrode. Reports of the spatial region from which cells contribute to the 

LFP ranges on the scale of tens to thousands of micrometres (Kajikawa and 

Schroeder, 2011; Katzner et al., 2009), depending on brain region, recording 

condition and the level of synchronous activity of local cells (Lindén et al., 2011).  

As in the human literature, the various paradigms used to investigate neural circuit 

function in animal models fall into a similar three categories: evoked oscillations 

such as event related potentials, spontaneous activity during rest or sleep, and 

observation of oscillations during behaviour (Phillips and Uhlhaas, 2015). The 

work in this thesis represents the first exploration of the consequences of Cyfip1 

haploinsufficiency on neural circuit function. I decided to focus on two broad 

networks which are known to be compromised in psychiatric conditions. Firstly, 

the hippocampal-prefrontal cortex circuit, which has received particular attention 

as disruptions of this network are associated with cognitive impairments in several 

psychiatric disorders, including schizophrenia, fragile X syndrome, major 

depression and post-traumatic stress disorder (Godsil et al., 2013; Park and 

Holzman, 1992; Wang et al., 2012). Secondly, nucleus accumbens-associated 
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networks, which are crucial to mediate normal reward-processing and decision-

making have been shown to be disrupted in schizophrenia and autism, as well as 

several relevant animal models (Dölen, 2015; Fletcher and Frith, 2009; Fuccillo, 

2016; Goda et al., 2015; Kohls et al., 2013; Lee et al., 2017; Radua et al., 2015). 

Furthermore, emerging findings from unpublished diffusion tensor imaging data 

highlight significant white matter tract changes in the Cyfip1+/- rats, which could 

lead to hypothesised functional connectivity changes. 

1.5.3.1 Hippocampal-prefrontal interactions 

Interactions between the prefrontal cortex and hippocampus have been extensively 

studied with regards to their roles in learning, memory and decision making, 

whereby oscillatory synchrony couples the two regions and is considered to reflect 

the bidirectional flow of information during cognitive processing (reviewed in 

Godsil et al. 2013, and discussed further in Chapter 3). Evidence for this stems 

partly from ipsilateral disconnection studies, where the prefrontal cortex and 

hippocampus are inactivated in opposing hemispheres to disrupt ipsilateral 

interactions (Floresco et al., 1997; Wang and Cai, 2006a). Subsequently, landmark 

findings in rats highlighted a key reflection of hippocampal-prefrontal interaction, 

describing strong oscillatory synchrony between these regions during memory 

retrieval, particularly in the theta band (Benchenane et al., 2010; Jones and Wilson, 

2005; Sigurdsson et al., 2010). Comparable oscillatory interactions have been 

observed in humans (Anderson et al., 2010).  

As mentioned, abnormalities in the hippocampal-prefrontal circuit have been linked 

to cognitive deficits in a number of psychiatric conditions. Evidence from structural 

and functional imaging studies, as well as EEG recordings in schizophrenia 

patients, has demonstrated the relevance of this circuit for cognition (Hao et al., 

2009; Meyer-Lindenberg et al., 2005; Qiu et al., 2010; Wolf et al., 2009; Zhou et 

al., 2008). Furthermore, the existence of aberrant hippocampal-prefrontal circuit 

activity in currently healthy carriers of risk alleles suggests the network deficit is a 

core component of psychiatric illness that is strongly influenced by genetic risk, 

and may have potential as a biomarker (Callicott et al., 2013; Cousijn et al., 2015; 
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Esslinger et al., 2009). The hippocampal-prefrontal network has been extensively 

studied in rodent models, and a number of studies have begun to investigate the 

consequences of psychiatric risk on this network. Most notably, Sigurdsson et al. 

(2010) examined the functional connectivity in the Df16(A)+/- mouse, a model of 

the highly penetrant 22q11.2 CNV, and observed impaired hippocampal-prefrontal 

synchrony during a working memory task. These findings prompted the 

experiments described in Chapter 3, to explore the impact of Cyfip1 

haploinsufficiency on the hippocampal-prefrontal circuit during working memory. 

1.5.3.2 Nucleus accumbens circuits 

The nucleus accumbens (NAc), located in the ventral striatum, is widely considered 

as an interface between the limbic and motor systems (Mogenson et al., 1980). It 

integrates reward and motivation related information processed by frontal and 

temporal regions to serve action selection and goal-directed behaviours, via 

afferents to motor-output structures (Floresco, 2015; Groenewegen et al., 1993).  

The NAc has been implicated in symptoms of schizophrenia and autism, including 

cognitive functions such as prediction-error based learning and flexible decision-

making (Floresco et al., 2009; Fuccillo, 2016; Rausch et al., 2014; Salamone et al., 

2005; Stopper and Floresco, 2015), and elements of psychosis, namely aberrant 

salience (Kapur, 2004). Impairments in reinforcement learning seen in 

schizophrenia may be due to reward-processing deficiencies, such as abnormal 

representations of the expected value of rewards and actions, or disrupted reward 

prediction errors (Gold et al., 2008; Waltz and Gold, 2016) (discussed further in 

Chapter 4). Indeed, initial studies finding increased striatal dopamine in 

schizophrenia patients prompted an interest in this brain area (Hietala et al., 1995; 

Lindström et al., 1999), and decreased grey matter volume and white matter 

abnormalities have since been observed in schizophrenia patients (van Erp et al., 

2016; Okada et al., 2016; Quan et al., 2013).  

The role of the NAc has also been investigated in the scope of the NMDAR 

hypofunction theory of schizophrenia (Kantrowitz and Javitt, 2010). Animal 



Introduction 

 

54 

 

models that recapitulate a deficit in NMDAR function, such as administration of 

ketamine or phencyclidine (PCP), show cognitive deficits in the novel object 

recognition task, coupled with disrupted NAc and cortico-accumbal network 

activity (Asif-Malik et al., 2017; Hunt et al., 2006; Rajagopal et al., 2013) 

(discussed further in Chapter 5). In particular, acute NMDAR blockade can increase 

the frequency and power of high-frequency oscillations in NAc, also affecting 

hippocampus and prefrontal cortex (Hunt and Kasicki, 2013; Lee et al., 2017), 

while sub-chronic PCP treatment led to reduced cortico-accumbal synchrony. 

Similarly, the MAM neurodevelopmental model of schizophrenia also shows 

increased high-frequency oscillations in the NAc (Goda et al., 2015). These 

convergent phenotypes in different models may suggest abnormal NAc network 

activity underlies some psychiatric symptoms, which prompted its investigation in 

the Cyfip1+/- rat.  

1.5.3.3  Importance of sleep circuit activity  

In addition to studying the network activity during awake behaviour, sleep-

dependent network activity is also of significant interest. Sleep neurophysiology in 

the context of psychiatric research is an emerging field, primarily driven by the 

consistent reports of sleep disturbances in schizophrenia patients (Kaskie et al., 

2017), autism (Cortesi et al., 2010; Verhoeff et al., 2018) and other severe 

psychiatric and neurodegenerative disorders (Wulff et al., 2010). In addition, sleep-

specific neural activity is also disrupted in schizophrenia, autism and intellectual 

disability, and it is suggested that disrupted network processes that can be observed 

during sleep may contribute towards the aberrant waking brain (Castelnovo et al., 

2016; Ferrarelli, 2015). The study of network activity in the sleeping brain offers a 

key advantage in that it reflects a resting state, unimpeded by confounds of 

variations of attention or motivation (Ferrarelli, 2015; Gardner et al., 2014) 

(discussed further in Chapter 6). 

Characteristic oscillation events during the non-rapid eye movement (NREM) 

phase of sleep include slow waves, spindles and ripples. These oscillation events 

can be disrupted in psychiatric conditions (Castelnovo et al., 2016; Ferrarelli and 
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Tononi, 2017), which reflect abnormalities in the corticothalamic and cortico-

hippocampal circuits, offering a further opportunity to investigate the functioning 

of the latter network in a different context. Furthermore, these sleep oscillation 

events have been implicated in learning and memory consolidation, and the 

disruptions to these phenomena observed in patients suggests they may contribute 

to their cognitive deficits (DôAgostino et al., 2018; Manoach et al., 2014; Marshall 

et al., 2006; Niknazar et al., 2015). A growing number of psychiatric illness-

relevant animal models have been shown to have circadian or sleep 

neurophysiology disruptions, and it has been suggested that a common mechanism 

binds sleep disturbances and mnemonic function (Jagannath et al., 2013). 

Therefore, it is of interest to investigate the possible consequences of Cyfip1 

haploinsufficiency on circadian rhythms and sleep oscillations.  

1.6  Thesis aim 

The broad aim of this thesis is to explore how psychiatric disorder-linked genetic 

alterations might impact the function of networks across the brain, as assessed by 

changes in local field potential oscillations in key brain regions, and whether any 

changes manifest as a behavioural deficit. For the majority of this thesis I will focus 

on the novel Cyfip1+/- rat model and investigate how haploinsufficiency of Cyfip1 

might lead to network level effects using multi-site in vivo electrophysiology. 

Following an outline of the general methods used in this thesis in Chapter 2, in 

Chapter 3 I will describe behavioural performance and hippocampal-prefrontal 

network activity in Cyfip1+/- rats during a working memory task. In Chapter 4, I 

examine activity of the nucleus accumbens and its afferent inputs in relation to the 

approach and receipt of reward on the same task. In the following two chapters, 

some of these networks are revisited in a different context. Chapter 5 describes a 

ódouble-hitô experiment, where network activity changes following an acute dose 

of the NMDAR antagonist ketamine are investigated. In Chapter 6, I turn to 

assessing the impact of Cyfip1 haploinsufficiency on circadian activity patterns and 

the sleeping brain, as sleep architecture disruptions can be symptomatic of 

underlying network abnormalities. Finally, in Chapter 7 I present data from a pilot 
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circadian activity and sleep study using the Fmr1 knockout rat model, to compare 

and contrast the impact of depleting these two interacting proteins on these 

parameters. 
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2 
Chapter 2 General Methods 

This chapter describes general methods that apply to more than one chapter in this 

thesis. Individual chapters contain more information pertaining to specific methods.  

2.1 Animals 

All procedures were carried out in accordance with the UK Animals Scientific 

Procedures Act (1986) and University of Bristol Ethical Review Group. Cyfip1+/- 

rats were on a Long Evans background, with central colonies maintained at Charles 

River, UK. Prior to experiments, adult male rats were shipped to Biomedical 

Sciences Building, Bristol and group-housed (max 3 prior to surgery, single housed 

thereafter) in a room with 10:14 hour light cycle (lights on at 5am, off at 7pm), with 

ad libitum food and water. Animals were handled regularly from date of arrival and 

throughout the experiments.  

2.2 Creation of the Cyfip1+/- rat  

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. Briefly, CRISPR-Cas9 targeting of exon 7 of the Cyfip1 gene on 

chromosome 1 was used to generate a founder female Long Evans rat with a 4bp 

out of frame heterozygous deletion in exon 7, that in turn created an early premature 

https://www.horizondiscovery.com/
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stop codon in exon 8. Off target effects were assessed and excluded. The engineered 

genomic changes were confirmed to result in haploinsufficiency in brain tissue 

using qPCR and Western Blot to assess mRNA and protein levels, respectively. 

Subsequent F2 generation positive Long Evans rats were shipped from Horizon to 

Charles River Lyon (France) for re-derivation to SPF status and then on to Charles 

River, (Margate, UK) where they were held for breeding, employing a wild type x 

heterozygous cross design, giving rise to 1:1 heterozygous/wild-type littermate 

control Long Evans offspring that were shipped to Bristol at around 6-8weeks. 

Details pertaining to 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 (these data were kindly provided by colleagues in 

Cardiff). 

2.3 Behaviour 

2.3.1 T maze discrete-trial alternation   

The T maze consisted of a stem arm (140 cm), 2 goal arms (60 cm), reward zones, 

and return arms (140 cm) leading back to the base of the stem arm (Figure 2.1a). 

Plastic divider doors slotted in at the required positions on the maze. The maze was 

custom built from plastic cable trunking and wooden support beams and spray-

painted black. 

A discrete-trial alternation task was used, and the protocol was a modified version 

of that presented in McHugh et al. (2008). Three-to-four-month-old rats were food-

restricted to Ó85% of their free-feeding weight and habituated to the T maze 

apparatus for 3-5 days. They were allowed to explore one half of the maze, i.e. 

running either left or right loops, ensuring that the animals did not experience the 

decision point between the stem and goal arms of the maze during the habituation 

phase. Animals progressed to the task phase once they were comfortably running 

loops in each direction and consuming sucrose solution from the reward zone. 

During the task phase, each trial consisted of two runs, the sample and the choice. 

During the sample run, one of the goal arms was blocked at the T junction, forcing 
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the rat to take the open arm where it received a 150 µl sucrose reward before 

returning to the start box via the return arm. During the ratôs return, the T junction 

block was removed from the goal arm. Next, the rat initiated the choice run by 

entering the stem arm again and was then faced with an option of which goal arm 

to take. Taking the previously unvisited arm was rewarded, while choosing the 

same arm visited in the sample run was not. After consuming the reward, rats would 

return to the start box via the return arm and wait there while the next trial was set 

up, with an inter-trial interval of ~1-2 minutes. Left or right arm allocations for the 

sample run were pseudo-randomized over ten trials, with no more than two 

consecutive sample runs to the same side. 

Animals were required to reach 80% accuracy over 2 consecutive sessions before 

they underwent surgery. Following recovery from surgery and when they had 

regained pre-surgery weight (less the weight of the implant which was around 25g), 

rats were food restricted for 3 days before their recording session. During the T 

maze section of the recording, rats ran as many trials as they could in 40 minutes, 

with left and right sample runs pseudo-randomized as during training.  

2.3.2 Delayed T maze discrete-trial alternation  

The day before running the delayed T maze task, rats had a session of the no delay 

task where they were required to show a baseline Ó80% accuracy. Those who did 

not meet this criterion had additional sessions until they did. Electrophysiology data 

was not recorded during these baseline sessions. 

The delay T maze task was then run as before, but when the animals returned to the 

start box following the sample run, they were placed back into their home cage, 

which was situated behind the start box. After a 5 minute delay, during which the 

block was removed, the animals were replaced to the start box for the choice run. 

All animals ran 20 trials. 
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Figure 2.1 | T maze and electrophysiology recording. a, Snapshot from the video of the 
maze recording session. Main dimensions are shown in red. Blue bases support the maze 
at the top and bottom. Wooden support beams run between the central arm óCô, T junction 
and goal arms óTô, and return arms óRô. Small blue circles at the top left and right corners of 
the maze are the reward wells. b, An LFP implant, showing green electrode interface board 
at top, white delrin in the middle, and stereotaxically arranged stainless steel cannulae 
holding nichrome wire at the bottom. c, Rat brain section diagrams from the Rat Atlas 
(Paxinos and Watson, 2007), indicating recording sites and example local field potential 
traces during wake. 

2.4 In vivo electrophysiology 

2.4.1 Multisite LFP electrode drive implants 

The custom-built LFP electrode drives comprised five 30G cannulae of 8 mm 

length inserted into a Delrin platform, housing nichrome wires to be implanted into 
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the brain (Figure 2.1b). Holes in the 2 mm thick platform were 0.3 mm diameter 

and were drilled using a milling machine (Roland EGX-300) according to 

stereotaxic coordinates for chosen brain regions based on the Rat Brain Atlas 

(Paxinos and Watson, 2007) (Table 1). Cannulae were glued in place with superglue 

such that 4 mm extended ventrally. A small 2 mm x 2 mm Delrin block was glued 

onto the platform, and an electrode interface board (EIB, Neuralynx or TBSI) was 

glued on top using a stereotax, taking care to make sure the EIB was horizontal and 

its edges parallel to the platform. To load the drive, Formvar-insulated nichrome 

wire (60 ɛm diameter, A-M systems) was inserted through the respective cannulae 

and into the gold-plated pin channels on the EIB. The wire was glued in place such 

that the length extending from the bottom of the cannula corresponded to the depth 

of the target brain region. Finally, an electrical connection was made between the 

EIB and the wire by securing it with a gold pin (Neuralynx or TBSI). Prior to the 

surgery, electrodes were gold-plated (non-cyanide gold solution, SIFCO) to reduce 

the impedance to ~200-300 kɋ. 

Table 1 Stereotaxic coordinates 

Structure Anterior -

Posterior 

coordinate 

(mm) 

Medial-

Lateral 

coordinate 

(mm) 

Dorsal-

Ventral 

coordinate 

(mm) 

Prelimbic  +3.2 +0.6 -2.8 

Infralimbic  +3.2 +0.6 -4.4 

Nucleus accumbens Shell +1.6 +1.2 -6.6 

Nucleus accumbens Core +1.6 +1.2 -7.7 

Basolateral amygdala -2.4 +5.0 -8.4 
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Dorsal CA1 -3.2 +2.2 -2.2 

Parietal cortex -3.2 +2.2 -1.0 

Ventral CA1 -5.6 +5.0 -7.8 

Frontal skull screw +3.5 -2.0 n/a 

Occipital skull screw -6.5 -5.2 n/a 

Note ï not all structures were used for each experiment, refer to results chapters for details.  

2.4.2 Surgery 

One day before surgery, animals were single-housed in a high-top cage 

(Techniplast) to allow for enough space for the implanted animal. Surgery was 

carried out using aseptic technique to minimise risk of infection. Anaesthesia was 

induced using 4% isoflurane in oxygen, and maintained at 2-3% isoflurane. After 

weighing the animal, the head was shaved, and the animal was transferred to the 

sterile bench and head-fixed onto the stereotaxic frame (Kopf model 1900). Body 

temperature was maintained at ~36.5°C using a heatmat and rectal probe, while 

heart rate and blood oxygen concentration were monitored with a paw sensor 

(PhysioSuite, Kent Scientific). Eyes were protected from drying out using 

LacriLube (Allergan) and shielded from the strong surgery lights using tape. The 

animal was given 5 ml 0.9% saline subcutaneously at the beginning of the surgery 

and subsequently every 2-3 hours until the end of the surgery. The scalp was 

cleaned using chlorhexidine, followed by subcutaneous injection of 0.1 ml 

lidocaine with adrenaline (Norbrook Laboratories) along the midline of the scalp.  

A ~3 cm scalpel incision was made, and sutures were used to hold the skin open. 

Connective tissue was pushed aside using the scalpel and sterile cotton buds. The 

skull surface was cleaned by scraping with a curette, then levelled using the 

stereotax alignment indicator. Target region positions were marked on the surface 

of the skull, before seven skull screw (NewStar Fastenings) holes were drilled. Two 
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of these were over the cerebellum for ground screws, three were supporting screws, 

and the final two were placed over the motor cortex and parietal cortex to record 

EEG activity. Ground screws (screws with a short segment of silver wire soldered 

to their head) were lowered and the impedance checked to confirm a good 

connection.  

Four craniotomies were made, one slightly larger anterior one to accommodate the 

PRL and NAc cannulae, and three smaller ones for the remaining cannulae. 

Subsequently, the dura was carefully removed using fine tweezers and a bent-tipped 

30 gauge needle. Small cut pieces of absorption spears (Sugi, Fine Science Tools) 

were used to protect each craniotomy while the supporting screws and EEG screws 

were inserted. The drive was lowered over the skull and the wires were monitored 

as they each entered the brain. As the wires were of the correct length, the drive 

was lowered until the medial cannulae were resting flat of the surface of the brain. 

Craniotomies were covered with silicone gel (UniMed), and a strong dental 

adhesive was applied to the base of the screws (C&B Metabond). Gentamicin-

containing dental cement (DePuy) was built up around the drive and the screws to 

secure it to the skull, and the silver wires from the EEG screws and ground screws 

were soldered to the EIB. An aluminium cone was attached using dental cement to 

protect the drive; this was grounded to the EIB. Nylon discontinuous sutures were 

made in the skin anterior and posterior to the implant, and an antibiotic/antipruritic 

gel applied to the wound edges (Surolan, Janssen), before turning off the 

anaesthetic. Once the animal had regained consciousness and was able to move 

around the clean cage, buprenorphine (0.025mg/kg, Vetergesic) was administered 

subcutaneously. Following surgery, recovery gel and mashed rat chow were 

provided for three days, while water intake and weight gain was monitored.  

2.4.3 Data acquisition 

All experiments involved home cage recordings, either for standalone sleep 

recordings, or for sleep recordings before and after a task. For home cage recordings 

the cage was placed in a sleep box, a wooden, sound-attenuating chamber. Rats 

were habituated to the sleep box for 10 minutes one week prior to recordings. 



General Methods 

 

64 

 

Electrophysiological data were acquired using Digital Lynx hardware, comprising 

a headstage (HS-36), tether (Litz) and an acquisition system (Digital Lynx SX) to 

digitise and amplify the signal. Cheetah software (Neuralynx) sampled the data at 

2kHz and bandpass filtered between 0.1 and 600Hz (Figure 2.1c). Small cameras 

monitored behaviour in the sleep box at 720 x 576 pixel resolution, 30 frames per 

second and timestamped by Cheetah. The tether was supported by a 

counterbalanced pulley system which ensured uninhibited movement of the animal. 

2.4.4 Perfusion 

At the end of the experiments, rats were terminally anaesthetised with sodium 

pentobarbital (60 mg/kg), and a positive 30 µA current was passed down each LFP 

wire for ~10 s to create a lesion at the tip. Rats were perfused transcardially first 

with ~ 300 ml 0.9% saline, then with ~300 ml 4% paraformaldehyde in phosphate 

buffered saline. Once the brain was dissected out, it was refrigerated in 4% 

paraformaldehyde. A few days prior to sectioning, brains were transferred to 30% 

sucrose/phosphate buffered saline solution.  

2.4.5 Histological verification of electrode placement 

Coronal sections of 50 µm were cut with a freezing microtome and mounted on 

SuperFrost Plus slides (Thermo Scientific). Following drying, slides were Nissl-

stained with thionin, and lesions were identified using a digital camera linked to an 

optical microscope (DM100, Leica) (Figure 2.2). Lesion sites were cross-checked 

with the Rat Brain Atlas (Paxinos and Watson, 2007). Ventral CA1 site lesions 

showed electrode placement was not always in the cell layer, therefore these signals 

will be referred to as ventral hippocampus rather than CA1. Three NAc Shell lesions 

could not be located, but as the NAc Core lesion was in the correct position, and 

the signals were not anomalous, the position for these sites was inferred (marked 

with x, see Figure 2.3 legend). Similarly, two parietal cortex lesions could not be 

identified as the cortex above the hippocampus was missing from the slice (possibly 

due to the lesioning process), but as the nearby dorsal CA1 lesion was present and 

signals appeared normal, the location of these were inferred (marked with x). One 

IL electrode lesion (rat M.2) was found to be too ventral, located in the dorsal 
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peduncular cortex, and the signal looked substantially different from the other 

animals, therefore this animal was excluded for analyses including the IL channel.  
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Figure 2.2 | Examples of histological verification of electrode placement. Nissl-stained 
coronal sections with red arrows indicating lesions in a, PRL, b, IL, c, NAc Core, d, NAc 
Shell, e, dCA1 of hippocampus (lower) and parietal cortex (upper), f, vHPC. Black scale 
bar = 1mm. 
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Figure 2.3 | Histological verification of electrode placement. a, Serial section diagrams 
of structures with the position of electrodes from each rat indicated with coloured squares 
(from first round of surgeries) or triangles (from second round of surgeries). Distances from 
bregma in mm shown on right. Figures taken from the Rat Atlas (Paxinos & Watson 2007). 
A small x in 3 NAc lesion marks and two parietal cortex lesion marks indicates that these 
locations were inferred (see text). The ventral IL lesion for rat M.2 that led to the exclusion 
of this data has a red outline.  

2.5 Data analysis 

Electrophysiological and tracking data were analysed using custom-written Matlab 

scripts and open source toolboxes such as the Chronux toolbox (http://chronux.org) 

(Mitra and Bokil, 2008).  

2.5.1 LFP data  

2.5.1.1 Pre-processing of LFP data 

Data epochs to be analysed were inspected by eye for high-amplitude movement 

noise. When analysing many trials, epochs containing noise were discarded. For 

analysing single time windows, if the initially chosen time window contained noise, 

the window was shifted to exclude the noisy segment.  

2.5.1.2 Power analysis 

Power spectra were calculated in Matlab using the Chronux function mtspectrumc. 

Parameters were based on the length of the window to be analysed. For analysing 

time windows 2-9 seconds long, parameters were set as follows: bandwidth = 2 Hz, 

window = 1 s, constant = 1, providing three tapers for multi-taper spectral estimates.  

 To allow for effective comparison across animals, power spectra were normalized 

so that the integral of the spectrum (ranging from the bandwidth parameter (2 or 3 

Hz) to the maximum frequency analysed) was equal to 1. This is a commonly used 

approach that can help account for variance in signal amplitude due to electrode 

impedance (Arbab et al., 2018; Dickerson et al., 2010; Malkki et al., 2016; Maurer 

et al., 2017; Russell et al., 2006).  

Power spectrograms were calculated to show the time course of power changes, 

using the mtspectgramc function and a moving window of 0.05 seconds for analyses 

of 2-9 second epochs.  

http://chronux.org/
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2.5.1.3 Coherence analysis 

Coherence of two signals measures the extent to which they maintain a fixed phase 

relationship with each other. It is calculated by dividing the cross-spectrum of two 

signals by the product of the power spectral density of the two signals.  

Coherency plots were created using the coherencyc function, which includes the 

calculation of jack-knife error bars, while changes in coherence over time were 

displayed in a coherogram using the cohgramc function (both Chronux functions). 

These functions are influenced by covarying amplitudes (Srinath and Ray, 2014). 

Therefore, when changes in coherence were found, changes in power were analysed 

to see to what extent they contributed to the change in coherence.  

2.5.1.4 Granger causality 

Granger causality analysis is a method used to infer the directionality of coherent 

activity between two signals. Using a multivariate autoregressive time series model 

to estimate spectral quantities, Granger analysis can indicate that one LFP (S1) 

ócausesô the second signal (S2) if the predictability of S2 is improved by including 

earlier values of S1. Granger causality values were obtained for each direction (S1 

to S2 and S2 to S1) (Gregoriou et al., 2009). Peak values for Granger causality at 

theta frequency were tested for significance using a bootstrapping procedure. One 

of the two signals was shuffled 1000 times by shifting a pseudorandom 1-1.5 second 

section from the end of the signal to the beginning. The peak value for Granger 

causality in the theta band was considered significant if its value fell in the top 5% 

of shuffled peaks (Adhikari et al., 2010; Gregoriou et al., 2009).  

2.5.1.5 Phase-amplitude coupling 

A phase-amplitude coupling (PAC) detection toolbox was used to assess PAC 

(Onslow et al., 2011). A modulation index is calculated which signifies the extent 

to which the phase of a slower oscillation, e.g. theta, modulates the amplitude of a 

higher oscillation, e.g. gamma. Signals filtered for a range of lower and higher 

frequencies, using a filter via convolution with complex Morlet wavelets, are used 

to calculate a matrix of PAC values. Significance of PAC was assessed by using 50 
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shuffled gamma envelope signals to generate a distribution of PAC values, where 

values lying within the top 5% were taken as significant.  

2.5.1.6 Sleep/wake state detection 

Recordings were manually scored to identify periods of active wake, quiet wake, 

NREM and REM sleep. Movement data and electrophysiological data from 

hippocampus and PRL were used to define sleep/wake state, with specific features 

used to score sleep presented in Table 2. Movement was detected from the video 

recording, where after splitting each video into 1 second frames, the number of 

pixels varying from one frame to the next by more than 25 greyscale values was 

calculated. A Matlab-based software, Sleepscorer (Gross et al., 2009), was used to 

score the recording in 10s windows by identifying relevant features of the signals 

that correspond to each state (Figure 2.4).  
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Figure 2.4  | Manual sleep scoring with SleepScorer. Two screenshots from the Matlab-
based scoring software SleepScorer (Gross et al. 2009) showing a 10 second NREM epoch 
and active wake epoch. Note characteristic features of signals from PRL and dorsal CA1 
during these states, and that movement data is at zero on the upper panel when the rat is 
asleep.  

 

Table 2 Features used to manually score sleep/wake states  

State LFP data Movement data 

Active wake Theta on dCA1 channel High movement 

Quiet Wake No sleep signatures on 

PRL channel 

Low movement 

Movement data

PRL signal

dorsal CA1 signal

Movement data

PRL signal

dorsal CA1 signal

NREM Sleep

Active Wake
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NREM sleep Slow waves and spindles 

on PRL channel; ripples 

on dCA1 channel 

Low movement 

REM sleep Theta on dCA1 channel Low movement 

 

2.5.1.7 Oscillation event detection algorithm 

NREM sleep events (slow waves, spindles and ripples) were identified using an 

automated detection algorithm, based on frequency, amplitude and duration criteria, 

which was first developed in the lab by Dr Ullrich Bartsch (Phillips et al., 2012a). 

The signal was first band-pass filtered for the relevant frequency range, then 

rectified, and an amplitude envelope calculated. To detect events at this frequency, 

two envelope thresholds were set from the mean and standard deviation of the 

rectified, filtered signal. An óupper thresholdô was used as the detection threshold, 

while a ólower thresholdô was used to capture the start and end of sleep events (see 

Table 3). A putative sleep event occurred every time the amplitude envelope 

surpassed the detection threshold. The putative event was assessed further before 

being confirmed as a valid detection. Firstly, if a putative event occurred close to 

another (less than a óminimum gapô threshold), these events were merged into one. 

The start and end times of an event were defined by when the envelope crossed the 

ólower thresholdô immediately before and after the óupper thresholdô crossing.  

Putative events that did not satisfy minimum and maximum duration criteria were 

discarded. Figure 2.5 shows an example from the spindle detection method. Mean 

frequency (calculated by dividing the number of peaks in the filtered LFP signal by 

the event duration) and amplitude (the greatest peak-to-trough difference) were 

calculated for each sleep event. 
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Figure 2.5 | Sleep event detection method. Example of spindle detection to illustrate 
sleep oscillation detection algorithm. Raw signal from PRL channel (top trace) was filtered 
at 10-16 Hz (middle trace) and its power envelope calculated (bottom trace). Horizontal 
solid red line indicates upper threshold for spindle detection (mean +2.8 standard 
deviations). Horizontal dashed red line indicates lower threshold for detection of start and 
end of events. Putative events indicated by grey arrows. First putative event (left) was 
discarded as it was too short. Second putative event (middle) was detected as a spindle as 
it met length, duration and frequency criteria. In the third putative event (right), two shorter 
events were merged and detected as one spindle, as they were closer to each other than 
the set threshold of 400ms. 

Table 3 Parameters used to detect oscillation events 

Event  Filterband 

(Hz) 

 Upper 

threshold

: mean + 

n SDs 

Lower 

threshold:

mean + n 

SDs 

Minimum 

gap (ms) 

Duration 

(s) 

Slow 

wave 

0.5-4  2.5 1 500 0.25-3 

Spindle 10-16  2.8 1.4 400 0.4-3 

Ripple 120-250  5 0.5 50 0.025-0.5 

 

  

Time (s)

5386 5387 5388 5389 5390 5391 5392 5393 5394 5395 5396
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2.5.2 Statistics 

Statistics were run in SPSS. Data were confirmed to be normally distributed using 

the Shapiro-Wilk test unless otherwise stated. Outliers were assessed by inspection 

of a boxplot for values > 1.5 box-lengths from the edge of the box. Unless otherwise 

stated, they were excluded except in cases where they did not violate assumptions 

of statistical tests and did not affect the outcome of the statistical test. Mixed 

ANOVAs were used to compare genotype groups under different conditions. For 

lack of a valid non-parametric alternative, non-normal data were log-transformed 

to bring them within a normal distribution and this is noted in each case. Equality 

of error variances was confirmed using Leveneôs test, equality of covariance 

matrices was confirmed using Boxôs test. Any post-hoc tests for simple main effects 

were run using Tukeyôs post-hoc test for repeated measures.  
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2.6 Actigraphy monitoring  

Actigraphy data were recorded using passive infra-red sensors (PIRs), which detect 

changes in background heat radiation, thus picking up the animalôs movements. 

This home-cage activity monitoring setup is based on the COMPASS system 

(Brown et al., 2016). The sensors were positioned in a way that the field of detection 

of the sensor was confined to a single cage, 28cm above the floor of the cage and 

17cm from the front of the cage (Figure 2.6a). To minimize obstructing the sensor, 

food was placed inside the cage rather than in the hopper. While cardboard tubes 

do obscure the animal, they were not removed to maintain animal welfare.  

 

Figure 2.6  | Actigraphy monitoring setup and example data. a, Image of the actigraphy 
setup showing 2 of 12 cages. b, Upper and middle trace: Representative activity data from 
a Cyfip1+/- and WT rat respectively, showing activity counts in 10 s bins, recorded over 7 
days. Lower trace: Data from ambient light level sensor showing light on (8pm) and off 
(8am) times, arbitrary light level units. Bursts of light in Tuesdayôs dark period represent 
someone accidentally letting light in.  

Data was collected in 10 s bins, and with a measurement interval of 100 msec, each 

bin had 100 separate measurements. A percentage activation of the sensor for each 

time bin was calculated, herein referred to as activity counts. Movement data, the 

ambient light level and a timestamp were recorded and logged by an embedded 

ATmega328 microcontroller (Arduino) (Figure 2.6a and b).  
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Pilot recordings were done in normal light holding rooms. However, it appeared 

that the animalsô sleep patterns were being disrupted by people coming in and out 

of the room. As sleep behaviour in the light phase was of particular interest, all 

subsequent recordings were made in a reverse light room, where most entries to the 

room were limited to the dark hours. The data in this thesis are from reverse light 

room actigraphy recordings. Animals required 12 days to adjust to the new light 

cycle.  

1.1.1 Inferring sleep status from activity data 

Previous work using video monitoring has shown that inactivity of Ó40s in mice 

can predict sleep with ~90% accuracy as compared to assessment using EEG/EMG 

(Fisher et al., 2012; Pack et al., 2007). Brown et al. (2016) also found a high 

correlation with sleep as assessed by infrared sensor and EEG/EMG in mice. 

However, this method has not been validated for rats, so movement data was 

recorded simultaneously with EEG recording to assess the degree of concordance 

between EEG-defined and immobility-defined sleep.  

1.1.2 Actigraphy data analysis 

2.6.1.1 Hourly means 

Total activity counts or immobility-defined sleep parameters were averaged over 

hourly bins across monitoring days to generate a circadian activity profile.  

2.6.1.2 ClockLab 

With acknowledgements to Gareth Banks (Oxford) who had access to the software, 

actigraphy data were put through the ClockLab analysis software (Actimetrics). 

Results of the Lombe-Scargle periodogram were analysed, where a peak at the 24hr 

mark gives a measure of the strength of the circadian component of the rhythm. 

Time of activity onset and offset were also calculated, as was the average length of 

the active phase (alpha).  
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2.6.1.3 Non-parametric measures 

Non-parametric methods are commonly used to analyse the actigraphy data, 

providing variables for interdaily stability (IS), relative amplitude (RA) and 

intradaily variability (IV) (Van Someren et al., 1999). IS quantifies the strength of 

the activity coupling to the daily light changes, where high IS values indicate that 

the animal is well synchronized to the light cycle. It is calculated as the variance of 

the average daily profile divided by the total variance. IV is a measure of the 

fragmentation of the rest-activity rhythm. Large differences between hours, such as 

sleep during the dark phase or highly active behaviour during the light phase 

increases the value of IV. It is calculated by taking the root mean square of the first 

derivative of hourly activity data and dividing by the total variance. RA captures 

the amplitude of the circadian rhythm, calculated by finding the difference between 

the most active ten hour and least active 5 hour periods of the 24 hour cycle. The 

equations for these variables are found in Van Someren et al. (1999), and the 

method discussed in detail by Gonçalves et al. (2015). Actigraphy data was 

processed and analysed using custom-written Matlab scripts. 
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3 
Chapter 3 The hippocampal-prefrontal 

network in Cyfip1+/- rats during spatial 

working memory 

This chapter explores spatial working memory and its neural network correlates in 

Cyfip1+/- rats. Cyfip1+/- rats took longer to achieve criterion during training on a T 

maze task, but hippocampal-prefrontal interactions were largely normal. However, 

theta-gamma phase amplitude coupling within hippocampus was reduced in 

Cyfip1+/- rats. 

3.1 Introduction  

3.1.1 The hippocampal-prefrontal network  

3.1.1.1 Anatomical connectivity in the hippocampal-prefrontal network 

Considerable evidence suggests that interactions between hippocampus and 

prefrontal cortex are mediated via coordinated oscillations of neural activity. There 

are several known direct and indirect anatomical pathways underlying this 

interaction. Hippocampal-prefrontal connections are comparable across rodents and 

primates, with reciprocal connections between the medial prefrontal cortex and 

hippocampus best characterized in rats (reviewed in Eichenbaum 2017; Sigurdsson 

& Duvarci 2015, Figure 3.1). 
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From hippocampus to medial prefrontal cortex, the densest direct monosynaptic 

projection originates from the ventral hippocampus (Hoover and Vertes, 2007; Jay 

and Witter, 1991; Jay et al., 1989). Bidirectional connections exist between dorsal 

and ventral hippocampus and medial prefrontal cortex via the reciprocally 

connected thalamic nucleus reuniens (Cassel et al., 2013; Dolleman-Van Der Weel 

and Witter, 1996; Vertes et al., 2007), as well as the perirhinal and lateral entorhinal 

cortex (Burwell and Amaral, 1998; Witter et al., 2000). However, a recent study 

has found evidence for a monosynaptic projection from the anterior cingulate part 

of the prefrontal cortex to dorsal hippocampus in mouse (Rajasethupathy et al., 

2015), while an important mnemonic role has been associated with a direct 

dorsal/intermediate CA1 to PRL projection in rats (Barker et al., 2017; Hoover and 

Vertes, 2007).  

 

Figure 3.1 | Anatomical connections between the hippocampus and prefrontal cortex. 
The major well-known direct connection from the hippocampus to prefrontal cortex 
originates in the vHPC (including more dorsal regions in the intermediate hippocampus), 
and projects to the prelimbic, infralimbic and orbitofrontal areas. Two bidirectional 
connections are shown, one via the thalamic nucleus reuniens, and one via perirhinal 
cortex and lateral entorhinal cortex. More recently identified projections are a direct 
projection from anterior cingulate cortex to dCA1 and CA3 in mice (Rajasethupathy et al. 
2015), and a direct dCA1/intermediate hippocampus projection to prelimbic cortex in rats 
(Barker et al. 2017). iHPC = intermediate hippocampus, PRC = perirhinal cortex, LEC = 
lateral entorhinal cortex, vHPC = ventral hippocampus, Re = nucleus reuniens, OFC = 

ACC

Direct ACC to dorsal CA1 projection

Direct dorsal CA1/iHPCto PL projection
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orbitofrontal cortex, PL = prelimbic cortex, ACC = anterior cingulate cortex, IL = infralimbic 
cortex. Adapted from Eichenbaum et al. 2017. 

3.1.1.2 Role of the hippocampus 

Hippocampus and prefrontal cortex make distinct contributions to memory. Since 

the landmark case of patient H.M., whose amnesia following bilateral surgical 

removal of the hippocampus highlighted the importance of hippocampus in 

memory (Scoville and Milner, 1957), studies in rodents, monkeys and humans have 

identified a role for hippocampus in learning and declarative memory (e.g. 

Eichenbaum 2004; Smith & Mizumori 2006). A second dominant literature 

emerged following the discovery of spatially localised firing neurons in the 

hippocampus (place cells) (OôKeefe and Nadel, 1978) establishing the ócognitive 

mapô theory of hippocampal function, which proposed a role for hippocampus in 

navigation. These two theories have been reconciled to some extent following 

evidence that place cell representations can extend beyond just location, with place 

cell firing modulated by, for example, changes in the task or goals within the same 

environment (Eichenbaum et al., 1987; Hampson et al., 1993; Otto and 

Eichenbaum, 1992; Wood et al., 2000). Indeed, studies in rodents show the 

importance of hippocampus for memory with a spatial and temporal context, where 

rats with hippocampal lesions are able to recognise familiar objects in a familiar 

context, but not in a novel location or novel context (Butterly et al., 2012; Eacott 

and Norman, 2004; Langston and Wood, 2010). This and other evidence has led to 

the suggestion that the hippocampus acts as a órelational processing systemô, 

integrating events over time in a ómemory spaceô, or spatial trajectories into a 

contextual cognitive map (Buzsáki and Moser, 2013; Eichenbaum and Cohen, 

2014; Eichenbaum et al., 1999). 

The hippocampus has been implicated in spatial working memory, a short-term type 

of memory discussed in more detail later in this section. The contribution of dorsal 

hippocampus to spatial working memory has been demonstrated through lesion 

studies (Brito et al., 1983; Czerniawski et al., 2009; Rawlins and Olton, 1982; 

Stanton et al., 1984) and evidence of working memory coding in hippocampal cell 

firing. For example, during the central arm run or the delay phase of a spatial 
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alternation T maze task, dCA1 hippocampal cells showed discriminative firing 

modulated by the direction of the upcoming run (Ainge et al., 2007a, 2007b; Frank 

et al., 2000; Markus et al., 1995; Wood et al., 2000), and cell assembly sequences 

predicted future run direction and trial outcome (Hallock and Griffin, 2013; 

Pastalkova et al., 2008). 

Numerous graded changes are evident along the dorsal-ventral axis of the 

hippocampus, including gene expression, connectivity and functional effects 

(Fanselow and Dong, 2010; Strange et al., 2014). The ventral hippocampus is 

thought to be more involved in emotional and motivational behaviours, such as 

anxiety (Adhikari et al., 2010; Bannerman et al., 2004, 1999); however, lesion and 

disconnection studies were inconsistent regarding its role in spatial working 

memory (Bannerman et al., 2002; Felix and Levin, 1997; Moser et al., 1995; Wang 

and Cai, 2006b). A recent study demonstrated a role for ventral hippocampus in 

spatial working memory by optogenetically silencing ventral hippocampus to 

prefrontal cortex pathway, which caused impairments in performance (Spellman et 

al., 2015). 

3.1.1.3 Roles of the prefrontal cortex 

Patient K.M., whose prefrontal cortex damage lead to poor performance in the 

Wisconsin Card Sorting Test, was important in highlighting the role of this region 

in óexecutiveô function, including decision-making, goal-directed and flexible 

behaviour (Lange et al., 2017; Milner, 1963). The rodent medial prefrontal cortex 

is thought to be roughly homologous to the dorsolateral prefrontal cortex of 

primates (Dalley et al., 2004; Uylings and van Eden, 1990). Lesions or inactivations 

of the medial prefrontal cortex affect performance of extinction tasks (Burgos-

Robles et al., 2007; Griffin and Berry, 2004), task rule switching (Dias and 

Aggleton, 2000; Rich and Shapiro, 2009), and attentional set shifting (Birrell and 

Brown, 2000; Floresco et al., 2008), among others, which require suppression of a 

learned response. It has been suggested that such deficits in flexibility are key to 

the working memory deficits also observed following medial prefrontal cortex 
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lesions (Churchwell and Kesner, 2011; Floresco et al., 1997; Kolb et al., 1994; 

Ragozzino et al., 1999; Wang and Cai, 2006b). 

The role of medial prefrontal cortex in working memory processes is highlighted 

by evidence showing persistent firing of medial prefrontal cortex neurons during 

the delay period of a task, thought to have a role in maintaining information during 

the delay (Funahashi, 2017; Fuster and Alexander, 1971; Goldman-Rakic, 1995). It 

was later shown that the activity of these ódelay cellsô correlates with upcoming 

behaviour (Baeg et al., 2003; Chang et al., 2002). For example, Baeg et al., (2003) 

showed that neural ensemble activity in the medial prefrontal cortex could decode 

the recent and upcoming run direction, and this improved in parallel with the 

animalôs task performance. 

3.1.1.4 Hippocampal-prefrontal interactions 

The roles of the hippocampus in episodic and spatial memory, combined with the 

medial prefrontal cortexôs role in executive function, decision-making and flexible 

behaviour are well placed to subserve cognitive functions, such as spatial working 

memory (Colgin, 2011; Gordon, 2011; Sigurdsson and Duvarci, 2015; Spellman et 

al., 2015). Classic crossed lesion studies showed the importance of their interaction 

by compromising the largely ipsilateral hippocampal-prefrontal pathway, which 

leads to delay-dependent deficits in spatial working memory tasks (Floresco et al., 

1997; Wang and Cai, 2006a), novel object location memory (Barker et al., 2007) 

and episodic memory (Barker et al., 2017; Chao et al., 2016). 

Cell cross-correlation, phase-locking of units to oscillations and oscillatory 

coherence between hippocampus and prefrontal cortex were identified as reflecting 

an interaction (Hyman et al., 2005; Jones and Wilson, 2005; Siapas et al., 2005). 

Studies were then able to link this interaction directly to working memory processes 

and cognitive performance, further supporting the importance of this network 

(Benchenane et al., 2010; Jones and Wilson, 2005; OôNeill et al., 2013). Jones and 

Wilson (2005) were first to demonstrate that phase-locking of medial prefrontal 

cortex neurons to hippocampal theta oscillations was increased in the working 
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memory-dependent choice phase of a maze task. This effect was also reflected in 

the local field potential (LFP) signal with increased theta-frequency coherence 

between hippocampus and medial prefrontal cortex. It has since been shown that 

this coherence, seen both between dorsal and ventral hippocampus and medial 

prefrontal cortex develops in strength as mice acquire a spatial working memory 

task (Benchenane et al., 2010; OôNeill et al., 2013; Sigurdsson et al., 2010). More 

recent work suggests the hippocampal-prefrontal interactions are also involved in 

cue encoding via gamma band oscillations. Spellman et al. (2015) observed 

increases in gamma coherence during the sample phase of a T maze task, which 

correlated with behavioural performance. Optogenetically inhibiting the direct 

ventral hippocampal-prefrontal pathway disrupted coherent gamma activity and the 

encoding of task-relevant cues in the medial prefrontal cortex, leading to a 

behavioural deficit and abolished neural representation in the medial prefrontal 

cortex. Theta coherence, in contrast, was unaffected by the disruption of this 

pathway, suggesting other pathways mediate this interaction e.g. via the nucleus 

reuniens (Griffin, 2015; Hallock et al., 2016). Theta coherence has also been 

observed during the delay periods of spatial working memory tasks 

(Myroshnychenko et al., 2017), linking the hippocampal-prefrontal interaction with 

the earlier observed ódelay cellsô. Thus, gamma and theta coherence in this network 

could support the encoding, maintenance and retrieval of information in spatial 

working memory tasks. 

This network has mainly been explored in rodents, but hippocampal-prefrontal 

interactions are also observed in non-human primates and humans (Anderson et al., 

2010; Axmacher et al., 2008; Brincat and Miller, 2015), although the modes of 

interaction do not always align exactly with the rat literature. Rhesus monkeys 

performing an object paired-associate learning declarative memory task showed 

trial-outcome related oscillatory synchrony at theta (in monkeys ~2-6 Hz) for 

incorrect trials and alpha/beta (~9-16 Hz) for correct trials, highlighting different 

functional roles for different frequency bands. Intracranial recordings from epilepsy 

patients showed a memory-load dependent increase in synchrony between 

hippocampus and anterior parahippocampal gyrus, in the low gamma range (26-50 
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Hz) (Axmacher et al., 2008). In addition, theta coherence between medial temporal 

lobe and prefrontal cortex was increased during the recall phase of a verbal memory 

task, closely mirroring findings in rodents (Anderson et al., 2010). 

Functional connectivity analysis of human fMRI data corroborates the importance 

of hippocampal-prefrontal interactions during working memory and encoding and 

retrieval of episodic memory (Bähner et al., 2015; Gazzaley et al., 2004; Grady et 

al., 2003; Nee and Jonides, 2008; Rissman et al., 2008). One study involved subjects 

navigating a virtual reality radial arm maze while in the fMRI scanner, and the 

sample phase of the task was associated with the strongest hippocampal-prefrontal 

functional connectivity, with the magnitude correlating with performance accuracy 

(Bähner et al., 2015). This echoes the enhanced gamma synchrony seen in the 

sample phase of a T maze task in rats (Spellman et al., 2015). Earlier studies using 

non-spatial working memory tasks also found that increases in functional 

connectivity can be correlated with increasing working memory load (Rissman et 

al., 2008), although the opposite relationship has also been reported, where reduced 

connectivity predicts working memory load (Axmacher et al., 2008; Meyer-

Lindenberg et al., 2005). The nature of the different working memory tasks used is 

likely to affect the role of the hippocampal-prefrontal network (Bähner and Meyer-

Lindenberg, 2017), leading to some inconsistencies with the rodent literature. 

Furthermore, direct comparison between fMRI and electrophysiology data is 

constrained by the slow time course of the BOLD signal, limiting the timescale of 

neuronal correlations to <0.1 Hz (Fox and Raichle, 2007). Simultaneous 

electrophysiology and fMRI studies are addressing the problem of how to compare 

these two methods (Logothetis et al., 2013). 

By what mechanism can increased synchrony between two brain regions enhance 

information transfer? When oscillations in two regions are coherent, a spike from 

one area to another will arrive when the second area is more excitable, i.e. at the 

peak of an LFP wave where the population activity is high, increasing the likelihood 

of this spike being integrated by receiving neurons, and plasticity occurring. 

However, when the regions fall out of phase synchrony, the spike would arrive to a 
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less excitable neuron (Fries, 2005) (see also Chapter 1). What is the function of this 

increase in synchrony? The working theory is that it facilitates transfer of task-

related information, such as spatial location and reward-contingency, to mediate 

goal-directed behaviour. Some evidence to support this includes overlap in the 

population of medial prefrontal cortex neurons that phase-lock to hippocampal theta 

and the population that shows task-related activity (Hyman et al., 2005). The fact 

that error trials see reduced coupling within these regions also supports this 

(Hyman, 2010; Jones and Wilson, 2005). Furthermore, individual differences in 

task performance become evident in theta hippocampal-prefrontal coherence ï the 

strength of coherence correlated with days to criterion (Mukai et al., 2015; 

Sigurdsson et al., 2010). 

Phase-amplitude coupling (PAC), where the amplitude of a faster oscillation is 

increased at a certain phase of a slower oscillation, has been put forward as a further 

reflection of hippocampal-prefrontal interaction, by which local computations can 

be integrated across brain regions (Bragin et al., 1995; Canolty and Knight, 2010; 

Canolty et al., 2006; Lakatos et al., 2005; Lisman and Jensen, 2013; Palva et al., 

2005; Sirota et al., 2008). Theta oscillations strongly modulate gamma oscillations 

within rodent and human hippocampus (Axmacher et al., 2010; Belluscio et al., 

2012; Bragin et al., 1995; Buzsáki et al., 2003; Tamura et al., 2017; Tort et al., 

2008), within medial prefrontal cortex in rodents (Li et al., 2012b; Tamura et al., 

2017) and within neocortex in humans (Canolty et al., 2006; Cohen et al., 2009a; 

Lakatos et al., 2005; Palva et al., 2005). Furthermore, brain region and task demands 

have been shown to affect the frequencies involved in local phase amplitude 

coupling (Canolty and Knight, 2010). This coupling between oscillations at 

different frequency bands also occurs across brain regions (Sirota et al., 2008; 

Stujenske et al., 2014; Tort et al., 2008). Theta-gamma PAC is observed between 

the hippocampus and prefrontal cortex, with the gamma oscillations strongest at 

specific phases of the theta (Sirota et al., 2008). While this has not been shown 

directly in humans, EEG studies have also identified long-range theta-gamma phase 

amplitude coupling between frontal and posterior regions (Friese et al., 2013). This 

PAC has increasingly been linked to performance accuracy and learning in animals 
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and humans (Axmacher et al., 2010; Friese et al., 2013; Köster et al., 2014; Nishida 

et al., 2014; Schomburg and Fernández-Ruiz, 2014; Tamura et al., 2017; Tort et al., 

2009), and the pattern of firing produced by theta-gamma coupling is well-placed 

to induce long-term synaptic potentiation (Canolty and Knight, 2010). 

With a clear link between hippocampal-prefrontal interactions and cognitive 

function, these findings raise the possibility that dysfunctions in this network 

underlie cognitive deficits seen in psychiatric illness. Following the emergence of 

a more sophisticated genetic exploration psychiatric disorders, the field has started 

to link the synchrony in the hippocampal-prefrontal network to cross-diagnostic 

cognitive phenotypes. 

3.1.1.5 Hippocampal-prefrontal interactions and psychiatric disorder 

Abnormalities in the hippocampal-prefrontal circuit are most commonly observed 

in schizophrenia patients, using structural and functional imaging and EEG 

recordings. Meta-analyses have confirmed reduced grey matter volume, enlarged 

lateral ventricles and white matter volume reduction in first episode schizophrenia 

patients (De Peri et al., 2012). Grey matter reductions are seen in anterior cingulate, 

frontal and temporal lobes, including hippocampus and amygdala, thalamus and 

insula that appear to deteriorate over time (Shepherd et al., 2012). In addition, 

structural changes in anterior hippocampus and prefrontal cortex correlated with 

symptom severity (Qiu et al., 2010). Parvalbumin-positive (PV) interneurons are 

abnormal in schizophrenia patients and have received much attention thanks to their 

role in gamma oscillations, which are also disrupted in patients (Uhlhaas and 

Singer, 2010). 

Functional coupling between hippocampus and medial prefrontal cortex has been 

assessed during working memory tasks in schizophrenia patients, but the nature of 

the abnormal coupling has not always been consistent between studies and is 

markedly different to the rodent literature, constraining its utility as a translational 

phenotype. Meyer-Lindenberg et al. (2005) assessed functional coupling using 

positron emission tomography (PET) while schizophrenia patients and healthy 
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controls performed the n-back working memory task. Controls showed increased 

activation of the prefrontal cortex, decreased activation of the hippocampus, and 

functional uncoupling during increased memory load. Schizophrenia patients 

showed opposite effects in prefrontal cortex and hippocampus, and abnormally 

persistent negative functional connectivity (anti-correlation) between hippocampal-

prefrontal with increased memory load. The authors suggested the uncoupled state 

was advantageous in controls as it might prevent interference between cognitive 

processes. These findings were supported by Rasetti et al. (2011), although with a 

slightly different pattern in controls. Using a different measure of coupling, Benetti 

et al. (2009) saw reduced hippocampal-prefrontal connectivity in first episode 

patients during working memory. Findings during episodic memory tasks and in 

the resting state have also shown abnormalities in hippocampal-prefrontal 

interaction, observing both increased and decreased functional connectivity 

(Bähner and Meyer-Lindenberg, 2017; Wolf et al., 2007; Zhou et al., 2008). This 

network has also been implicated in Fragile X syndrome, as decreased levels of 

FMRP correlated with reduced parahippocampal activation and decreased 

functional connectivity between hippocampus and prefrontal cortex (Wang et al., 

2012).  

Furthermore, emerging evidence suggests cortical theta-gamma PAC is disrupted 

in schizophrenia, although results appear to depend on conditions (Barr et al., 2017; 

Hirano et al., 2018; Popov et al., 2015; Won et al., 2018). During an N-back task 

and the Stroop colour interference task, PAC was impaired in schizophrenia 

patients (Barr et al., 2017; Popov et al., 2015), while resting-state theta-gamma PAC 

was increased in schizophrenia patients. During a 40 Hz auditory steady-state 

stimulation PAC was unchanged in schizophrenia patients (Hirano et al., 2018; 

Kirihara et al., 2012).  

Evidence supports the suggestion that circuit abnormalities may represent a 

biomarker for schizophrenia (Bähner and Meyer-Lindenberg, 2017). Esslinger et 

al. (2009) found that healthy carriers of a risk SNP in the gene ZNF804A had 

abnormally increased functional connectivity between hippocampus and 
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dorsolateral prefrontal cortex. These results were further supported by a study 

which found the risk allele to be associated with increased hippocampal-prefrontal 

connectivity and decreased intrahippocampal theta, through simultaneous fMRI 

and MEG measures (Cousijn et al., 2015). Callicott et al. (2013) looked at healthy 

subjects carrying two risk alleles SLC12A2 and DISC1, both involved in neural 

development, which together interact to increase schizophrenia risk. During a 

recognition memory task, these carriers showed decreased hippocampal-prefrontal 

connectivity. Overall, these findings highlight a link between the cognitive deficits 

of schizophrenia and aberrant hippocampal-prefrontal connectivity. 

3.1.1.6 Hippocampal-prefrontal interactions in animal models of psychiatric 

disorder 

To date, only a handful of animal models have investigated electrophysiological 

biomarkers in vivo, particularly in the hippocampal-prefrontal network. Sigurdsson 

et al. (2010) examined the functional connectivity in the Df16(A)+/- mouse, a model 

of the highly penetrant 22q11.2 CNV. They assessed synchronization of network 

activity between hippocampus and prefrontal cortex during a working memory task, 

discrete-trial alternation in the T maze. Synchrony was impaired as measured by 

phase-locking of prefrontal neurons to the hippocampal theta rhythm and coherence 

between hippocampus and prefrontal cortex LFP. Furthermore, Df16(A)+/- mice 

were impaired in the acquisition of the task, and the extent to which synchrony was 

impaired correlated with the extent of the behavioural deficit. A further study from 

the same group narrowed down the genetic origin of the deficits seen in 

hippocampal-prefrontal synchrony, by studying a mouse model heterozygous for 

Zdhhc8. Zdhhc8 is one of the key genes within the 22q11.2 CNV, and functions as 

a transmembrane palmitoyltransferase, implicated in regulating normal axonal 

branching and dendritic growth (Mukai et al., 2004, 2008). Mice heterozygous for 

Zdhhc8 showed reduced branching of neurons, paralleled with impaired 

hippocampal-prefrontal synchrony, which also correlated with impaired acquisition 

of the working memory task (Mukai et al., 2015). Furthermore, preventing these 

branching deficits by inhibition of glycogen synthase kinase-3 (GSK3) in the 

Df16(A)+/- mouse rescued hippocampal-prefrontal coherence deficits as well as task 
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performance and medial prefrontal cortex encoding of spatial representations 

(Tamura et al., 2016). In addition, the role of phase-amplitude coupling in spatial 

working memory was recently examined in this model, where an abnormally 

increased coupling was seen on choice runs of correct trials, suggesting a 

compensatory role of increased coupling (Tamura et al., 2017). 

Interestingly, there appears to be some overlap in the molecular pathways involving 

Zdhhc8 and Cyfip1. The proteins known to be subject to palmitoyltransferase 

activity by Zdhhc8 were identified and, of the two target proteins which saw the 

greatest reductions in palmitoylation, one was Rac1. As seen in Chapter 1, this is 

the small Rho GTPase responsible for regulating the conformational change in 

Cyfip1 which sets which protein complex it binds to (Di Marino et al., 2015). Given 

that reduced Zddhc8 leads to disrupted Rac1 signalling, reduced functional 

connectivity in the HPC-PRL network and impaired spatial working memory, I 

hypothesised that disruptions downstream of Rac1 due to Cyfip1 haploinsufficiency 

may lead to similar outcomes. 

Further genetic animal models have seen changes in the hippocampal-prefrontal 

network. Genes coding for neuregulin-1 (NRG1), a neurotrophic factor, and 

ERBB4, the synaptic protein it binds to, have been identified as psychiatric risk 

genes (Walsh et al. 2008; Stefansson et al. 2003). ERBB4 is expressed 

predominantly on parvalbumin-positive (PV+) interneurons (Fazzari et al. 2010), 

which have a role in mediating gamma oscillations (Sohal et al. 2009). Conditional 

PV+ ERBB4 knockout mice showed reduced hippocampal-prefrontal theta 

coherence under anaesthesia, while also finding increased baseline gamma 

oscillations in freely moving mice coupled with deficits in social and cognitive 

functions reminiscent of schizophrenia (Del Pino et al. 2013). In contrast, mice with 

DISC1 mutation, a risk gene for schizophrenia and depression with an important 

synaptic role (Brandon & Sawa 2011), have impairment of theta and low-gamma 

synchrony and power within the PRL, but normal theta coherence across HPC-PRL 

network. This is in line with normal working memory in DISC1 mice. 
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Recent work in the Fmr1 KO mouse, which is of particular interest considering the 

close molecular interaction between CYFIP1 and FMRP, investigated hippocampal 

network activity during spatial exploration. The authors first reported that Fmr1-

KO mice had disrupted place cell activity, namely impaired stability and reduced 

specificity of spatial representation (Arbab et al., 2017). In this study they showed 

increased hippocampal theta power, and increased intra-hippocampal coherence in 

the gamma band, while interneuron spikes were hypersynchronized to the ongoing 

theta and gamma oscillations. No studies have as yet investigated hippocampal-

prefrontal interactions in this model. 

Animal models can also reflect environmental impacts known to increase risk for 

psychiatric disorders (McDonald and Murray, 2000). The maternal immune 

activation model recapitulates the impact of a viral infection during pregnancy, 

which has been linked to increased risk of schizophrenia for the child (Brown and 

Derkits, 2010). This model showed impaired dorsal hippocampal-prefrontal 

synchrony and phase-locking in delta, theta and low gamma frequency bands 

(Dickerson et al., 2010). A gene x environment double-hit model carrying a DISC1 

mutation as well as exposure to maternal immune activation further exacerbated the 

disruption to hippocampal-prefrontal coupling (Hartung et al., 2016). At postnatal 

day 8-10 double-hit animals had diminished hippocampal-prefrontal theta 

coherence, while by pre-juvenile age this switched to augmented coherence and 

increased hippocampal theta-prelimbic gamma PAC. This highlights the role of 

gene-environment interactions on the hippocampal-prefrontal network. 

Neurodevelopmental models aim to assess the impact of disruptions in neural 

development on network activity in adulthood. The mitotoxin 

methylazoxymethanol ecetate (MAM) model, where the toxin is administered 

during gestation at a sensitive time for limbic-cortical network development, shows 

impaired hippocampal-prefrontal interactions during sleep, as measured by 

disruptions in hippocampal ripple-cortical spindle synchrony (Phillips et al., 

2012a). While theta coherence during appeared normal during NREM sleep, task-

related changes in theta coherence were not examined in this study. 
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Collectively, these studies reveal that disruptions to hippocampal-prefrontal 

synchrony are common in a variety of genetic, environmental and 

neurodevelopmental models of psychiatric illness. A key question arises: by what 

mechanism do these diverse manipulations lead to disruptions in hippocampal-

prefrontal synchrony? The answer is still unclear. It could be through different 

mechanisms or a convergence on a common mechanism. The closest mechanistic 

link is that seen in the Zdhhc8+/- mice, where abnormalities seen in hippocampal 

projections to the cortex were shown to be directly responsible for impaired 

synchrony (Mukai et al., 2015; Tamura et al., 2016). Nonetheless, in the wider field 

there appears to be a convergence of risk genes onto pathways involved in synaptic 

plasticity and synaptic development (Hall et al., 2015), suggesting these studies are 

asking the right questions (Rosen et al., 2015). 

3.1.2 Spatial working memory and the discrete-trial alternation  T Maze task 

Many of the above mentioned rodent studies linked deficits in the hippocampal-

prefrontal network to the spatial working memory demands of an alternation T 

maze task. Before discussing the T maze task, it is worth defining in more detail the 

cognitive demands it is thought to harness. Baddeley & Hitch (1974) first 

introduced the concept of working memory, defining it as a system to provide 

temporary storage and manipulation of information. In animal studies working 

memory acquired a slightly different definition, considered as a system that retains 

information that is necessary for only one trial, versus reference memory, where the 

memory is useful over more than a single trial (Olton et al., 1979). Spatial 

alternation in the T maze is an example of the former, while the Morris water maze 

is an example of the latter. The authors ascribed the memory system required for T 

maze alternation as working memory, because they argued that animals need to 

remember cues presented (i.e. did I go right or left?) but also when the cue was 

presented so it does not interfere with upcoming performance (i.e. did I go right or 

left in the last trial?). However, the underlying psychology of this task has been 

disputed. Sanderson & Bannerman (2012) present a thorough discussion of this 

issue and suggest alternation behaviour rather relies on short-term habituation to 

spatial stimuli, reflecting aspects of attentional processing. Nevertheless, the likely 
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contribution of the hippocampal-prefrontal network makes this a suitable task to 

explore any network disruptions as a consequence of Cyfip1 haploinsufficiency. 

Thought this caveat is important to note, to conform to the majority of the literature 

in the psychiatric genetics/in vivo electrophysiology fields, I will refer to the 

cognitive demands of this task as spatial working memory. 

An array of T maze-based tasks are commonly used in uncovering cognitive deficits 

linked to the hippocampal-prefrontal network in animal models. Alternation tasks, 

where the animal is required to choose the opposite arm to the one last visited, rely 

on a form of spatial working memory which harnesses the rodentôs natural tendency 

to explore recently unvisited areas. These types of tasks are sensitive to lesions of 

the dorsal hippocampus (Bannerman et al., 1999; McHugh et al., 2008; Rawlins and 

Olton, 1982) and prefrontal cortex (Granon et al., 1994), although there are mixed 

findings regarding the effect of lesions or inactivations of the ventral hippocampus 

(McHugh et al., 2008; Wang and Cai, 2006a). 

Alternation tasks can broadly be divided into continuous alternation and discrete-

trial alternation (Figure 3.2). Continuous alternation is often not rewarded (in this 

case it is referred to as spontaneous alternation) and does not use barriers at the 

choice point: on the first run, a rat will choose one arm, and in the subsequent run 

the correct choice is the opposite arm. Subsequent runs must alternate based on 

which arm the rat last visited, and each run constitutes a trial. In contrast, discrete-

trial alternation involves the use of a barrier at the T-junction in the first run, which 

guides the animal into one of the arms. In the next run, the barrier is removed, and 

the correct choice is to enter the opposite arm. In this version, each trial constitutes 

two runs, a guided and a choice run (Rawlins and Olton, 1982). A significant 

advantage of the discrete-trial alternation task is the presence of identical behaviour 

coupled with context-dependent cognitive demands. The ability to tease apart runs 

where spatial memory is invoked, i.e. in the choice run, is particularly useful when 

analysing network activity. Therefore, I decided to use a modified version of this 

task to investigate cognitive deficits in the Cyfip1+/- rat. 
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3.1.2.1 Use of the return arm T maze 

Discrete-trial alternation is typically run using a classical T maze, with a central 

stem arm, and two goal arms. The addition of return arms, connecting the reward 

location back to the base of the central arm (Jung et al., 1998a), has been particularly 

useful in simultaneous electrophysiology and behaviour experiments, as it does not 

require potentially noise-inducing handling of the rat after each trial (Ainge et al., 

2007a; Griffin et al., 2012; Hallock and Griffin, 2013; Lee et al., 2006; Shoji et al., 

2012; Wood et al., 2000). Its use in continuous T maze alternation, however, 

indicated that a no-delay version of the task may be independent of hippocampus 

(Ainge et al., 2007a), rather involving striatal circuitry mediating learning of a 

motor pattern to run figure-of-8 loops (Moussa et al., 2011). Combining the return-

arm T maze with a discrete-trial alternation task should interrupt the learning of a 

continuous motor pattern, generating a task that is hypothesised to be hippocampal-

dependent and compatible with electrophysiological recording. 
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Figure 3.2 | Schematics of different variations of T maze task. a, Discrete-trial 
alternation and continuous alternation in a classical T maze. Black bar indicates a barrier, 
red dot indicates food reward, yellow dashed line illustrates ratôs path on first run, blue line 
indicates subsequent run. b, Discrete-trial alternation and continuous alternation on the 
return arm T maze. In the rewarded alternation task, rats are held at the base of the T 
during the inter-trial interval while the next trial is set up, whereas in continuous alternation 
the rats run continuous loops. c, A delay can be added between the guided and choice 
runs in discrete-trial alternation, or between each run in continuous alternation. 
Experiments in this chapter use the tasks highlighted in yellow.  

3.1.3 Chapter aims 

In this chapter, I investigated the behavioural and neural network correlates of 

spatial working memory in Cyfip1+/- rats. Animals learned a discrete-trial 

alternation task on a return arm T maze and hippocampal-prefrontal network 

interactions were assessed during task performance. In addition, the impact of 

increasing task difficulty by introducing a delay was assessed.  
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Key hypotheses: 

¶ Cyfip1 haploinsufficiency has a negative impact on spatial working memory 

performance. 

¶ Hippocampal-prefrontal interactions necessary for this cognitive process 

are disrupted in Cyfip1+/- rats. 

¶ Cyfip1+/- rats are more sensitive than wild types (WT) to increases in task 

difficulty by the introduction of a delay. 

3.2 Methods 

3.2.1 Behaviour and surgery 

The discrete-trial alternation T maze task was run as described in Section 2.3 (page 

58) in General Methods. Animals were implanted with multisite LFP electrode 

drives, including targets to dorsal CA1 (dCA1), ventral HPC (vHPC) and prelimbic 

cortex (PRL), as described in Section 2.4 (page 60). 

3.2.2 Analysis 

3.2.2.1 Tracking data 

Tracking data were acquired by detecting coloured LEDs mounted on the headstage 

of each rat, sampled at 30 frames per second, time-locked to the 

electrophysiological data. Tracking data had to be manually cleaned by removing 

erroneous data points (caused by the camera detecting bright objects other than the 

LEDs), thus reducing the sampling frequency at some points. Due to slight 

movements of the maze between animals, tracking data needed to be aligned for 

group analysis purposes, by shifting and rotating each animalôs tracking data. 

3.2.2.2 LFP data 

Half of the animals were recorded at 1017 Hz sampling frequency, while others at 

2000 Hz due to updated hardware. Therefore, all data was down-sampled to 1017 

Hz. For further details on power, coherence, granger causality and phase-amplitude 

coupling analysis, see Section 2.5 (page 68). 
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3.2.2.3 Maze segment analysis 

For maze-based analyses, tracking data was segmented into 12 roughly equal 

segments using 13 trigger lines (Figure 3.4a). Using the Maze Query Language 

toolbox (Tom Jahans-Price, www.cs.bris.ac.uk/Research/MachineLearning/mql/), 

timestamps could be extracted for every crossing of the trigger lines, enabling 

analyses of behaviour and electrophysiology time-locked to different points on the 

maze (i.e. different trigger lines). 

3.2.2.4 Granger causality 

Trial-by-trial 6 second LFP epochs centred on trigger line 5 were concatenated to 

provide a single signal from the central arm of the maze for each animal. Granger 

causality values for the theta frequency band in the HPCŸPFC direction and 

PFCŸHPC direction were calculated and significance tested using a bootstrapping 

method as described in Chapter 2. Taking a ratio of the significant values for each 

direction showed which direction was more dominant.  

3.3 Results  

3.3.1 Behaviour 

3.3.1.1 Performance accuracy normal in Cyfip1+/- rats  

A group of 16 WT and 17 Cyfip1+/- began habituation on the T maze. Three Cyfip1+/- 

and one WT rat did not pass the habituation stage as they showed excessive freezing 

behaviour on the maze and did not consume the sucrose solution. One further 

Cyfip1+/- animal had to be excluded during the delay training due to apparent 

extreme anxiety on the maze. A Fisherôs Exact test confirmed a similar proportion 

of drop outs from each group (p = 0.165). 

The remaining animals progressed to running the reward alternation task (as 

described in Chapter 2) (Figure 3.3a). Performance accuracy during the first session 

of 10 trials was similarly high in Cyfip1+/- and WT rats, (WT: 83 ± 4%, Cyfip1+/-: 

81 ± 4%, p=0.69, independent sample t-test, Figure 3.3b) indicating that the task 

harnesses their natural tendency to alternate which arms to explore. Animals then 
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ran further daily sessions of 10 trials until achieving criterion (2 consecutive days 

of 80% or higher accuracy), after which they underwent surgical implantation. 

 

Figure 3.3 | T maze performance of Cyfip1+/- and WT rats. a, Schematic of return arm T 
maze task. b, Performance accuracy across three behaviour sessions. On first day and at 
criterion, WT (grey): n = 15, Cyfip1 (cyan): n = 14. Post-surgery, WT: n = 15 Cyfip1: n = 13. 
c, Percent of animals who achieved 2 consecutive sessions of 80% within the first 2 
sessions. d, Days to criterion, WT outlier in red is not included in the group mean. e, 
Performance accuracy for individual animals (top WTs, bottom Cyfip1) over consecutive 
training sessions, each animal represented by a different colour. Thin dotted lines connect 
the score from the last training session to the score on the recording day. f, Correlation of 
days each animal took to reach criterion vs performance accuracy on the recording day. 
Red line shows line of best fit. 

Performance accuracy during the post-surgery session was similar in both groups 

(WT: 76 ± 3%, Cyfip1: 79 ± 3%, p = 0.51, t-test, Figure 3.3b). Comparing criterion 

performance, taken as the mean of the last 2 sessions pre-surgery, to the first post-
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surgery recording session, showed a significant drop in performance accuracy in 

both groups (F1,26 = 20.20, p < 0.001, no genotype effect or interaction, ANOVA, 

Figure 3.3b). This could relate to a natural drop in performance accuracy due to 

lack of training in the peri-surgical period. Alternatively, it may relate to the fact 

that the first maze session post-surgery incorporated simultaneous 

electrophysiological data recording, which requires the rat being connected to a 

tether. While every effort was made to allow uninhibited movement while 

connected to the tether, the presence of the tether may have acted as a distraction. 

It is likely that a combination of these two factors led to the drop in performance on 

the recording day; however, this opened up the opportunity to analyse 

electrophysiological data from a more substantial number of error trials (see below). 

These results demonstrate that overall performance of the task was normal in 

Cyfip1+/- rats. 

3.3.1.2 Cyfip1+/- rats took longer to reach criterion performance 

While overall performance accuracy was similar across genotypes, there were some 

behavioural differences to note. Considering how quickly rats achieved criterion, 

ideal performance constitutes achieving Ó80% immediately in the first two days, 

i.e. ópassing first timeô. Of the WT rats, 60% passed first time, vs. only 29% of 

Cyfip1+/- rats, although a chi square test for association between genotype and 

passing first time did not reach significance (ɢ2(1) = 2.89, p = 0.089, Figure 3.3c). 

Following from this, comparing days to criterion between groups, Cyfip1+/- rats took 

significantly more days to reach criterion (p = 0.024, Mann-Whitney U test, Figure 

3.3d; one WT was excluded as an outlier). I next tested whether the number of days 

to criterion related to the performance during the post-surgery recording session: 

there was a trending negative correlation between these variables (Spearmanôs rho 

= -0.35, p = 0.069, Figure 3.3f), and in both groups animals who took the most days 

to reach criterion performed the worst on the recording session (Figure 3.3e). This 

suggests Cyfip1+/- rats were less able to maintain consistent performance over 

consecutive sessions. 
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Figure 3.4 | T maze running speed. a, Representative tracking data from the return arm 
T maze, with trigger lines used for analyses marked and numbered. The segment of the 
same number always comes after the associated trigger line. T-junction analyses centre 
around trigger line 5 (green). b, Heatmaps showing instantaneous speed at different 
segments of the maze, averaged over trials for each animal, and over animals. c, Upper, 
running speed in each segment of the maze (segments numbers follow corresponding 
trigger line in a), averaged over trials and animals. Solid lines represent guided runs, 
dashed lines represent choice runs. Middle, distance covered by head movements in each 
segment of the maze, averaged over trials and animals. Lower, time spent in each segment 
of the maze. d, Number of trials during the recording session. e, Median time between 
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crossing trigger line 8 and trigger line 13, averaged over trials. *p<0.05. WT: n = 15, Cyfip1: 
n = 13. 

3.3.1.3 Cyfip1+/- rats had slower running speeds on the maze 

Behavioural data are presented from the post-implantation recording session, with 

one recording session per animal, from 15 WT and 13 Cyfip1+/- rats. One Cyfip1+/- 

rat died during surgery. 

During the recording session, Cyfip1+/- rats had overall significantly slower running 

speeds compared to WT animals (p = 0.017, t-test, data not shown). This difference 

in running speed, however, did not impact the overall number of trials run in the 40 

minute session, with average trial number similar between genotypes (WT: 21 ± 

1.6%, Cyfip1+/-: 20 ± 1.3%, p=0.48, t-test, Figure 3.4d). To explore whether running 

speed on different segments of the maze differed during guided or choice runs 

(Figure 3.4a), I ran a three-way mixed ANOVA with within-subject factors of run 

type and maze segment. This test confirmed that Cyfip1+/- rats ran slower than WT 

(main effect of genotype: F1,24 = 6.81, p = 0.015); while there was no main effect 

of run type (F1,24 = 1.36, p = 0.26) or genotype by run type interaction (F1,24 = 1.9, 

p = 0.18) , there was a significant run type by segment interaction (F11,264 = 7.71, p 

< 0.001) (Figure 3.4b, c). 

To explore where on the maze there were run type-dependent speed differences, a 

series of paired t-tests were run to confirm the simple main effects. In maze 

segments 12 and 1, guided runs were faster than choice runs by 2-3 cm/s (p < 0.05), 

while in maze segments, 4, 7 and 8 choice runs were faster (p < 0.05). The effect 

size was greatest in segment 4, where there was an increase in speed of 5.7 ± 

0.76cm/s, which reflects a faster run in the latter part of the central arm during 

choice runs. This difference between guided and choice runs on this segment of the 

maze may impact interpretation of electrophysiological findings that are affected 

by speed, as discussed below.  

Analysing distance covered by the head-mounted LED in each maze segment, or 

time spent in each segment, could shed light on whether animals were running 
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straight through a segment, or exploring beyond the maze track, such as rearing and 

leaning over the maze wall (Figure 3.4c). Distance moved data were log 

transformed to bring them within a normal distribution. There was no main effect 

of genotype (F1,24 = 0.48, p = 0.49), but a significant segment by run type interaction 

(F11,264 = 3.5, p < 0.001), and analysis of simple effects revealed that in guided runs 

animals covered slightly more distance in segments 4 and 5 (p < 0.05, paired t-test). 

The difference was small (average of 2-6cm more distance covered in guided runs 

than in choice runs [segment length ~35cm]) and likely due to animals sniffing the 

barrier before they made the turn. Segment 8 has a notable increase in distance 

covered, which is explained by a behaviour typically observed in many rats. The 8th 

trigger line was positioned immediately before the reward. Rats would typically run 

directly to the reward point, cross the trigger line, consume the reward, and then 

instead of continuing through segment 8, they would rotate back and show 

exploratory behaviour towards the corner of the room. This can be seen in the 

example tracking data in Figure 3.4a as a cluster of position data points in the 

corners of the maze. The observation that this interest in this corner was higher on 

the left of the maze than on the right, suggests there is something of interest to the 

rats here. I believe this could be explained by the fact that the sleepbox, where their 

homecage was sitting, is in the far left corner of the room, and perhaps the rats could 

detect the presence of their homecage. This issue may have been resolved if I had 

used a black curtain to surround the maze, but this would still not have masked the 

scent of their homecage, which presumably is what they detected in the dimly lit 

room. 

Together, these data indicate that Cyfip1+/- rats consistently run slower on most 

segments of the maze, although their exploratory behaviour on the maze was 

consistent with WTs. 

3.3.1.4 Cyfip1+/- rats have longer intervals between guided and choice runs 

The exploratory behaviour following reward consumption introduced an 

unintended delay between reward consumption and the start of the choice run 

(following a guided run) or the end of the trial (following a choice run). A difference 
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in the delay between guided and choice runs could impact the demands on the 

working memory system. While the shortest return arm time interval between 

reward consumption (trigger line 8) and start box return (trigger line 13) was 3-4 

seconds, actual times for this interval on guided runs ranged between 4-108 seconds 

for WT and 3-106 seconds for Cyfip1+/- rats. Each animalôs return arm run times 

were positively skewed, so the median was taken to represent the average. 

Comparing these medians between groups revealed a significant difference between 

genotypes in the time taken to run the return arm (WT: 16.6 ± 1 s, Cyfip1: 21.1 ± 2 

s, p = 0.011, Mann-Whitney U test, Figure 3.4e). This may complicate the 

interpretation of the behaviour seen in this task, as cognitive deficits can be delay 

dependent. However, as the difference in the average ódelayô between groups is 

only ~5 seconds, I consider this of limited consequence, particularly as delays are 

normally introduced at greater intervals, e.g. 30s, 60s, 90s (Aggleton et al., 1997; 

Aultman and Moghaddam, 2001; Clinton et al., 2006). Furthermore, it does not 

appear that performance is affected by this difference. 

3.3.2 Hippocampal-prefrontal network during maze task 

To explore the impact of Cyfip1 haploinsufficiency on the hippocampal-prefrontal 

network during working memory, I examined LFP signals from this network during 

the T maze task. Analyses focussed on central arm and T-junction decision point of 

the maze, where rats presumably harness spatial working memory to inform their 

decision at the T-junction. To extract the relevant segments of behaviour, I extracted 

6 s or 2 s epochs centred around the timestamp at trigger line 5, i.e. immediately 

before the turn. While the behaviour could be quite variable, with animals sniffing 

the maze or barrier, the 6 second windows generally captured paths of the rat 

spanning the central arm, turn, and T arm (Figure 3.5a), while the two second 

windows captured latter part of central arm, turn, and some of the T arm. The 

following analyses refer to data from correct trials only. 



Hippocampal-prefrontal network  

 

104 

 

 

Figure 3.5 | Power spectra for PRL, dCA1, and vHPC on T maze. a, Heatmaps indicating 
paths captured by extracting a 6 s time window centred on trigger line 5, immediately before 
the T-junction. Colour represents the average number of times each pixel was visited, 
averaged across trials and animals. b, Representative (WT in grey, Cyfip1 in cyan) raw 
LFP traces from PRL, dCA1 and vHPC from the 6 second window as in a.  c, Normalized 
power spectrums for PRL, dCA1 and vHPC in the 0-40 Hz range during the 6 s window. 
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*refers to significant difference in peak theta frequency, with Cyfip1 slightly slower. d, 
Normalized power spectrums for PRL, dCA1 and vHPC in the 20-100 Hz range during the 
6 s window. Values between 49-51 Hz have been removed to mask 50Hz line noise. WT: 
n = 14, Cyfip1: n = 13. 

3.3.2.1 Slower theta rhythm in CA1 of Cyfip1+/- rats, but normal power 

Six second epochs centred on trigger line 5 around the T-junction were used to 

analyse oscillations in hippocampus and PRL (Figure 3.5b). Mean power at theta 

(6-10 Hz) and gamma (30-90 Hz) frequencies was not significantly different 

between genotypes (Figure 3.5c,d) in dCA1 (theta: p = 0.12, gamma: p = 0.27, t-

tests), vHPC (theta [1 WT and 2 Cyfip1 outliers removed]: p = 0.28, gamma: 0.458, 

Mann-Whitney U test) or PRL (theta: p = 0.83, gamma: p = 0.65, t-tests). However, 

peak theta frequency in dCA1, identified in each rat as the frequency with maximum 

power within the theta frequency range, was found to be slightly slower in Cyfip1+/- 

rats (WT: 7.9 ± 0.08 Hz, Cyfip1: 7.5 ± 0.12, p = 0.029, t-test). This difference did 

not reach significance in the vHPC (WT: 7.71 ± 0.18 Hz, Cyfip1: 7.31 ± 0.17, p = 

0.057, Mann-Whitney U test). 

Theta frequency is known to be modulated by running speed (Li et al. 2012; 

Vanderwolf 1969; Morris et al. 1976; McFarland et al. 1975). As Cyfip1+/- rats 

tended to run more slowly on the maze, this difference in dCA1 theta frequency 

may be accounted for by a difference in running speed. I ran the analysis on a subset 

of runs where the average run speed was limited to a narrower speed range of 25-

35 cm/s, thus eliminating group differences in run speed (p = 0.22, t-test, data not 

shown). On this subset of trials, the peak theta frequency was not significantly 

different between genotypes (p = 0.072, t-test). This suggests that while Cyfip1+/- 

rats had significantly slower theta rhythm, it is likely the difference in peak theta 

frequency is modulated by speed rather than by genotype. 

3.3.2.2 Phase-amplitude coupling reduced in dCA1 

PAC was assessed in WT and Cyfip1+/- rats to quantify the degree to which theta 

frequency is able to modulate gamma frequency within PRL, dCA1 and vHPC. 

There is some evidence that theta-gamma coupling within hippocampus may be 

modulated by memory demand (Montgomery and Buzsáki, 2007; Schomburg and 
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Fernández-Ruiz, 2014), therefore analysis was split over guided and choice runs. 

Timestamps for guided and choice runs were taken between trigger line 1 and 8, 

covering signals from the central arm to the reward point. Within PRL, a clear hot-

spot of theta-gamma coupling was seen between theta and fast gamma in both 

genotypes (Figure 3.6a). Peak modulating (i.e. theta) frequency was equivalent 

between groups, as was peak modulated (i.e. gamma) frequency, as inspected from 

Figure 3.6b and c. By taking the mean of modulation index values bounded by a 

box encompassing 6-10 Hz phase frequency and 65-150 Hz amplitude frequency, 

theta-gamma coupling within PRL was compared between groups and across run 

types (Figure 3.6d), finding no effect of run type (F1,25 = 0.47, p = 0.50) or genotype 

(F1,25 = 0.061, p = 0.81), and no significant interaction (F1,25 = 0.061, p = 0.80) . 

Two outliers were identified in the Cyfip1+/- group, but as they did not change the 

results of the test, were left in the analysis. 

 

Figure 3.6 | Theta-gamma phase-amplitude coupling within PRL. a, Run and animal 
averaged comodulograms of WT (upper) and Cyfip1 (lower) showing theta-gamma 
coupling withinin PRL on guided and choice runs. Colour represents modulation index (MI). 

b

d

Guided

0

100

200

A
m

p
lit

u
d

e
F

re
q

u
e

n
c
y

(H
z
)

c

Guided Choice

ChoiceGuided

5 10 15 20

Phase Frequency (Hz)

0

100

200

Choice

5 10 15 20
0

50

100

150

5 10 15 20

5 10 15 20
0

50

100

150

0 5 10 15 20

Freq

0

20

40

M
I

mod

0  

40 

120

200

0 20 40 60 80

MI

Guided Choice
0

50

100

150

200

250

M
o

d
u

la
ti
o

n
in

d
e
x

F
re

q

a

c

d



Hippocampal-prefrontal network  

 

107 

 

b, Averaged modulation indices as a function of modulated frequencies (shown only for 
choice runs for clarity), i.e. the equivalent of collapsing the comodulograms in the x-
direction. The peak modulated frequency can be seen. c, Averaged modulation indices as 
a function of modulating frequencies (shown only for choice runs for clarity), i.e. the 
equivalent of collapsing the comodulograms in the y-direction. The peak modulating 
frequency can be seen. d, Theta-fast gamma (65-150 Hz) coupling in the PRL. Outliers are 
circled in red, but were part of the group analyses as they did not affect the outcome. WT 
(grey): n = 14, Cyfip1 (cyan): n = 13. 

Within dCA1, two distinct hot-spots of PAC were observed, as previously found 

(Colgin et al., 2009), so gamma frequency was divided into slow (25-60 Hz) and 

fast gamma (65-150 Hz) (Figure 3.7a). Peak modulating frequency was equivalent 

between groups, as was peak modulated frequency, as inspected from Figure 3.7b 

and c. Following removal of three Cyfip1+/- outliers, a significant reduction in theta-

slow gamma coupling was seen in Cyfip1+/- rats (main effect of Genotype: F1,22 = 

6.80, p = 0.016) with no effect of run type (F1,22 = 0.26, p = 0.61) and no interaction. 

While theta-fast gamma coupling was numerically lower in Cyfip1+/- rats, this was 

not significant (F1,25 = 0.33, p = 0.57), and there was no effect of run type (F1,25 = 

0.22, p = 0.65) and no interaction. 
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Figure 3.7 | Theta-gamma phase-amplitude coupling within dCA1. a, Run and animal 
averaged comodulograms of WT (upper) and Cyfip1 (lower) showing theta-gamma 
coupling withinin dCA1 on guided and choice runs. Colour represents modulation index. b, 
Averaged modulation indices as a function of modulated frequencies (shown only for 
choice runs for clarity), i.e. the equivalent of collapsing the comodulograms in the x-
direction. The peak modulated frequency can be seen. c, Averaged modulation indices as 
a function of modulating frequencies (shown only for choice runs for clarity), i.e. the 
equivalent of collapsing the comodulograms in the y-direction. The peak modulating 
frequency can be seen. d, Left, theta-slow gamma (25-60 Hz) coupling in dCA1. Right, 
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theta-fast gamma (65-150 Hz) coupling in dCA1. Outliers are shown in red, these were not 
part of the group analyses. *p<0.05 for main effect of genotype, ANOVA. WT (grey): n = 
14, Cyfip1 (cyan): n = 13. 

Within vHPC, there were hotspots at theta-slow gamma and theta-fast gamma 

(Figure 3.8). Peak modulating frequency appeared slower in Cyfip1 rats (Figure 

3.8c), corresponding to the slower theta seen in the power spectra between groups. 

Data was log-transformed to bring the data into a normal distribution, and following 

removal of 1 Cyfip1 outlier for slow gamma, and 2 Cyfip1 outliers and 1 WT outlier 

for fast gamma, there was no significant different between genotypes (slow gamma: 

F1,24 = 0.063, p = 0.804, fast gamma: F1,22 = 0.005, p = 0.95 ) or effect of run type 

(slow gamma: F1,24 = 1.7, p = 0.21, fast gamma: F1,22 = 1.3, p = 0.72) and no 

interaction (Figure 3.8d). 
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Figure 3.8 | Theta-gamma phase-amplitude coupling within vHPC. a, Run and animal 
averaged comodulograms of WT (upper) and Cyfip1 (lower) showing theta-gamma 
coupling withinin vHPC on guided and choice runs. Colour represents modulation index. b, 
Averaged modulation indices as a function of modulated frequencies (shown only for 
choice runs for clarity), i.e. the equivalent of collapsing the comodulograms in the x-
direction. The peak modulated frequency can be seen. c, Averaged modulation indices as 
a function of modulating frequencies (shown only for choice runs for clarity), i.e. the 
equivalent of collapsing the comodulograms in the y-direction. The peak modulating 
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frequency can be seen. d, Left, theta-slow gamma (25-60 Hz) coupling in dCA1. Right, 
theta-fast gamma (65-150 Hz) coupling in dCA1. Outliers are shown in red, these were not 
part of the group analyses. WT(grey): n = 14, Cyfip1 (cyan): n = 13. 

Together, these findings show that phase-amplitude coupling was disrupted within 

the dCA1 of Cyfip1+/- rats, although PAC was not modulated by run type as had 

previously been found. 

3.3.2.3 Theta coherence normally modulated by context in Cyfip1+/- rats 

Aside from a reduction in PAC in the hippocampus, Cyfip1+/- oscillations in 

hippocampus and PRL appear largely normal. Next, I investigated the interactions 

between hippocampus and PRL in Cyfip1+/- and WT rats. Analysing the 6 second 

window surrounding the decision point highlighted a hotspot of coherence in the 

centre of this time window (Figure 3.9a,b). Therefore, to narrow the focus of the 

analysis, subsequent analyses were based on a 2 second window centred around 

trigger line 5 i.e. immediately before the turn (Figure 3.9c). Theta coherence in this 

window was compared between guided and choice runs in WT and Cyfip1+/- rats. 
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Figure 3.9 | HPC-PRL coherence on T maze. a, Trial and animal averaged coherograms 
for dCA1 and PRL, zero-aligned to trigger line 5, WT upper row, Cyfip1 lower row. Colour 
represents coherence, white trace represents mean theta (6-10 Hz) coherence during this 
time window, with values corresponding to right hand axis (Top row WT: n = 14, Bottom 
row Cyfip1: n = 13). b, Same as a for vHPC and PRL. c, Heatmaps indicating paths 
captured by extracting a 2 s time window centred on trigger line 5, immediately before the 
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T-junction. Colour represents the average number of times each pixel was visited, 
averaged across trials and animals. d,e, Peak theta coherence between dCA1 (d) and 
vHPC (e) and PRL. Taken from the central third of the coherograms in a and b, i.e. in the 
2 s time window shown in c, split by guided or choice runs. *p<0.05 for main effect of run 
type. f, g, Representative coherency plots from an individual animal showing change in 
coherency in the theta range between guided and choice runs for dCA1-PRL (f) and vHPC-
PRL (g) coherence. Dashed line represents confidence level at p = 0.05. WT (grey): n = 
14, Cyfip1 (cyan): n = 13. 

Peak theta coherence between dCA1 and PRL was significantly elevated in choice 

runs, but there was no difference between genotypes (WT Guided: 0.45 ± 0.445, 

WT Choice: 0.50 ± 0.044; Cyfip1 Guided: 0.43 ± 0.05, Cyfip1 Choice: 0.49 ± 0.05; 

Run type main effect: F1,25 = 15.66, p < 0.001; Genotype main effect: F1,25 = 0.054, 

p = 0.82), and no significant interaction (F1,25 = 0.149, p = 0.70) (Figure 3.9d). The 

equivalent pattern was seen for vHPC and PRL coherence (WT Guided: 0.41 ± 

0.048, WT Choice: 0.45 ± 0.046; Cyfip1 Guided: 0.37 ± 0.039, Cyfip1 Choice: 0.42 

± 0.045; Run type main effect: F1,25 = 13.26, p = 0.001; Genotype main effect: F1,25 

= 0.387, p = 0.539), and no significant interaction (F1,25 = 0.19, p = 0.667) (Figure 

3.9d). Three outliers were identified within the vHPC-PRL guided coherence, but 

as the results of the ANOVA were unaffected by their removal, they were kept in 

the analysis. 

It has been shown that amplitude covariations between theta-frequency signals 

could artificially increase coherence (Srinath and Ray, 2014). Therefore, it was 

important to confirm that changes in theta power in these regions was not biasing 

the changes seen in coherence. Hippocampal theta power and PRL theta power were 

not modulated by run type (dCA1: Run type main effect: F1,25 = 8.41, p = 0.37; 

Genotype main effect: F1,25 = 0.302, p = 0.59, no significant interaction; vHPC: 

Run type main effect: F1,25 = 1.54, p = 0.23; Genotype main effect: F1,25 = 0.05, p 

= 0.83, no significant interaction; PRL: Run type main effect: F1,25 = 0.005, p = 

0.94; Genotype main effect: F1,25 = 0.302, p = 0.59, no significant interaction) 

(Figure 3.10). 
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Figure 3.10 | Theta power by run. Normalized theta power in the PRL, dCA1 and vHPC 
regions. WT (grey): n = 14, Cyfip1 (cyan): n = 13. 

Others have found that HPC-PRL functional connectivity prior to training could 

predict the number of days to criterion (Mukai et al., 2015; Sigurdsson et al., 2010). 

While in this study, network activity recordings were not made during the 

acquisition of the task, the greater number of days required to reach criterion may 

reflect a deficit in the HPC-PRL network which could persist beyond training. 

However, there was no significant correlation between dorsal or vHPC-PRL theta 

coherence and days to criterion on a rat-by-rat basis (dCA1-PRL : Spearmanôs rho 

= -0.109, p = 0.59, vHPC-PRL: Spearmanôs rho = 0.079, p = 0.70) (Figure 3.11). 

vHPC
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Figure 3.11 | Relationship between theta coherence and days to criterion. Correlation 
showing days to criterion vs theta coherence on choice runs in dorsal and vHPC. Each 
data point represents one animal, WT in grey, Cyfip1 in cyan. Red line represents line of 
best fit. WT: n = 14, Cyfip1: n = 13. 

3.3.2.1 Hippocampus leads prelimbic signal 

Granger causality was calculated to infer the directionality of the synchrony 

observed between HPC and PRL during choice runs (Figure 3.12). Consistent with 

the anatomy, in both genotypes, dCA1 leading PRL was significantly more 

dominant than PRL leading dCA1 in the theta frequency band (main effect of 

leading direction: F1,25 = 17.3, p < 0.001), but no main effect of genotype (F1,25 = 

0.049, p = 0.83) (Figure 3.12a). Bootstrapping showed that theta frequency 

causality in the dCA1ŸPRL direction was significant in 13/14 WT rats, vs only 

10/13 Cyfip1+/- rats, although a Fisherôs exact test to show a difference between 

groups was not significant (p = 0.37,data not shown). Analysing only animals with 

a significant dCA1ŸPRL lead, the ratio of dCA1:PRL leading was similar in WT 

and Cyfip1+/- rats (p = 0.124, t-test, Figure 3.12b).  
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Figure 3.12 | HPC-PRL coherence on T maze. a,c, Granger causality showing 
directionality of the interaction between dCA1-PRL (a) and vHPC-PRL (c). Dashed lines 
represent causality from HPC to PRL, while solid lines represent causality from PRL to 
HPC. Text at top of figure summarises dominant directionality at theta frequency in each 
genotype. b,d, Ratio of HPC Ÿ PRL vs PRLŸ HPC directionality. Outliers in d are marked 
in red and are not included in the group analysis. WT: n = 14, Cyfip1: n = 13. 

 

Similarly, vHPC leading PRL was the more dominant direction (main effect of 

leading direction: F1,25 = 6.24,p = 0.019), with no genotype effect (: F1,25 = 0.94, p 

= 0.34, 2 WT and 1 Cyfip1 outlier did not affect results) (Figure 3.12c). However, 

bootstrapping showed that theta frequency causality in the vHPCŸPRL direction 

was significant in 11/14 WT rats, but only 6/13 Cyfip1+/- rats, although this was not 

significant (p = 0.12, Fisherôs exact test, data not shown). Analysing only animals 
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significantly different between genotypes (p = 0.241,t-test, 1 Cyfip1, 1 WT outliers 

removed, Figure 3.12d). Thus, for most animals, the dominant directionality of the 

signal was from hippocampus to cortex, but genotype did not affect this. 

3.3.2.2 Running speed and theta coherence changes 

As theta power can be affected by running speed (Li et al. 2012; Vanderwolf 1969; 

Morris et al. 1976; McFarland et al. 1975), it was important to assess whether 

running speed might modulate coherence. Analysing running speed in the 6 second 

window around the decision point shows that choice runs were faster than guided 

runs in both genotypes (run type main effect: F1,25 = 15.98, p < 0.001). While an 

earlier analysis found Cyfip1+/- rats ran slower (see Section 3.3.1.3, page 101), the 

genotype main effect only approached significance for this segment (F1,25 = 3.74, p 

= 0.064, Figure 3.13a). This difference in behaviour across guided and choice runs 

is problematic, as it complicates the dissociation of overt behavioural differences 

from differences in network activity in general and theta coherence in particular. 
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Figure 3.13 | Running speed difference during guided and choice runs. a, Running 
speed in guided and choice runs from a 6 s window centred around trigger line 5, 
immediately before the T-junction (WT grey, Cyfip1 cyan). *p<0.05 for main effect of run 
type, ANOVA. b, Scatter plot between average running speed over the 6 s window vs the 
average dCA1-PRL theta coherence in the same window, WT left, Cyfip1 right. Each 
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