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ABSTRACT 

Bipolar disorder is a psychiatric disorder characterised by pathological mood states, but there 

is growing recognition of the role of cognitive impairment and dysfunction of emotional 

processes, which has a profound impact on quality of life. Many people with bipolar disorders 

exhibit brain volume impairment associated with cognitive dysfunction and an increased risk 

of dementia.  

 

In this thesis, I conducted a systematic review to understand the relationships between mood 

disorders and the 5-HT7 receptor.  The 5-HT7 receptor is related to depression and anxiety, but 

the relationship between 5-HT7 and mania remains unclear; in addition, sleep and memory 

were also related to the 5-HT7 receptor. Followed by these findings, in the next two chapters, 

I examined the effects of 5-HT7 antagonists, using JNJ-18038683, on emotional and cognitive 

functioning, as well as their neural substrates. I then reported on neuroimaging investigations 

examining the effects of 5-HT7 antagonists on emotional processing and cognitive function in 

healthy volunteers to gain insight into their potential mode of action and utility for bipolar 

disorder. In fMRI analyses, the drug acted on 5-HT7 receptors potentially improving cognitive 

performance by modulating the function of the Cognitive Control Network in healthy controls.  

 

In the above-mentioned chapters, I gained a better understanding of the 5-HT7 antagonist, JNJ-

18038683, and the putative promising effects for pharmacological treatments. However, the 

approach taken has some limitations, including a small sample size, potential participant bias, 

and a lack of systematic control of medication dose and duration of administration.  
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In addition, in Chapter 5, I explored the brain basis of bipolar disorder and its links to cognitive 

and emotional dysfunction using a new ‘brain age’ approach. Individuals with bipolar disorder 

were found to have increased brain age compared to healthy controls.  

 

I hope that these findings can be applied to pharmacological treatment for individuals with 

bipolar disorder, ultimately allowing patients to benefit from the drug in the future. 
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Chapter 1 General Introduction 

1.1 Bipolar disorders: background 

1.1.1 BD symptoms and epidemiology 

Bipolar Disorder (BD) is a mental illness which is characterised by recurring episodes 

of depression and mania, hypomania or mixed states (APA, 2013). In DSM-5, bipolar 

and related disorders have been separated from depression; bipolar disorder became a 

bridge between depressive disorders and schizophrenia spectrum disorders due to the 

differences of symptomology, family history, and genetic features. There are four types 

of bipolar: bipolar 1, bipolar 2, cyclothymia, and drug-induced bipolar. In manic 

episodes, the symptoms include abnormally and persistently elevated, euphoric, 

expansive, and/or irritable mood. The behaviour presents as inflated esteem, decreased 

need for sleep, more talkative tendencies, distractibility, racing thoughts, poor 

judgement, grandiosity, and an increase in goal-directed activities. In depressive 

episodes, the symptoms include abnormally low mood, a general loss of interest, fatigue, 

feelings of hopelessness and anhedonia. The person presents as struggling with feeling 

guilt, being fatigued or losing weight, and having thoughts of, or even attempting, 

suicide (APA, 2013). In addition to altered mood states, 82.9% of people with bipolar 

disorder had serious psychological, cognitive, and social impairments (Douglas et al., 

2018; Kessler et al., 2005; Solé et al., 2017; Xu et al., 2020). Other core symptoms 

include impairment of cognitive functions, and this may persist in euthymic states 

(Batinic et al., 2021; Douglas et al., 2020; MacQueen & Memedovich, 2017; Pavlova 

et al., 2017; Samamé et al., 2012; Tsapekos et al., 2021). Bipolar disorder has no gender 

difference in lifetime prevalence, the ratio is roughly 1.1:1 (M:F) (Dell'Osso et al., 2021; 

Merikangas et al., 2007; Weissman et al., 1988).  
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Some symptoms will develop more with age, individuals with old-age bipolar disorder 

showing greater neuropsychological deficits (Gildengers et al., 2004; Sajatovic et al., 

2015). In a three-year follow-up study, individuals with old-age bipolar disorder tended 

to experience more cognitive dysfunction and a more rapid decline in cognitive ability 

than what would be typical for their age and level of education. This impairment and 

accelerated decline can result in decreased independence, greater reliance on support 

from family and the community, and potentially even necessitate relocation to assisted 

living facilities (Gildengers et al., 2009). Individuals with old-age bipolar disorder also 

have more frequent episodes, more depressive episodes, and exhibit more severe 

cognitive dysfunctions compared to individuals with depression or healthy controls 

(Arnold et al., 2021).  

1.1.2 BD and its comorbidities 

It is widely accepted that bipolar disorder is associated with a considerable number of 

clinical comorbidities which affect the person’s work and interpersonal functioning. In 

community studies, bipolar disorder is commonly comorbid with a number of 

psychiatric disorders including anxiety, substance use, and conduct disorders; in 

clinical samples, it is also comorbid with eating, sexual behaviour problems, attention-

deficit hyperactivity disorders and impulse control disorders, as well as autism 

spectrum disorders and Tourette’s disorder (McElroy, 2004). Recently, researchers 

found that anxiety symptoms are common in individuals with bipolar disorder. At least 

50% of individuals with bipolar disorder are likely to meet the diagnostic criteria for 

anxiety disorders during their lifetime (Cullen et al., 2021; Spoorthy et al., 2019). The 

lifetime prevalence of these disorders and symptoms does not vary greatly across 

bipolar disorder subtypes and is estimated to be as high as 86% in bipolar 1 and 89% 
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in bipolar 2; these prevalence rates are three times higher than in the general population 

(Merikangas et al., 2007). Eating disorders and bipolar disorders have a high 

comorbidity, especially bulimia nervosa and binge eating disorder (Álvarez Ruiz & 

Gutiérrez-Rojas, 2015). A meta-analysis pointed out that attention deficit and 

hypoactivity disorder and bipolar disorder common co-occur with each other 

(Schiweck et al., 2021). The prevalence of bipolar disorder in autistic spectrum disorder 

(ASD) is estimated at 5% to 8%; developing effective diagnostic tools and potential 

treatments would address a key need in this field (Dunalska et al., 2021).  

For children and adolescents with bipolar disorder, the comorbid diagnosis of anxiety, 

substance use, and disruptive behaviour disorders are commonly reported (Joshi & 

Wilens, 2009). Bipolar disorder is also seen to be comorbid with conduct disorder in 

childhood and adolescence (Kovacs & Pollock, 1995).  

Some non-psychiatric diseases, such as diabetes and cardiovascular disease, also may 

co-occur with bipolar disorder (Liu et al., 2022; Miola et al., 2022; Weiner et al., 2011). 

In a qualitative interview, the quality of life of individuals with bipolar disorder was 

not satisfactory, which was also influenced by daily routine, independence, stigma and 

disclosure, identity, social support and spirituality (Michalak et al., 2006). 

1.1.3 BD and social burden 

Existing studies showed that cognitive impairments might cause poor psychosocial 

function, especially employment status (Keck et al., 1998; Wingo et al., 2009). In a six-

year follow-up study, the authors reported that some main functions, including 

executive functioning, inhibition, processing speed, and verbal memory, were impaired 

in euthymic bipolar outpatients. In addition, even though the cognitive deficits were 
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stable, the deficits had negative impacts on the psychosocial adaptation (Mora et al., 

2013). Bipolar disorder may cause long-term inability to work, and approximately half 

of individuals with bipolar disorder experience persistent work disability, leading to 

them requiring a disability pension (Arvilommi et al., 2022). 

Since individuals with bipolar disorders have poor cognitive functions, it may cause 

long-term negative outcomes, both in personal and social levels. Bipolar disorder has 

the highest suicide rate of any mental illness, about 20-30 times that of the general 

population (Miller & Black, 2020; Novick et al., 2010; Tondo et al., 2007). Individuals 

with bipolar disorder experience a high incidence of suicidal behaviour, with 4% to 

19% ultimately taking their own life, and 20% to 60% attempting suicide at least once 

during their lifetime (Dome et al., 2019).  

Bipolar disorder has impact on social and economic costs. It has been estimated that 

managing bipolar disorder cost the National Health Service (NHS) £199 million per 

year, with hospital admissions accounting for 35% of this. In addition, considering the 

297,000 people affected, the cost of the disorder to British society was estimated at £2 

billion in 1999/2000. Of this total cost, the NHS was responsible for 10%, the use of 

non-healthcare resources was responsible for 4%, and the remaining 86% were indirect 

costs (Das Gupta & Guest, 2002).  

1.1.4 BD and cognitive impairments 

Bipolar disorder features extreme mood swings, and individuals with bipolar disorder 

experience cognitive functions deficits as well (Douglas et al., 2018; Solé et al., 2017; 

Xu et al., 2020). There is a growing body of evidence that individuals with bipolar 

disorder have neurocognitive impairments even during euthymic periods. Verbal 
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memory, attention, and executive function impairments are the most consistent findings 

(Arts et al., 2008; Kurtz & Gerraty, 2009; Robinson et al., 2006; Torres et al., 2007). 

Moreover, a negative association has been shown between neurocognitive functioning 

and different measures of disability both in cross-sectional (Martínez-Arán et al., 2004; 

Martino et al., 2008; Sengupta & Jena, 2022; Tabarés-Seisdedos et al., 2008) and 

longitudinal (Martino et al., 2008; Tabarés-Seisdedos et al., 2008) studies. 

Generally, people with bipolar disorder experience cognitive dysfunction; researchers 

indicated that working memory and attention (9.6% to 51.9% with impairment), speed 

and reaction time (23.3% to 44.2% with impairment), verbal memory (8.2% to 42.1% 

with impairment) and visual memory (11.5% to 32.9% with impairment) are impaired 

(Cullen et al., 2016). In a recent study, around 48% individuals with bipolar disorder 

have no impairment, 12-40% have some cognitive impairment including verbal 

memory, working memory, and executive functions, and 12-40% have cognitive 

impairment including across all cognitive domains (Burdick et al., 2014; Solé et al., 

2015; Global Burden of Disease Study 2017, 2018). 

According to studies, cognitive deficits have been observed both through cognitive tests, 

and self-reports by patients (Kurtz & Gerraty, 2009; Peters et al., 2014). These deficits 

have been linked to various illness factors, and further influence mood symptoms, 

comorbidity and medical use (Kurtz & Gerraty, 2009). Verbal learning and verbal 

memory deficits have been reported (Bourne et al., 2013; Thermenos et al., 2011; 

Vrabie et al., 2015). For prospective memory, both time-based and event-based 

prospective memory deficits were found in bipolar disorder (Martínez-Arán et al., 2004; 

Zhou et al., 2018). Clinical factors influence the illness, such as numbers of episodes 

and duration of illness (Clark et al., 2002). Cognitive impairments were found in 
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individuals with bipolar disorder, and the symptoms across manic, depressive, and 

euthymic status, and may last for several years (Martínez-Arán et al., 2004; Tohen et 

al., 2000). 

For attention, sustained attention deficit is present in early episodes, but becomes more 

pronounced with recurrent episodes (Clark & Goodwin, 2004). Sustained attention 

impairments were found in euthymic patients when they underwent rapid visual 

information processing (RVIP) task (Clark et al., 2005), but their first-degree relatives 

and those with unipolar depression did not have similar problems. Around 20% 

comorbidity between attention-deficit hyperactivity disorder (ADHD) and bipolar 

disorder have also been reported: bipolar disorder shares several symptoms, including 

mood swings, impulsivity, hyperactivity and inattention, with ADHD (Salvi et al., 

2021). This association particularly applies to ADHD and bipolar disorder in younger 

individuals (Moran et al., 2019). During the continuous performance test (CPT), 

individuals with bipolar disorder exhibited a worse performance in sustained attention 

comparing to the healthy control group (Najt et al., 2005). For executive functions, 

people with bipolar disorder had lower executive function in several domains. Bipolar 

1 showed moderate to large impairments across all cognitive functions, in Trail Making 

Test (TMT), Hayling Test, Digit Span Total, and Category tasks, meaning the 

processing speed and short-term memory were impaired; bipolar 2 showed small-to-

medium impairments in TMT and Category Fluency tasks, meaning the processing 

speed and verbal (lexical access) ability were impaired, and lower cognitive scores were 

shown in euthymic status (Cotrena et al., 2020; Soraggi-Frez et al., 2017). 

For working memory, despite a lack of difference in working memory performance 

between euthymic patients and healthy controls, reduced activity in areas including 
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ventromedial and dorsolateral prefrontal cortices in the bipolar disorder group could be 

seen in a recent meta-analysis (Saldarini et al., 2022).  

Generally, neurocognitive deficits are found in bipolar disorder, and in the remission 

status, patients showed moderate neuropsychological impairment, which was generally 

distributed across all domains. Patients’ verbal learning and short-term memory were 

significantly affected, with severe impairment occurring during the manic, mixed or 

depressive episodes. 

1.2 Brain abnormalities of BD 

1.2.1 Grey and white matter abnormalities in individuals with BD 

Brain abnormalities are found in individuals with bipolar disorder. When conducting 

post-mortems, brain abnormalities in the grey and white matters in the prefrontal cortex 

were found (Clark & Sahakian, 2008; Cotter et al., 2002; Rajkowska et al., 2001), 

specifically reductions of cell density. Researchers using voxel-based morphometry 

(VBM) found that grey matter density is decreased in the prefrontal cortex in people 

with bipolar 1 (Barysheva et al., 2013; Clark & Sahakian, 2008; Lyoo et al., 2004; 

Masuda et al., 2020) and also in the areas that are associated with executive functions 

(Menon, 2011; Seeley et al., 2007; Siegel-Ramsay et al., 2022). Research on 

neurocognitive function showed that individuals with bipolar disorder displayed three 

core areas of impairments: attention, executive function, and emotion processing, and 

studies have revealed that the underlying pathophysiology of the condition involves 

multiple neural circuits, including the prefrontal and anterior cingulate cortex, as well 

as the subcortical limbic system (Clark & Sahakian, 2008). One further study reported 

that individuals with bipolar disorders had lower white matter volumes when 

conducting a meta-analysis of coordinate data, statistical maps, and raw Magnetic 
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Resonance Imaging (MRI) datasets (Pezzoli et al., 2018). A large meta-analysis 

elucidated widespread patterns of reduced cortical thickness, lower subcortical volume, 

and disrupted white matter integrity closely linked to bipolar disorders (Ching et al., 

2022). 

1.2.2 Abnormalities in brain areas 

Abnormalities in specific brain areas have been reported (Jones & Graff-Radford, 2021; 

Takahashi et al., 2010). When using MRI analysis, researchers reported that individuals 

with bipolar disorder had a significantly larger pituitary volume than their relatives and 

healthy controls (Takahashi et al., 2010). The ventral lateral prefrontal cortex plays a 

role in inhibition, response selection, and monitoring; the medial prefrontal cortex in 

self-knowledge, motivation, emotional regulation, and updating goal-directed 

behaviour; and the orbitofrontal cortex in personality, inhibition, and emotional and 

social reasoning, and many of these processes are impaired in bipolar disorder (Jones 

& Graff-Radford, 2021). In addition, one study identified that neuronal and glial density 

decreased in the dorsolateral prefrontal area 9 (Rajkowska et al., 2001). Abnormalities 

including decreased cortical thickness and glial density in the subgenual anterior 

cingulate cortex, reduced neuronal density in some amygdala nuclei, and decreased 

calbindin-positive neuron density in the prefrontal cortex were identified (Harrison et 

al., 2020).  

1.2.3 Brain abnormalities in family studies 

In family studies, researchers have investigated the interaction of gene and environment. 

The first controlled study was conducted in 1975, and the risk of having bipolar disorder 

in first-degree relatives with bipolar was higher than unipolar and healthy controls 
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(Gershon, 1975). Over the past few decades, researchers have found that the risk of 

developing bipolar disorder was higher for relatives of individuals with bipolar disorder 

compared to controls. Additionally, relatives of individuals with unipolar disorder also 

had a significantly higher risk of developing bipolar disorder compared to healthy 

controls (Gershon et al., 1982; Maier et al., 1993; Smoller & Finn, 2003). Recently, 

researchers reported that first-degree relatives of individuals with bipolar disorder had 

widespread larger cortical surface area (de Zwarte et al., 2022). They had larger 

intracranial volume (volume within the cranium, including the brain, meninges, and 

cerebrospinal fluid); smaller cortical grey matter, cerebral white matter, cerebellar grey, 

and white matter, and thalamus volumes; and the cortex was thinner; and larger third 

ventricle (de Zwarte et al., 2019). Increased surface area was found in left pars 

triangularis, and in the superior temporal cortex of first-degree siblings of bipolar 1 

euthymic patients (Yalin et al., 2019).  

1.2.4 Emotion and ACC & limbic system 

Individuals with bipolar disorder show emotional dysregulation, difficulty with 

emotional processing, and unstable affective empathy (e.g., over empathising in manic 

episodes) (Bodnar & Rybakowski, 2017; Shamay-Tsoory et al., 2009; Wessa & Linke, 

2009). Of note for daily life impact, individuals with bipolar disorder present with 

deficits in cognitive empathy and theory of mind, and impaired cognitive empathy was 

associated with poor performances on neurocognitive tasks that require cognitive 

flexibility. It is also suggested that prefrontal cortical dysfunction may be a contributing 

factor to this deficit in bipolar disorder (Shamay-Tsoory et al., 2009). For the emotional 

tests, in the emotional faces recognition task, individuals with bipolar disorder showed 

poor performances, including less accuracy or emotion mislabelling, and greater 
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reaction times (Furlong et al., 2022). One study indicated that individuals with bipolar 

disorder made the wrong identification (i.e., sad emotion was identified as anger) 

(Furlong et al., 2022), and another study showed they had over identification (i.e., 

neutral or happy emotion was identified as anger or fear) (Priyesh et al., 2022). 

Individuals with bipolar disorder performed less accurately in recognising positive 

faces expression (Ruihua et al., 2021).  

Emotional processing dysfunction may be associated with brain abnormalities; 

individuals with bipolar disorder showed dysfunction in the ventral-limbic brain 

network, including the amygdala, insula, striatum, inferior root cingulate cortex, lateral 

prefrontal cortex, and orbitofrontal cortex, in response to emotional stimuli (Wessa & 

Linke, 2009). In most studies, patients showed lower activities in dorsolateral brain 

structures, including the dorsolateral prefrontal cortex, dorsal anterior cingulate, and 

posterior cingulate cortex (Wessa & Linke, 2009). The anterior cingulate cortex is 

involved in emotional processes and can be divided into two parts: emotion and 

cognition. The regions most strongly associated with emotional functioning includes 

areas 25, 33, and rostral area 24 regions extensively connected to the amygdala and 

perirhinal cortex (Devinsky et al., 1995). Furthermore, researchers found reduced glial 

density in subgenual anterior cingulate cortex and reduced glial number in individuals 

with bipolar disorder (Drevets et al., 1998; Ongür et al., 1998). 

A correlation was found between the manic and increased activity in the left dorsal 

anterior cingulate and the left caudate. This finding suggested that the frontal cortico-

subcortical nervous system, including the anterior cingulate and caudate may be 

involved in the neurobiology during manic episodes (Blumberg et al., 2000). In addition, 

researchers found that individuals with bipolar disorder had decreased left anterior 
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cingulate volumes compared with healthy controls, and the cingulate abnormalities also 

relate to gender differences (Blumberg et al., 2000). Abnormalities in the anterior 

cingulate cortex are associated with the initial psychotic episode in bipolar disorder 

(Fornito et al., 2009).  

In general, the abnormalities reported in bipolar disorder include ventral and dorsal 

frontal regions (Fornito et al., 2009), as well as reduced density of grey and white 

matters volumes in core areas in prefrontal cortex were found (Clark & Sahakian, 2008; 

Cotter et al., 2002; Rajkowska et al., 2001). However,  abnormal intracranial volumes, 

pituitary volume, and dorsolateral prefrontal, are also strongly associated with 

emotional, cognitive, and psychosocial functions, and hugely impact life quality (Clark 

& Sahakian, 2008). Beyond structural or functional abnormalities, cognitive 

dysfunction is associated with, and exacerbated by, having a lower social-economic 

status (Eid et al., 2013; Lahelma et al., 2006). Thus, finding suitable treatments to 

reduce symptoms and improve impairments can also enhance both in personal and 

social levels: for personal wellbeing and social burden (Fagiolini et al., 2013; Ogilvie 

et al., 2005; Simon, 2003). 

1.2.5 Working memory and DLPFC 

Individuals with bipolar disorder show poor working memory and executive functions 

(Arts et al., 2008; Barnes-Scheufler et al., 2021; Cotrena et al., 2020; Dickinson et al., 

2017; Martínez-Arán et al., 2004; Vrabie et al., 2015). A commonly used task is the N-

back working memory task which requires sustained attention and comparing 

information held online from the current trial to those immediately before. When 

analysing behaviour performance with the N-back working memory task, researchers 

found individuals with bipolar disorder had less accuracy (Adler et al., 2004; Drapier 
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et al., 2008; Thermenos et al., 2011). However, when analysing the reaction time, there 

were some conflicting results: some studies indicated there was no difference between 

individual with bipolar disorder and controls, but some indicated slower (Thermenos et 

al., 2011) or faster (Drapier et al., 2008) reaction time for bipolar people. These findings 

generally showed individuals with bipolar disorder showed poor working memory 

performance in N-back tasks (Cremaschi et al., 2013). 

The involvement of the DLPFC in working memory tasks has been well established 

through extensive investigations encompassing lesion studies and neuroimaging 

techniques (Owen et al., 1996; Owen et al., 2005; Yaple & Yu, 2019).  

The DLPFC is strongly implicated in working memory task performance both in animal 

and human studies (Arnsten & Jin, 2014; Miller & Cohen, 2001; Yang et al., 2014). In 

the early stage, the relationships between frontal cortex and working memory were 

found in positron emission tomography (PET) research (Owen et al., 1996); specifically, 

using a task involving the retention and execution of spatial motor sequences in 

working memory. These researchers found significant blood flow changes in the right 

and left frontal cortex (specifically area 47), while in a task that required active 

monitoring and manipulation of spatial information in working memory, additional 

activation sites were found in the mid-dorsolateral frontal cortex, specifically areas 46 

and 9 (Owen et al., 1996). In addition, researchers have found neuropsychological 

evidence highlighting the role of the DLPFC in the manipulation of verbal and spatial 

information. This was demonstrated on various cognitive assessments such as the 

Wechsler Memory Scale (WMS), the Wechsler Adult Intelligence Scale (WAIS), and 

the N-back task, in which people showed DLPFC damage displayed impairment in 

manipulating verbal and spatial information processing  (Barbey et al., 2013).  
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In one neuroimaging study there was prefrontal hypoactivation during a working 

memory task in bipolar 2 depression (Brooks et al., 2015). A review specifically 

investigated the effects of repetitive transcranial magnetic stimulation (rTMS) to 

stimulate the DLPFC in individuals with neuropsychiatric diseases or healthy controls, 

and whether this approach could improve working memory performance with a higher 

percentage of correct responses and a lower percentage of error responses (Brunoni & 

Vanderhasselt, 2014). When refocusing on bipolar disorder, a meta-analysis showed 

that bipolar disorder had higher activation in areas such as the right amygdala, 

parahippocampal gyrus, medial prefrontal cortex (PFC), left ventral striatum and 

cerebellum, and lower activation in the right ventrolateral PFC (VLPFC) and DLPFC 

(Lee et al., 2014). Another meta-analysis showed that bilateral transcranial magnetic 

stimulation on the DLPFC changed resting state networks and cognitive function 

among people with bipolar depression (Kazemi et al., 2018). Similar findings were 

found in children and adolescents, that a group with paediatric bipolar disorder patients 

showed substantially higher levels of activation in areas including the right DLPFC, 

insula, parietal cortex and cerebellum than the group with normal development.  

1.3 Treatment approaches for BD 

Since bipolar disorder severely impacts patients’ emotional and cognitive functions, 

there has been a large and committed effort in basic and clinical research to find 

effective treatments. Currently, there are two main approaches of treatment for people 

with bipolar disorder: psychological therapy, and pharmacological treatment (Harrison 

et al., 2016; Miklowitz et al., 2021).  
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1.3.1 Psychological therapy and limitations 

In psychological therapy, approaches that are well-established and evaluated by 

researchers include cognitive behavioural therapy, family or conjoint therapy, 

interpersonal therapy, and psychoeducational therapy (Miklowitz et al., 2021; Oud et 

al., 2016; Scott, 1995). Empirical studies have demonstrated that psychosocial 

interventions can yield substantial advantages for individuals with bipolar disorder as 

well as their families (Scott, 1995), and specific treatment approaches like family 

therapy and interpersonal and social rhythm therapy indicate that these interventions 

may exhibit some efficacy in managing episodes (Swartz & Frank, 2001). 

1.3.2 Pharmacological treatment and side effects 

Pharmacological treatment is the mainstream treatment for bipolar disorder (Geddes & 

Miklowitz, 2013). Mood stabilisers (Bauer et al., 2013; Karanti et al., 2016; 

Prabhavalkar et al., 2015; Simonetti et al., 2020), antipsychotics (Bowden, 2005; 

Pacchiarotti et al., 2019; Yatham, 2005), and some antidepressants (Goldberg et al., 

2021; Sidor & MacQueen, 2012) are widely prescribed. Mood stabilisers, including 

lithium (Fountoulakis et al., 2022; Rakofsky et al., 2022; Akkouh et al., 2020; Gubert 

et al., 2021) and valproate (Fontana et al., 2020; Yee et al., 2021) have been shown to 

be effective for acute mania, concomitant psychotic symptoms and prevention of mania. 

However, these medications produce side effects. The most common mood stabiliser, 

lithium, may cause some issues with renal function (Gupta & Khastgir, 2017; Van 

Alphen et al., 2021); patients who take lithium also need regular blood tests to ensure 

there are no toxic levels in the blood (Fountoulakis et al., 2022). Lithium has a distinct 

negative impact on psychomotor speed in participants with bipolar disorder (Paterson 
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& Parker, 2017). Valproate taken during pregnancy may cause birth defects, and up to 

40% of babies whose mothers took valproate during pregnancy are at risk of 

neurodevelopmental disorders, such as ASD or ADHD (Christensen et al., 2013; 

Meador et al., 2008; Meador et al., 2009). Using antidepressants may increase the risk 

of manic episodes (Patel et al., 2015; Tondo et al., 2010). In a review, approximately 

20% to 40% of bipolar patients experienced antidepressant-induced manias (Goldberg 

& Truman, 2003).  

Emotional dysregulation and cognitive deficits are tremendous challenges that people 

with bipolar disorder face; both need more focus and effective treatments. Generally, 

people with mania present poorer verbal memory, verbal fluency, and cognitive 

estimation skills than depressed or remitted patients (Dickinson et al., 2017; Dixon et 

al., 2004; Goswami et al., 2006; Levy et al., 2012; Torres et al., 2007). Researchers 

have made attempts to find clinically efficient treatments for the cognitive impairments 

of bipolar disorder (Torres et al., 2010; Vrabie et al., 2015), but there is no effective 

pharmacological treatment for cognitive impairment (Solé et al., 2017). Currently, 

although there is a lack of effective treatments, either psychological or pharmacological, 

for cognitive deficits, and the common side effects of current treatments there is a 

growing drive to develop innovative and effective medications, and several new 

potential treatment avenues are gaining interest. Researchers are striving to find 

efficient treatment approaches, but it still needs time and money for effective 

interventions (Bonnín et al., 2019; Brickman & Fristad, 2022; Yildiz, 2021). 

Since the psychotherapy and pharmacological treatments ae not effective on cognitive 

functions improvement, this thesis focused on new target of treatment of bipolar 
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disorder. I used a 5-HT7 antagonist, JNJ-18038683, to test if this drug could improve 

behavioural performance and modulate the brain activation in healthy controls. 

1.3.3 The 5-HT7 antagonists for treatment of BD 

5-HT7 may be a promising target to develop novel treatments aimed at improving 

bipolar patients’ cognitive functions. Even though the exact mechanism has not yet 

been fully identified, some early animal studies indicated that 5-HT7 receptor function 

is highly associated with anxiety and depression (Peter B. Hedlund et al., 2005; Peter 

B. Hedlund & J. Gregor Sutcliffe, 2007). There is some evidence to support the 5-HT7 

receptor being related to mood disorder and that it may have a potential role in 

therapeutic strategies, especially with antidepressant property (P. B. Hedlund et al., 

2005; Sarkisyan et al., 2010) and anxiolytic effects (Hedlund, 2009; P. B. Hedlund & 

J. G. Sutcliffe, 2007). 

5-hydroxtryptamine (5-HT, serotonin) is a multifunctional chemical messenger which 

transmits signals between neurons; 5-HT7 was the latest 5-HT receptor to be discovered 

in 1993 (Bard et al., 1993; Lovenberg et al., 1993; Ruat et al., 1993). The 5-HT7 

receptor gene is located on human chromosome 10q23.3-q24.3 (Bard et al., 1993), and 

the receptor is coupled by G-protein-coupled-receptor (GPCR) which can activate 

adenylyl cyclase and intracellular signalling pathways (Gellynck et al., 2013; Guseva 

et al., 2014; Kusek et al., 2021). 

5-HT7 receptors are expressed with the highest density in the thalamus and 

hypothalamus, with also significant densities in the hippocampus and the cerebral 

cortex in the brain (Sarkisyan and Hedlund, 2009; Meneses et al., 2015; Hedlund et al., 
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2007). Specifically, they are expressed in CA1, CA2, and CA3 areas in the 

hippocampus (Bonaventure et al., 2012; Solas et al., 2021). Some researchers have also 

identified that intermediate receptor levels are in the hypothalamus, anterior cingulate 

gyrus, hippocampus, amygdala, and certain brainstem nuclei (Varnas et al., 2004). Due 

to where the 5-HT7 receptors are expressed, they may be related to many physical and 

psychological functions and pathology, including mood, sleep, learning, memory, 

stress, and thermoregulation (Hedlund et al., 2004; Hedlund et al., 2003), which also 

renders them strong potential target for treating mood disorders, including bipolar 

disorder.  

As noted above, 5-HT7 receptors may have potential as a therapeutic target for the 

treatment of mood disorders: animal studies show the potential of 5-HT7 antagonists 

for treating anxiety and depressive disorders (Takeda et al., 2005; Hedlund et al., 2005; 

Wesolowska et al., 2006a, b, 2007; Hedlund et al., 2007; Bonaventure et al., 2007; 

Sarkisyan et al., 2010; Mnie-Filai et al., 2011; Medina et al., 2014; Zhang et al., 2015; 

Canale et al., 2016; Maxwell et al., 2019). Meanwhile, regarding current treatments, 

many second-generation antipsychotic drugs show high affinity to the 5-HT7 receptor; 

thus, several researchers have focussed on this receptor (Canale et al., 2016; Hedlund 

et al., 2005; Maxwell et al., 2019; Zhang et al., 2015). This evidence leads to 5-HT7 

being one of the new targets for the treatment of mood disorders. 

The 5-HT7 receptor may influence emotional and cognitive function in individuals with 

bipolar disorder. The 5-HT7 receptors are located in the limbic system and also support 

the role of modulating functions of mood regulation, memory processing, and 

emotional association with memory (Berumen et al., 2012; Hannon & Hoyer, 2008; 
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Stiedl et al., 2015). Therefore, administering drugs with 5-HT7 properties, such as 

lurasidone, enhanced cognitive functions of patients with bipolar disorder (Loebel et 

al., 2014); similarly, amisulpiride has shown potential benefits for bipolar depression 

(Loebel et al., 2020); while vortioxetine is a treatment for major depressive disorder 

(McIntyre et al., 2014). 

Consistent findings in neuroimaging research suggest that an aetiological model for 

bipolar disorder involves abnormalities in the structure and function of the amygdala. 

Since 5-HT neurons are densely distributed in the hippocampus and in the main target 

structures of the frontal cortex, it is not surprising that 5-HT is involved in learning and 

memory processes (Cifariello et al., 2008). Dysregulation of serotonergic transmission 

would be expected to lead to both emotional and cognitive function impairments, 

something supported by recent animal studies (Bacqué-Cazenave et al., 2020); in 

humans, learning and memory deficits are common symptoms of bipolar disorder 

(Cowen & Sherwood, 2013; Stiedl et al., 2015; Švob Štrac et al., 2016), but the 5-HT1A 

receptor and 5-HT7 receptor have been found to be associated with cognitive function 

improving which may be linked to mechanisms of emotional learning and memory 

(Stiedl et al., 2015).  

In addition to emotional memory, 5-HT7 showed a relationship with working memory 

in pre-clinical data: in a study, an antidepressant with 5-HT7 antagonism, vortioxetine, 

prevented stress and enhanced short-term episodic memory in rats; in another study, 

blockade of the 5-HT7 receptor reversed working memory deficits in rats by 

normalizing cortical glutamate neurotransmission. In a third study, a selective 5-HT7 

compound, SB-269970 (vortioxetine), was found to modulate working and reference 
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memory in rats; some other studies presented similar results (Bétry et al., 2015; 

Bonaventure et al., 2011; Gasbarri et al., 2008; Jeltsch et al., 2004). In these studies, 

the focus was on 5-HT7 and how it improved cognitive functions; however, all of them 

were preclinical studies in animals (Cifariello et al., 2008; Gasbarri & Pompili, 2014).  

1.4 Knowledge gap and study aims 

1.4.1 The relationship between emotion and cognition 

To investigate the relationships between emotion and cognition, we have to start from 

the state of integration of emotion and cognition. The theories of emotions have been 

developed in the past several decades. In the early stages, from a review, Darwin 

suggested that human facial expression is universal, and the basic emotions are cross-

cultural (Ekman, 1992). Ekman also investigated facial expressions and emotions 

(Ekman, 1992, 2003; Ekman, 2008; Ekman & Cordaro, 2011). However, this theory 

has been challenged recently (Lindquist et al., 2012; Pessoa, 2017; Shaffer et al., 2022). 

Pessoa and his colleagues have stated that emotion and cognition are integrated; in other 

words, there is a complex network in the brain instead of simply pure emotion or 

cognition (Jungilligens et al., 2022; Misra et al., 2021; Pessoa, 2015, 2017, 2023). 

Researchers need to see the interactional complexity of the brain, not only the categorial 

regions (e.g., the amygdala is responsible for emotional response, or the DLPFC is for 

working memory). Pessoa (2015) suggested that the function of the amygdala went 

beyond the conventional understanding of its role in emotion in rodent and human 

studies, and the cognitive-emotional interactions observed within the human prefrontal 

cortex encompass a wide range of expressions and were not limited to mutual 

suppression. 
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Nonetheless, emotional facial expressions are a commonly used stimulus set for 

studying emotional recognition. In healthy volunteers, some visual, limbic, 

temporoparietal and prefrontal areas, as well as the putamen and cerebellum, showed 

increased activation when processing emotional face stimuli. Specifically, the 

amygdala was activated in response to happy, fearful, and sad faces, whereas angry or 

disgusted faces did not have a significant effect on this brain region. In addition, the 

amygdala was significantly more sensitive to fearful faces compared to happy or sad 

faces and link to negative memory (Duyser et al., 2022; Siegle et al., 2002). Individuals 

with bipolar disorder show impairments in cognitive empathy and theory of mind, 

which have significant implications for their daily lives. Deficits in cognitive empathy 

are associated with poor performance on neurocognitive tasks that require cognitive 

flexibility, indicating a link between impaired cognitive empathy and the ability to 

adapt and switch between different mental states. Research suggests that dysfunction 

in the prefrontal cortex may contribute to these deficits in bipolar disorder (Shamay-

Tsoory et al., 2009). In cognitive tests, individuals with bipolar disorder demonstrate 

suboptimal performance in emotional face recognition tasks. They exhibit lower 

accuracy in identifying emotions and are more likely to mislabel emotions or take 

longer to response (Furlong et al., 2022; Priyesh et al., 2022; Ruihua et al., 2021).  

With the imaging studies using emotional faces recognition tasks, researchers have 

found individuals with bipolar disorder show abnormalities in frontal-limbic regions, 

as well as fewer activations in the orbitofrontal cortex during mania (Altshuler et al., 

2005). Fearful emotions were related to cortico-limbic responses (Killgore et al., 2014). 

In a review, the amygdala and the ventrolateral frontal cortex were shown to be 

involved in mania, and the ventrolateral frontal cortex was shown to be involved in 

bipolar depression and euthymia (Townsend & Altshuler, 2012).  
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In addition to fMRI analysis, some studies explored emotional face tasks with 

electroencephalogram (EEG) or positron emission tomography (PET). A study using 

positive and negative emotional faces showed changes in some brain areas, which 

means emotional expressions significantly affected shifts of attention (Kulke et al., 

2021). Furthermore, when responding to happy and disgusted faces, participants’ 

responses differed from those when emotionally neutral faces were presented, and the 

researchers reported distinct EEG responses to observation of positively and negatively 

emotional faces (Moore et al., 2012). In a review, researchers concluded that facial 

expression recognition depended highly on perceptual, rather than affective 

information and mechanisms (Calvo & Nummenmaa, 2016).  

1.4.2 Structure of the study 

Even though there have been a few studies that mention facial emotional expression 

and perception, there remains uncertainty as to whether taking medication will improve 

emotional function and have potential protective effects. The existing studies were 

conducted in some specific mood states (e.g., mania, depression, or normal status), but 

the effects between before and after administrating medication are still unclear, 

suggesting that clinical efficacy is not fully explored. Thus, our project tried to fill this 

gap, to investigate if the 5-HT7 antagonist, JNJ-18038683, could change the 

behavioural performance or modulate brain functions with fMRI analysis. This thesis 

discussed, in addition to other work, findings from a recent study where we 

administrated the 5-HT7 antagonist, JNJ-18038683, to healthy participants who 

performed several cognitive tasks while undergoing fMRI scanning. In addition, 

because detecting brain atrophy can help identify dementia, which individuals with 

bipolar disorder are at high risk for, I will investigate ‘brain age’ as part of my study. 
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To reach the aims, the thesis structure is as follows: 

Chapter 1: General introduction, introduced bipolar disorder and treatments. An 

overview of the current understanding of bipolar disorder, such as brain abnormalities, 

cognitive functions, and pharmacological treatments, were provided. The rationale for 

exploring the role of 5-HT7 antagonists was further introduced. The structure of the 

thesis was also presented in this chapter. 

 

Chapter 2: Systematic review and findings, clarified the relationships between mood 

disorders and 5-HT7 receptors. Existing literature on the links between mood disorders 

and 5-HT7 receptors is thoroughly reviewed, with key findings from previous studies, 

including inconsistencies and gaps, summarised.  

 

Chapter 3: fMRI emotion chapter, investigated the 5-HT7 antagonist, JNJ-18038683, 

using a gender discrimination emotional faces task (pop-faces). The findings, 

limitations and future directions are presented and interpreted. 

 

Chapter 4: fMRI cognition chapter, investigated the 5-HT7 antagonist, JNJ-18038683, 

using an N-back working memory task. The findings, limitations and future directions 

are presented and discussed. 

 

Chapter 5: Brain structure abnormalities, investigates potential older brain age (atrophy) 

in bipolar disorder; and relationships between brain age and cognitive functions. 

Methods for assessing brain structure, specifically ‘brainageR’, are described, with 

correlations between brain age and cognitive functions explored. 
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Chapter 6: General discussion, summarised main findings and provided evaluation, 

including strengths and limitations. Key findings from each chapter were summarised 

and how they further our understanding of bipolar disorder and the 5-HT7 antagonist, 

JNJ-18038683, was discussed. Future research directions, including clinical 

applications and areas needing further exploration, were suggested. 
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Chapter 2 The 5-HT7 receptor in mood disorders: a systematic review 

2.0 Abstract 

Preclinical animal and preliminary human studies indicate that 5-HT7 antagonists may have 

potential as new treatment approaches for mood and anxiety disorders. In this systematic 

review, we aimed to review the relationships between the 5-HT7 receptor system and mood 

disorders, and to further explore the pharmacology and therapeutic potential of medications 

which target the 5-HT7 receptor for the treatment of mood disorders. 

Medline, Cochrane Library, EMBASE, PsycINFO databases, the National Institute of Health 

website Clinicaltrials.gov, controlled-trials.com, and relevant grey literature were searched to 

find original research articles; in addition, we hand-searched the reference lists of the included 

papers. 

There were 62 studies that met criteria, including 50 animal studies and 12 human studies. 

These studies used a variety of preclinical paradigms and questionnaires to assess changes in 

mood, and few studies examined sleep or cognition, such as memory and attention. Although 

results were mixed, many found putative anxiolytic and antidepressant properties that warrant 

further study. 

Even though there is a potential for the 5-HT7 receptor system as a treatment target for mood 

and anxiety disorders, the compounds reviewed in this study also bind to other receptors. To 

explore the efficacy of drugs that specifically target 5-HT7 receptors, additional research is 

necessary. Furthermore, to investigate the relationship between 5-HT7 receptors, mood 

disorders, sleep, and cognition, it would be useful to evaluate sleep patterns and cognitive 

function. 
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2.1 Introduction 

2.1.1 Mood disorders and pharmacological treatment 

A mood disorder is a mental illness characterised by pathological mood changes such 

as depression or elation as well as a variety of other symptoms (APA, 2013). Individuals 

with mood disorders experience also often experience impaired social function as well 

(Batinic et al., 2021; Fagiolini et al., 2013; Goswami et al., 2006; Vlad et al., 2018). 

Changes in behaviour and social function impairments related to the mood disorder are 

highly likely to decrease peoples’ work productivity which in turn leads to financial 

losses (Das Gupta & Guest, 2002; Simon, 2003). Pharmacological treatment plays an 

important role in treating mood disorders, and antidepressants, mood stabilisers, and 

antipsychotics, are often prescribed as treatments (Correll et al., 2015). Although some 

individuals with depression benefit after taking selective serotonin reuptake inhibitors 

(SSRIs) (Ferguson, 2001), about one third remain ‘treatment resistant’ after two 

consecutive antidepressant treatments (Thase, 1995). In addition, adverse effects such 

as gastrointestinal symptoms, drowsiness, sexual dysfunction and emotional blunting 

are common (Goethe, 2007; Goodwin, 2017), and thus a crucial goal of researchers is 

to find new treatments for mood disorders that benefit a higher number of patients and 

have fewer adverse effects. 

2.1.2 Treating mood disorders with 5-HT7 antagonists 

5-hydroxtryptamine (5-HT, serotonin) is a neurotransmitter which is widely distributed 

in the brain and modulates signals between neurons. The main 5-HT receptor subtypes 

that have been identified include 5-HT1 (with subtypes 5-HT1A, 5-HT1B, 5-HT1D, 5-

HT1E and 5-HT1F), 5-HT2 (with subtypes 5-HT2A, 5-HT2B and 5-HT2C), 5-HT3, 5-HT4, 

5-HT5 (with subtypes 5-HT5A and 5-HT5B), 5-HT6, and 5-HT7 (Pithadia & Jain, 2009). 
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Selective drugs capable of either stimulating or inhibiting these specific 5-HT receptor 

subtypes are being developed and the 5-HT7 receptors play an important role in both 

body and brain functions. The 5-HT7 receptor was discovered in 1993, currently the 

last to be described (Bard et al., 1993; Lovenberg et al., 1993; Ruat et al., 1993). The 

5-HT7 receptors expressed in the cortex have been linked to mood and sleep; in the 

hippocampus they have been linked to learning, memory, and stress; in the thalamus 

have been linked to sleep and seizures; and in the hypothalamus have been linked to 

circadian rhythm and thermoregulation (Horisawa et al., 2013; Martin-Cora & Pazos, 

2004; Thomas et al., 2003; To, 1995). 

The high-affinity antagonism of many second-generation antipsychotics to the 5-HT7 

receptor has attracted the attention of researchers, leading to the examination of 

therapeutic applications associated with this receptor. 5-HT7 antagonists are 

compounds or drugs that bind to the 5-HT7 receptors to inhibit their response, while 5-

HT7 agonists are compounds or drugs that activate the 5-HT7 receptors to initiate a 

response. For emotional functions some have suggested that the 5-HT7 receptor may 

have potential as a treatment for anxiety and depression (Canese et al., 2015; Cates et 

al., 2013; Hedlund & Sutcliffe, 2007). Animal studies also suggest the potential of 5-

HT7 antagonists for the treatment of anxiety disorders (Hedlund & Sutcliffe, 2007). 

Even though the mechanism through which 5-HT7 antagonism may lead to improved 

therapeutic benefit is not fully understood, some studies indicate that 5-HT7 receptor 

function is highly associated with anxiety and depression (Canese et al., 2015; Cates et 

al., 2013; Hedlund & Sutcliffe, 2007). This chapter aims to update previous reviews to 

identify the relationship between the 5-HT7 receptor and mood disorders, and to further 
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explore the pharmacology and therapeutic potential of medications that target the 5-

HT7 receptor for the treatment of mood disorders. 

2.2 Method 

2.2.1 Study procedure 

A protocol was designed and registered in the International Prospective Register for 

Systematic Reviews (PROSPERO); number CRD42019138174. In addition, all study 

procedures were documented and were reported following the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines 

(Moher et al., 2015).  

The research was conducted by two reviewers (TYL and NG). We conducted 

independent searches of the previously specified databases and compiled results using 

Rayyan QCRI software (Ouzzani et al., 2016) and then screened the papers to determine 

which met the inclusion criteria. We did a basic screen, first looking at titles and 

abstracts and then carried out a more in-depth screen reviewing full texts of articles 

where relevance was not immediately clear. A record of included and excluded studies, 

and reasons for exclusion was kept. Articles were discarded if we found that they met 

exclusion criteria at any stage. Once both reviewers had screened all papers, we 

compared included papers. For any disagreements over which papers to include, an 

additional reviewer (PRS) adjudicated. Once the reviewers had agreed upon the 

included papers, we moved on to the data extraction stage.  

The electronic databases which were interrogated, comprised Medline, Cochrane 

Library, EMBASE, PsycINFO, the National Institute of Health website 

Clinicaltrials.gov, controlled-trials.com, and Grey Literature (i.e., Global Heath & 
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HMIC). They were searched up to March 2021. If papers were not written in English, 

an effort was made to obtain a translated version. Otherwise, the abstracts of papers 

written in English were collected.  

The search string was: 

[(5-HT7 OR serotonin receptor 7 OR 5-hydroxytryptamine 7) AND (depress* OR 

bipolar disorder OR anxiety disorder)] OR [(5-HT7 OR serotonin receptor 7 OR 5-

hydroxytryptamine 7) AND (animals OR humans OR preclinical study OR clinical trial 

OR experimental medicine)] OR [(5-HT7 OR serotonin receptor 7 OR 5-

hydroxytryptamine 7) AND (lurasidone OR vortioxetine)] OR (5-HT7 antagonists OR 

5-HT7 agonists)] 

2.2.2 Inclusion and exclusion criteria 

Data relevant to 5-HT7 agonists and antagonists, either in animal or human studies, was 

collected. For animal experiments studies, all models of depression or anxiety disorders 

were included, particularly rodent (mice, rats, guinea pigs, hamsters, and gerbils) 

models of a mood or anxiety disorder. 5-HT7 genetic knockout or pharmacological 

blockade animal studies were collected if the studies aimed to examine animals’ 

behaviours. 5-HT agonists were defined as the medicines which activate the 5-HT 

receptors, while the antagonists are defined as the medicines blocking receptors. The 

selective 5-HT7 agonists and antagonists were all included. 

For human clinical trial studies, males and females over the age of 18 fulfilling an ICD 

or DSM criteria diagnosis of a major depressive disorder or major depressive episode; 

or fulfilling ICD or DSM criteria for bipolar affective disorder; or fulfilling ICD or 

DSM criteria for an anxiety disorder were included. All subtypes of major depressive 
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disorder or major depressive episodes (e.g., mild, moderate, severe, with/without 

psychotic features) were included.  

Changes from baseline to endpoint in mood status, assessed by change in mood related 

symptoms measured by validated rating scales such the Hamilton Rating Scale for 

Anxiety (HAM-A) (Hamilton, 1959), Hamilton Rating Scale for Depression (HAM-D) 

(Hamilton, 1960), or Quick Inventory of Depressive Symptomatology (QIDS) (Rush et 

a., 2003), change in sleep, cognitive or other markers were examined (e.g., 

neuroimaging or related clinical markers) main outcomes. 

2.2.3 Outcome measures 

The primary outcome was mood change after pharmacological intervention(s) with 5-

HT7 agonists or antagonists. For animal studies, behavioural changes were evaluated 

by animal tests, including tests for anxiety (e.g., light/dark transfer test, elevated plus 

maze test) and tests for depression (e.g., forced swim test (FST) or tail suspension test 

(TST)). For human studies, the mood status was measured by change (from baseline to 

endpoint) in mood status, including clinician-based questionnaire (e.g., HAM-A or 

HAM-D). A secondary outcome was change in sleep or cognitive functions. 

2.2.4 Quality Measures 

The quality of studies was measured by using the ‘Quality Assessment Tool for 

Quantitative Studies’ which was designed by the Effective Public Health Practice 

Project (EPHPP) (Armijo-Olivo et al., 2012; Thomas et al., 2004). The study data was 

assessed in several domains, i.e., selecting bias, study design, confounders, blinding, 

data collection methods, withdrawal and dropout, intervention integrity and analysis. A 

global quality rating was scored. The disagreements were discussed by reviewers (TYL 
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and NG) until a consensus was reached. An additional (PRS) reviewer was consulted 

as needed. 

2.2.5 Data collection and analysis 

The types of studies included animal experiment studies, and clinical trials (randomised 

controlled trials and cross-over trials). The titles and abstracts were screened to check 

whether relevance to the topic. After screening, those directly related to our topic were 

collated and perused. In data extraction and synthesis stages, tables and figures were 

designed to manage the results and conclusions. The topic was categorised by several 

themes, including different kinds of mood disorders. Other relevant themes, such as 

stress and sleep/awake topics, were not focused on. 

2.3 Result 

The initial search identified 8096 papers. After removal of duplicates, 4989 studies 

underwent initial title and abstract screening leaving 109 studies for full text review. 

Review of full-text articles excluded 47 articles for the following reasons: article type 

(7 review or meta-analysis papers, 18 conference abstracts or posters), wrong disorder 

or outcome measure (18), data reported elsewhere (2), not a randomised controlled trial 

study (1), and article language (1). In total, 62 studies were included (50 animal studies 

and 12 human studies) and details are outlined in Figure 2-1.   



 63 

 

Figure 2-1 PRISMA diagram  

PRISMA diagram. 
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2.3.1 Depression and the 5-HT7 receptor 

The preclinical studies and human studies reviewed indicated a role for the 5-HT7 

receptor in the treatment of depression. In animal testing, the forced swim test (FST) 

and the tail suspension test (TST) are used to evaluate antidepressant agents. Even 

though the FST and TST are not recognised as complete models of depression (i.e., 

whether FST or TST findings can be applied to human beings), it is used for screening 

potential antidepressants (Petit-Demouliere et al., 2005).  It is important to recognise 

that the use of animal models is at best an approximation of the human condition. The 

ability to confidently mimic specific abnormal behaviours in these models and assess 

their translational effects has been an issue (Stanford, 2020). Therefore, caution is 

warranted, and one should not overinterpret the results. The details of whether animal 

studies could transfer to human studies will be discussed in the discussion section in 

this chapter.   

Briefly, in both the FST and TST, selective 5-HT7 antagonists have been shown to 

induce animals’ antidepressant-like activity (Takeda et al., 2005). Animals given SB-

269970 (a selective 5-HT7 receptor antagonist) exhibited reduced immobility in the 

FST or TST (Canale, Kurczab, Partyka, Sataa, et al., 2016; Hedlund et al., 2005; 

Maxwell et al., 2019; Medina et al., 2014; Mnie-Filali et al., 2011a; Sarkisyan et al., 

2010; Wesolowska, Nikiforuk, & Stachowicz, 2006a; Wesolowska, Nikiforuk, 

Stachowicz, et al., 2006b; Wesolowska et al., 2007; Zhang et al., 2015). When SB-

269970 was combined with other drugs, such as citalopram, imipramine, desipramine 

and moclobemide, it had an anti-immobility effect in rodents (Wesolowska et al., 2007). 

Another study using intrahippocampal injection of SB-269970, reduced immobility 

time in the FST, indicating that the hippocampus is one brain region involved in actions 
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of the antagonist (Wesolowska, Nikiforuk, & Stachowicz, 2006a). A recent animal 

study also supported that 5-HT7 antagonist may associate with improving depressive-

like behaviours (Bijata et al., 2022). 

In addition, researchers found that antipsychotics with antidepressant properties have 

high affinity to the 5-HT7 receptor (Abbas et al., 2009; Cates et al., 2013; Delcourte et 

al., 2017). One antipsychotic, lurasidone, reduced mice immobility in the TST and FST 

immediately, and was able to reduce the immobility time in the open-space swim test. 

Another antipsychotic, amisulpiride, an antipsychotic with 5-HT7 receptor antagonism, 

has putative antidepressant actions (Abbas et al., 2009). The other antipsychotic, 

asenapine, may also modulate mood-related behaviours and 5-HT1A/7 receptor-

mediated neurotransmission (Delcourte et al., 2017; El-Mallakh et al., 2020; Volz, 

2011). The 5-HT7 receptor has been implicated as a potential therapeutic target for both 

psychosis and depression, as some antipsychotic and antidepressant drugs that affect 

this receptor have high affinity for it. For example, the antipsychotics lurasidone, 

amisulpiride, and asenapine, as well as the antidepressant vortioxetine, act on the 5-

HT7 receptors. The results suggest the clinical potential of 5-HT7 receptor antagonism 

for these disorders: multiple lines of evidence point to the 5-HT7 receptor as a 

therapeutic target for depression, anxiety, and schizophrenia (Balcer et al., 2019). 

The 5-HT7 receptors were found to be associated with major depressive disorder in 

human studies. LU AA21004 (subsequently named vortioxetine), a compound with 5-

HT1A, 5-HT1B, 5-HT3 and 5-HT7 receptors and 5-HT transporters, was effective in 

treating major depressive disorder (Alvarez et al., 2012; Baldwin, 2011; Dragheim et 

al., 2011; Henigsberg et al., 2011; Katona et al., 2012), and improved mood status in 

other psychiatric disorders (Kennedy et al., 2016; Mahableshwarkar et al., 2014; 
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McIntyre et al., 2013; Tomassini et al., 2017). In general, dosing vortioxetine in 5mg, 

10mg or 20 mg daily for more than 6 weeks showed positive efficacy when measuring 

with Montgomery–Åsberg Depression Rating Scale (MADRS) (Alvarez et al., 2012; 

Clayton et al., 2018), Hamilton Depression Rating Scale (HDRS, also known as the 

HAM-D) (Henigsberg et al., 2011) and HAM-D (Katona et al., 2012). For elderly 

people, dosing 5mg vortioxetine for 8 weeks was shown to be efficacious, and their 

cognitive functions were assessed and showed improvement in the Digital Symbol 

Substitute Test and Ray Auditory Verbal Learning Test as well (RAVLT) (Katona et 

al., 2012). 

However, one study reported that dosing vortioxetine 2.5mg, 5mg, or 10mg was not 

statistically significantly different when compared to placebo (Baldwin, 2011). When 

dosing 8 weeks 2.5mg or 5mg vortioxetine in adults with major depressive disorder, 

the HAM-D score declined, but the differences were not significant (Mahableshwarkar 

et al., 2014). This drug has been tested for its usefulness in treating depression, and has 

demonstrated an antidepressant and anxiolytic property (Guilloux et al., 2013). 

In a phase 2 clinical trial, a clinical difference was shown between JNJ-18038683 and 

the matched placebo; the selective 5-HT7 antagonist, JNJ-18038683, changed animals’ 

and humans’ rapid eye movement sleep, and was effective in improving major 

depressive disorder (Bonaventure et al., 2012a). There was a statistically significant 

improvement between JNJ-18038683 and placebo in MADRS (Bonaventure et al., 

2012a). At present, JNJ-18038683 is in the process of being tested for efficacy and 

safety in humans and has shown preliminary effectiveness in treating depression. HBK-

15, a compound with 5-HT7 affinity, reduced mice immobility FST (Pytka et al., 2015b); 

also, PZ-1417 and PZ-1150, two 5-HT7 antagonist displayed antidepressant properties 
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(Canale, Kurczab, Partyka, Satala, Lenda, et al., 2016). In addition, a new 5-HT7 

antagonist, N-biphenyl-2-ylmethyl2-methoxyphenylpiperazinylalkanamidesa, also 

reduced mice immobility in force swimming, which indicates it may have 

antidepressant efficacy (Canale, Kurczab, Partyka, Satala, Sloczynska, et al., 2016).  

2.3.2 Anxiety and 5-HT7 receptor 

Animal and human studies have suggested that 5-HT7 receptor antagonists may have 

anxiolytic-like effects. Anxiety disorder is a widely used term covering various 

disorders that all relate to fear and anxiety (APA, 2013). There are many animal tests 

that can putatively evaluate a rodent’s (anti-)anxiety behaviour, mostly related to 

reduction of immobility in an anxious condition. The 5-HT7 antagonist, SB-269970, 

was shown to have anxiolytic-like efficacy. SB-269970 reduced anxious behaviours in 

many tests: in the Vogel conflict drinking test, in which the rodents’ tolerance of shock 

increased.  In the elevated plus-maze test, SB-269970 induced an anxiolytic-like effect 

by increasing the time spent in the task (Wesolowska, Nikiforuk, Stachowicz, et al., 

2006a). A similar finding was in the shock threshold test and open-field test 

(Wesolowska, Nikiforuk, & Stachowicz, 2006b). When being dosed with a 5-HT7 

antagonist, SB-269970, mice showed less anxious behaviour in the marble-burying test, 

which is a model of obsessive-compulsive like behaviours (Hedlund & Sutcliffe, 2007). 

At least two 5-HT7 antagonists decreased rodents’ anxiety in the Vogel conflict 

drinking test and the light-dark transfer test (Volk et al., 2008a; Volk et al., 2011).  

For human studies, 5-HT7 antagonists also demonstrated anti-anxiolytic effects. 

Administrating vortioxetine 5mg or 10mg for 24-56 weeks was efficacious in 

preventing relapse and was well tolerated in the maintenance treatment of general 
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anxiety disorder (GAD) (Baldwin, 2011). However, vortioxetine did not improve 

symptoms of GAD over 8 weeks of treatment (Rothschild et al., 2011). There was no 

statistically significant difference in the reduction in HAM-A (Hamilton, 1959; 

Thompson, 2015) total score from baseline between the vortioxetine and placebo 

groups. The two results seemed contradict each other, but the dosing duration of 24-56 

weeks is much longer than 8 weeks which indicate the dosing duration may influence 

the effects (Baldwin & Dragheim, 2011; Rothschild et al., 2011). 

2.3.3 Antidepressant and anxiolytic effects of 5-HT7 antagonists 

Animal studies suggest that the 5-HT7 receptor may mediate both antidepressant and 

anxiolytic effects. Some compounds have both antidepressant-like and anxiolytic-like 

effects. A compound which displayed antagonistic activity at 5-HT7, 5-HT2A, D2 

postsynaptic sites, produced antidepressant-like effects in the FST and anxiolytic effect 

in the plus-maze test (Zajdel et al., 2012a). HBK-14 and HBK-15, triple 5-HT1A, 5-HT7 

and 5-HT3 antagonists, showed antidepressant-like properties and significantly 

increased serotonin levels in the hippocampus after chronic dosing. HBK-14 showed 

stronger antidepressant efficacy while HBK-15 had greater anxiolytic effect (Pytka, 

Gluch-Lutwin, et al., 2017; Pytka, Socala, et al., 2017). Also, rodents given MF-8, a 5-

HT7 antagonist, displayed reduced immobility in FST and had positive behaviours in 

the four-plate test, which indicated antidepressant-like and anxiolytic-like activity 

(Latacz, Hogendorf, et al., 2018).  

2.3.4 Bipolar disorder and 5-HT7 

Many antipsychotics have high 5-HT7 affinity, and this suggests that 5-HT7 receptors 

may be associated with bipolar disorder. Asenapine, an antipsychotic with 5-HT7 
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affinity, is anti-manic in bipolar 1 (Loebel et al., 2014). Statistically significant 

improvement in MADRS was greater in the asenapine group at doses of 20-60mg daily 

and 80-120mg daily for 6 weeks demonstrated greater reductions than in the placebo 

group in bipolar 1 patients who experienced a depressive episode. Anxiety also 

improved significantly in the asenapine-treated participants compared to placebo 

treatment. When lurasidone was given to patients with major depressive episodes 

associated with bipolar 1 disorder, their mood improved significantly (Loebel et al., 

2014). 

The efficacy and adverse events data of SEP-4199 (subsequently named amisulpiride) 

were investigated in a phase 2 trial on the use of the drug in bipolar depression. A 

difference of MADRS scores showed a tendency (without a significant difference) 

towards improvement versus the placebo for amisulpride 200mg dose (Loebel et al., 

2020). Recently, amisulpiride was shown to be useful in treating bipolar depression in 

a randomised, double-blind, placebo-controlled study (El-Mallakh et al., 2020; Loebel 

et al., 2022). 

2.3.5 The 5-HT7 agonists 

There are contradictory findings from studies of 5-HT7 agonists. 5-HT7 receptor 

agonists have been found to affect mood and sleep function. One study found that the 

5-HT7 receptor agonist AS-19 worsened depressive symptoms in a rodent model (Li et 

al., 2013). At the same time, however, Adriani and colleagues found that two 5-HT7 

agonists, LP-211 and LP-378, showed more inhibitory effects in a variety of tasks, 

including black and white box tests, dark and light tests, and novelty seeking tests. 

Although the mice spent more time in the light and white boxes, a possible effect of 

curiosity on the results cannot be ruled out (Adriani et al., 2012). Researchers also 
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treated mice with agonists would spend much time in black-white box and dark-light 

transfer test, showing that it might have anxiolytic effects (Canale et al., 2014). Further 

studies will require the use of agonists, which will help to further clarify the mechanism. 

2.4 Discussion 

2.4.1 Administration dosage and duration 

Both 5-HT7 agonists and antagonists may exhibit anti-depressant and anxiolytic 

efficacy, and dosage and treatment duration may influence the effects. In most of the 

animal studies, rodent models were used to evaluate if the intervention changes animals’ 

depressive-like or anxious-like behaviours. However, researchers also argue whether 

animal models are reliable, or whether they could be translated into human illness. Take 

FST for example, researchers saw it as an screening tool, but some parameters (e.g., 

depth of water, water temperatures, time between treatment, etc) have to be controlled 

to make the models more reliable and valid (Petit-Demouliere et al., 2005). It is 

important to note that animals’ abnormal behaviours may not directly mirror specific 

features of depressive disorders in humans. Hence, researchers should be caution when 

interpreting results from animal models and avoid from drawing overly ambitious 

conclusions from them (Stanford, 2020). 

In animal test, it has been shown that both 5-HT7 agonists and antagonists exhibited 

antidepressant (Bonaventure et al., 2012b; Bonaventure et al., 2007; Canale et al., 2015; 

Canale, Kurczab, Partyka, SataAa, et al., 2016; Guilloux et al., 2013; Hedlund et al., 

2005; Hedlund & Sutcliffe, 2007; Maxwell et al., 2019; Mnie-Filali et al., 2011b; Pytka 

et al., 2015a; Sarkisyan et al., 2010; Wesolowska, Nikiforuk, & Stachowicz, 2006b; 

Wesolowska, Nikiforuk, Stachowicz, et al., 2006b; Wesolowska et al., 2007; Zhang et 
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al., 2015) and anxiolytic (Guscott et al., 2005; Hedlund & Sutcliffe, 2007; Volk et al., 

2008b; Volk et al., 2011; Wesolowska, Nikiforuk, & Stachowicz, 2006b; Wesolowska, 

Nikiforuk, Stachowicz, et al., 2006b) or having both (Latacz, Lubelska, et al., 2018; 

Pytka et al., 2015b; Pytka, Socala, et al., 2017; Zajdel et al., 2012b) signals of efficacy. 

There are also indications that compounds with 5-HT7 receptor activity may be 

beneficial in older patients with recurrent Major Depressive Disorder (MDD) (Katona 

et al., 2012). A few studies showed no antidepressant or antianxiety efficacy (Gu et al., 

2019; Maxwell et al., 2019), the dosage and treatment duration should be considered. 

Researchers also found the treatment duration and the assessed measures would 

influence the results (Baldwin, 2011; Mahableshwarkar et al., 2014). In the 

contradictory results of dosing vortioxetine for General Anxiety Disorder (GAD), 

duration of 26-54 weeks was much longer than 8 weeks, and they showed a different 

result, which also indicated the dosing duration might influence the effects (Baldwin & 

Dragheim, 2011; Rothschild et al., 2011). 

2.4.2 Anti-psychotic drugs and the 5-HT7 receptors  

Some antipsychotic drugs with high affinity to the 5-HT7 receptors, including 

lurasidone, amisulpiride, and asenapine, have antidepressant properties (Abbas et al., 

2009; Cates et al., 2013; Delcourte et al., 2017). Considering human studies, similar 

effects were discovered. Vortioxetine treated MDD with proper dosage and treatment 

duration (Baldwin et al., 2012); JNJ-18038683 was proven to influence animal and 

human beings’ rapid eye movement sleep and in major depressive disorder 

(Bonaventure et al., 2012a). Antipsychotics with high affinity for the 5-HT7 receptor 

have similar effects (Clayton et al., 2018). 
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Most of the compounds have multiple affinities to other receptors, so the specific effects 

of 5-HT7 receptors are unclear. If compounds with highly specific 5-HT7 affinity were 

to be tested, research might then gain a clear understanding. Furthermore, some mental 

symptom domains (e.g., post-traumatic stress disorder (PTSD), insomnia, cognitive 

function impairment) may interact with mood disorders, however, it is not fully 

understood whether 5-HT7 agents are useful to treat these disorders. Therefore, further 

investigation is required to clarify the relationship between 5-HT7 agents and these 

related aspects of mood disorders. 

2.4.3 Unclear relationship between 5-HT7 and mania 

There is limited knowledge about bipolar mania and 5-HT7 receptors. Currently, there 

are few mania-related experiments identifying whether the 5-HT7 receptor is involved 

with mania. Administrating lurasidone in the dosage range of 20mg-120mg 

significantly improved depressive symptoms in patients with bipolar 1 depression 

(Loebel et al., 2014). There was a statistically significant effect from the first week of 

vortioxetine treatment of bipolar depression (Tomassini et al., 2017) and it showed no 

associated increase in manic symptoms. Improvement showed when administrating the 

amisulpride for bipolar depression (Loebel et al., 2020 Tsai, Ozol-Godfrey, Fava & 

Hopkins, 2014). The efficacy of monotherapy with asenapine was significantly higher 

than that of placebo for Young Mania Rating Scale scores (YMRS) (Young et al., 1978; 

Tohen et al., 2000). However, only one open-label study tested the relations between 

5-HT7 and manic symptoms, and asenapine has a unique profile of receptor affinities 

and activities (Volz, 2011). It is an antagonist with strong affinity for several 

serotonergic (5-HT2A, 5-HT2B, 5-HT2C, 5-HT6 und 5-HT7), adrenergic (alpha2) and 

dopaminergic (e.g., D3 und D4) receptors, but has no affinity for muscarinergic 
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receptors; it associated with effects on several receptors. The relationship of 5-HT7 with 

mania is still unclear and needs further investigation. 

2.4.4 Limitations and future directions 

Although we have investigated 5-HT7 agents and mood disorders’ relationships, there 

are some limitations in this review. 

Firstly, most compounds have affinities not only with 5-HT7 receptors but also with 

other 5-HT, dopamine or noradrenaline receptors. For example, amisulpiride, has 

affinities to 5-HT1A, 5-HT2, and Dopamine D2 receptors. Several new compounds have 

affinity to multiple receptors as well. Further investigation should be conducted to 

clarify the specific receptor locus for the effects of these medicines. Thus, it is 

recommended that future studies be conducted using selective 5-HT7 compounds to 

further investigate the effects and mechanisms associated with this receptor. 

In addition, 5-HT7 and 5-HT1A have overlapping expression in some brain areas. 5-HT7 

receptors are present in the amygdala, hippocampus, thalamus, and hypothalamus 

(Hedlund & Sutcliffe, 2004), and 5-HT1A receptors are highly expressed in the 

entorhinal cortex, frontal cortex, and lateral septum, and moderately expressed in the 

prefrontal cortex, hippocampus, and amygdala (Beck et al., 1992; Hamon et al., 1990; 

Pompeiano et al., 1992). These brain areas, specifically the amygdala and hippocampus, 

strongly associated with mood and anxiety control: in vivo research indicated that the 

antidepressant and anxiolytic effects of SSRI treatment are likely facilitated by 

hippocampal 5-HT1A/Gi2/GSK3b signalling. Similarly, SSRI-triggered GSK3b 

phosphorylation/inactivation in the prefrontal cortex and hippocampus is influenced by 

the activation of 5-HT1A receptors (Albert & Vahid-Ansari, 2019; Li et al., 2004; Polter 
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et al., 2012). In the discussion of the following chapters, our aim is to explore the 

impacts of JNJ-18038683, a selective compound with high affinities to 5-HT7 receptors, 

yet with affinities for 5-HT1A and 5-HT6 receptors as well. Given the shared distribution 

of 5-HT7 and 5-HT1A receptors in brain areas, a conservative interpretation should be 

preferable. 

The second limitation is that other related phenomena, such as cognitive dysfunction 

(e.g., learning and memory) (Browning et al., 2014), circadian rhythm disturbance 

(Ehlen et al., 2001; Lovenberg et al., 1993; Pouzet et al., 2002), trauma (Roberts et al., 

2004) and neurodegenerative disorders (e.g., Parkinson’s) (Du et al., 2018; Han et al., 

2016), are not included in this review. However, 5-HT7 receptors are associated with 

these. The hippocampus is associated with learning and memory, and 5-HT7 receptors 

are highly distributed in this area. In cognition-focused studies, both genetic and 

pharmacological inactivation are tested in different environments; their corresponding 

results are shown in several conditions, such as behavioural tests and dosing tests 

(Roberts & Hedlund, 2012). 5-HT7 might be related to contextual hippocampus-

dependent learning and emotional memory (Blattner et al., 2019). Trauma is strong 

associated with emotion (especially fear or anger) and memory, which may imply the 

5-HT7 might related to the effects of trauma (Ohmura et al., 2016). Since 5-HT7 

activation can also enhance the emotional memory (Eriksson et al., 2012), and was 

critical for emotional learning and memorising in animals (Takeda et al., 2017), it could 

be summarised that 5-HT7 may be a target for the treatment of mental disorder 

involving fear memory (Ohmura et al., 2016). Also, sleep plays an important role in 

emotion: research showed that a lack of sleep can heighten emotional arousal and make 

people more sensitive to stress (Vandekerckhove & Wang, 2018). When testing 5-HT7 
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agonists and antagonists, researchers discovered that sleepiness and wakefulness would 

be influenced (Lovenberg et al., 1993). Agonists, which increase the affinity of the 

receptors, induce phase-shift in sleepiness; antagonists, which block the receptor and 

reduce the affinity of the receptors, attenuate phase delays in sleepiness. Thus, the 5-

HT7 receptor is known for being associated with several functions, however, in order 

to elucidate the relation between the 5-HT7 and mood disorders, this review only 

focused on specific experiments related to that topic directly. 

2.5 Conclusion 

5-HT7 receptors are strongly associated with anxiety and depression. In terms of 

anxiety, 5-HT7 antagonists given to rodents in an experimental setting showed 

anxiolytic effects resulting in a reduction of anxiety-like behaviour (Hedlund & 

Sutcliffe, 2007). In terms of depression, the use of 5-HT7 antagonists in animal models 

has shown a reduction in immobility in tests such as the TST and the FST, suggesting 

a potential antidepressant effect. Furthermore, when used in combination with other 

drugs, 5-HT7 antagonists showed antidepressant effects. However, the complex 

interactions between 5-HT7 receptors and other 5-HT receptors are not fully understood. 

While some aspects of depression are associated with the 5-HT7 receptor, its 

relationship with mania remains unclear. Further studies focusing on mania-related 

investigations are needed to investigate the specific function of the 5-HT7 receptor here. 

Such results may have practical and clinical implications that may ultimately benefit 

patients with mood disorders. It is imperative to determine the specific effects of 

different drugs to ensure evidence-based treatment. In addition, future studies should 
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aim to employ highly selective 5-HT7 compounds in animal and human studies to 

determine the specific effects of 5-HT7 receptors. 
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Chapter 3 fMRI analysis – pop-faces task 

3.0 Abstract 

In my systematic review, I found 5-HT7 to be a promising target for improving emotional 

functions. Emotional faces recognition paradigms were typically seen as providing insight into 

an essential aspect of emotional regulation functions. In this chapter, the gender discrimination 

emotional faces task (pop-faces paradigm) was used to test if the 5-HT7 antagonist could 

modulate emotional regulation.  

 

18 participants were recruited, and the analyses focused on data from 14 healthy participant. 

The study required four visits: the first for screening; the second to obtain a baseline of 

emotional and cognitive functions, and the third and fourth were for neuroimaging, in which 

participants took part in interviews using the International Society for Bipolar Disorders-Battery for 

Assessment of Neurocognition (ISBD-BANC) cognitive function assessment, and implicit 

emotional processing paradigm. Participants needed to take a selective 5-HT7 antagonist, JNJ-

18038683 20mg daily or placebo for one week, and then to attend the visits. 

 

The behavioural performance was assessed based on accuracy (proportion of correct responses), 

and speed (mean reaction time). For the fMRI data, hypothesis-led ROI-based analysis was 

conducted using a binarized explicit mask that included amygdala, hippocampus, thalamus, 

and subgenual anterior cingulate cortex (sgACC). Finally, an exploratory whole-brain analysis 

was conducted to explore brain activity or drug-related modulation of brain activation.  

 

The results of the task behaviour analysis showed participants made slower gender-

discrimination decisions for fearful faces. In neuroimaging analysis, there was no significant 
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task activation within the pre-defined region of interest – the amygdala, thalamus, hippocampus 

and sgACC. Furthermore, the whole-brain mapping found fusiform gyrus was activated in 

flexible factorial design in the main effect on emotion, but no significant differences due to the 

drug. 

 

Generally, no significant drug-related changes were found in behavioural performance and 

brain activation. However, there were some limitations, including the sufficiency of the 

paradigm to elicit activation with brain areas responsive to emotional faces (the robustness of 

response), gender discrimination within the task due to the gender bias, and the limited drug 

administration dosage and duration, which could explain the paucity of significant findings in 

this study. Further investigations should be conducted using a larger dose or treatment duration 

of JNJ-18038683 and perhaps different fMRI paradigm. 
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3.1 Introduction 

3.1.1 Emotional regulation and 5-HT7 

The 5-HT7 receptor is a serotonin G-protein-coupled receptor (GPCR) that was 

identified in 1993 (Bard et al., 1993; Cisler & Koster, 2010; Lovenberg et al., 1993; 

Ruat et al., 1993). Recently researchers have reported that 5-HT7 function was 

associated with several essential processes, including maintaining the circadian rhythm 

(Adriani et al., 2012; Ehlen et al., 2001; Shelton et al., 2014; Sprouse et al., 2004), 

thermoregulation (Hagan et al., 2000; Thomas et al., 2003), learning and memory 

(Leopoldo et al., 2011; Meneses, 2004). It is also associated with several psychiatric 

disorders, including depression (Kennedy et al., 2016; Mahableshwarkar et al., 2014; 

McIntyre et al., 2013; Tomassini et al., 2017), anxiety (Baldwin, 2011), and others (e.g., 

schizophrenia, substance abuse) (Blattner et al., 2019; East et al., 2002; Hauser et al., 

2014). In the previous chapter, the systematic review, there is evidence for 5-HT7 

regulating multiple processes from animal studies including emotional processes 

(Abbas et al., 2009; Andressen et al., 2015; Canale et al., 2016; Canale et al., 2017; 

Cates et al., 2013; Delcourte et al., 2017; Jankowska et al., 2020; Kennedy et al., 2016; 

Mahableshwarkar et al., 2014; McIntyre et al., 2013, 2014; Tomassini et al., 2017). 

Indeed, the systematic review demonstrated how 5-HT7 antagonism produces effects 

which improve function in classic depression and anxiety models in rodents, but classic 

models have been questioned for their construct validity and their translational 

predictive value (Stanford, 2020). It is not clear from the studies in animals if 5-HT7 

antagonism alone could produce such effect, for example, a selective 5-HT7 antagonist, 

SB-269970, was found to reduce rodents’ immobility when combined with other drugs, 

such as citalopram (a selective serotonin reuptake inhibitor, SSRI), imipramine 
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(a tricyclic antidepressant, TCA), desipramine (a tricyclic antidepressant, TCA), and 

moclobemide (monoamine oxidase, MAO, inhibitor), suggesting it might have 

antidepressant effects over other antidepressant drugs (Wesolowska et al., 2007). The 

specific effects of SB-269970 alone were not clear, since the SB-269970 worked well 

mainly when combined with other antidepressant drugs.  

The effects of 5-HT7 antagonists on human remains unclear as well, because the 

evidence came from antipsychotics or antidepressant, not selective compounds. 

Antipsychotics with high affinity for 5-HT7, including lurasidone, amisulpiride and 

asenapine (Abbas et al., 2009; Cates et al., 2013; Delcourte et al., 2017), clozapine and 

olanzapine (Andressen et al., 2015), have antidepressant properties. Vortioxetine, an 

antidepressant with high affinity for 5-HT7 receptors, and acts as a receptor antagonist, 

also enhances mood in patients with depression (Kennedy et al., 2016; 

Mahableshwarkar et al., 2014; McIntyre et al., 2013; Tomassini et al., 2017). As yet, 

there is limited evidence in humans with selective compounds, since the compounds 

used have affinities to other receptors.  

From these results and others reviewed in chapter 2, it is reasonable to suggest that 5-

HT7 antagonists showed antidepressant-like properties, and may also prove anxiolytic, 

but no selective compounds have been tested on emotional processing in humans. 

Taken together, these findings suggest that 5-HT7 receptors might be associated with 

emotion, and the 5-HT7 agonists or antagonists may be potential treatments for mood 

disorders. 

Thus, in this chapter, I tested a selective 5-HT7 antagonist, JNJ-18038683, to see if it 

could improve or modulate emotional functions in healthy human volunteers. I report 
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the results of a behavioural and neuroimaging investigation of changes in emotional 

function following one week of treatment with a daily dose of 20mg of JNJ-18038683. 

JNJ-18038683 is an antagonist of the 5-HT7 receptor (Shelton et al., 2014). It was 

developed by Janssen Research & Development, LLC, and is now in the phase 2 stage 

of development:  

(https://clinicaltrials.gov/ct2/show/NCT02466685, 

https://clinicaltrials.gov/study/NCT00566202, 

https://clinicaltrials.gov/ct2/show/NCT02466685).  

To explore the effects on emotional processing, the gender discrimination emotional 

faces task (i.e., the pop-faces task) was used (Passamonti et al., 2010).  

3.1.2 Emotional processing and pop-faces task 

The gender discrimination emotional faces task was originally developed using 

physical photographs showing faces expressing emotions, including fear, happiness and 

a neutral expression. However, computer-based versions of this paradigm now exist 

that can present faces expressing a wider range of emotions. Though the other similar 

paradigms are capable of presenting additional emotions, my investigation was limited 

to examining brain activity related to these three particular emotional expressions 

during gender discrimination. Such tasks are typically also seen as providing insight 

into an essential aspect of social cognition (Ekman, 1992a, 1992b, 1993; Montagne et 

al., 2007). There is growing evidence that social cognitive functions are related to social 

perception, social understanding, and social decision-making (Arioli et al., 2018; 

Lieberman, 2007). In addition, depression is characterised by negative emotional biases, 

which antidepressants can normalise by increasing positive emotional processing. 

https://clinicaltrials.gov/ct2/show/NCT02466685
https://clinicaltrials.gov/ct2/show/NCT02466685?cond=jnj-18038683&draw=2&rank=2
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Imaging studies allow researchers to observe how antidepressants alter emotional 

biases and modulate activity in emotion processing tasks. Detecting these effects on 

emotional processing and brain activity can reveal a compound’s potential 

antidepressant properties even before changes in mood occur. Therefore, imaging 

emotional processing in response to novel compounds provides an early indicator of 

their ability to rebalance emotional biases and engage brain networks underlying these 

changes, establishing their promise as antidepressant treatments (Harmer et al., 2009). 

Several emotional faces recognition tasks have been used to identify brain regions 

related to emotional processing (Montagne et al., 2007; Ruffman et al., 2008; 

Sprengelmeyer et al., 1998), for example, processing emotional faces activated visual, 

limbic, temporoparietal and prefrontal regions, plus the putamen and cerebellum, while 

the amygdala responded selectively to happy, fearful and sad expressions, with greatest 

sensitivity to fear (Fusar-Poli et al., 2009), another study revealed that the ventral visual 

pathway, particularly the left fusiform face area was more responsive to facial 

expressions (Liu et al., 2021). However, there was also a paper questioned the reliability 

of these tasks (Nord et al., 2017). The researchers concluded that the reliability of some 

neural responses to emotional faces measured in healthy controls was unstable: 

activation in specific brain areas, such as amygdala or sgACC, was rarely reliable over 

time. 

Nord and her colleagues analysed the young healthy controls, which was similar to our 

participants demographic features (please see 3.3.1) (Nord et al., 2017); in addition, 

despite the growing interest in 5-HT7 agonists and antagonists, the effects of JNJ-

18038683 remain unclear. To date, no investigation using fMRI has explored the impact 

of JNJ-18038683 on the neural correlates of emotional functions. Therefore, in this 
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chapter I report the findings of my study using a gender discrimination emotional faces 

task (i.e., the pop-faces task) for pharmacological fMRI to test the following hypotheses. 

3.1.3 Hypotheses 

o Hypothesis 1. The drug JNJ-18038683 has the potential to induce alterations in 

behavioural performance during an gender discrimonation emotional facial 

processing task, leading to notable variations in response accuracy proportions and 

decreased reaction times.  

o Hypothesis 2. Activity in brain areas related to emotional functions, including the 

areas listed below, would be modulated by JNJ-18038683 treatment in healthy 

controls performing the same emotional processing task. 

• Subgenual cingulate cortex (sgACC) (Drevets et al., 2008; Kühn et al., 

2012). 

• Thalamus, amygdala, hippocampus – these areas were based on the density 

of 5-HT7 receptors (Hedlund & Sutcliffe, 2004).  

o Hypothesis 3. There will be correlations with change in performance and BOLD 

responses in the pre-specified ROIs (i.e., amygdala, hippocampus, thalamus, and 

sgACC). 

3.2 Methods 

3.2.1 Participants 

The study was approved by the London Camberwell St Giles Research Ethics 

Committee (Reference Number: 18/LO/0762) and was conducted between August 

2018 and September 2022. A total of 18 participants completed the study, including 4 

bipolar patients and 14 healthy controls. 



 99 

3.2.1.1 Inclusion criteria.  

We recruited male and female patients with a current diagnosis of bipolar disorder and 

healthy volunteers as participants (further information is shown in the protocol) (Young 

et al., 2018). Participants were included in the study if they were healthy, right-handed, 

and aged between 18 and 60 years. Clinical laboratory test results must be within the 

reference range during the index screening visit. Female volunteers will be asked to 

confirm a negative pregnancy test at screening and to provide consent and acceptance 

of medical contraception. Male volunteers must also provide consent to use 

contraception throughout the study. In addition, all participants must meet the criteria 

for a safe MRI scan to ensure no contraindications. 

Other inclusion criteria for the healthy controls included the following: 

1. Evidence of a personally signed and dated informed consent document 

indicating that the subject had been informed of all pertinent aspects of the trial. 

2. Right-handed participants between the ages of 18 and 60 years. 

3. The participant was able to understand written and verbal instructions in English. 

4. The participant was willing and able to comply with scheduled visits, treatment 

plan, laboratory tests, and other trial procedures. 

5. The participant had clinical laboratory test values within the reference ranges 

based on the blood and urine samples taken at the index screening visit. 

Borderline value parameters needed to be accepted if they are, in the opinion of 

the investigator, clinically insignificant. 

6. The participant had a resting pulse ≥ 51bpm and ≤ 100bpm. 

7. The participant had a resting systolic blood pressure ≥ 91mmHg and ≤ 

140mmHg and a resting diastolic blood pressure ≥ 51mmHg and ≤ 95mmHg at 
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the screening visit. An out-of-range resting systolic blood pressure needed to be 

repeated if a medically valid reason is present, for example, the subject suffers 

from white-coat hypertension (i.e., felling anxious in clinical environment) or 

experienced stress (e.g., late arrival). The medically valid reason must be 

documented and signed by the investigator. 

8. Women of childbearing potential must have a negative pregnancy test at 

screening and at baseline visits and must agree to use a medically accepted 

method of contraception throughout the study. 

9. Women of childbearing potential must agree to use one of the following 

contraception methods throughout the study: combined (estrogen and 

progestogen containing) hormonal contraception associated with inhibition of 

ovulation (oral, intravaginal or transdermal), progestogen-only hormonal 

contraception associated with inhibition of ovulation (oral, injectable, 

implantable), intrauterine device (IUD), intrauterine hormone-releasing system 

(IUS), bilateral tubal occlusion, vasectomized partner provided that partner is 

the sole sexual partner of the study participant and that the vasectomized partner 

has received medical assessment of the surgical success, sexual abstinence: 

potential participant must guarantee that she will be abstinent for the duration 

of the study and the entire washout period. 

10. Fertile men must agree to use one of the following contraception methods: for 

the duration of the study, men should use condoms during intercourse, and their 

partner should be using effective contraception or sexual abstinence: potential 

participant must guarantee that he will be abstinent for the duration of the study 

and the entire washout period. 
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3.2.1.2 Exclusion criteria. 

In the general criteria, we excluded participants who had experienced clinically 

significant haematological, renal, endocrine, pulmonary, gastrointestinal, 

cardiovascular, hepatic, neurologic, allergic diseases, or any primary psychiatric 

diagnosis other than bipolar disorder from this study. 

1. The following physical health issues were reasons for exclusion from the study: 

abnormal electrocardiogram (ECG) and abnormal blood test results during the 

screen visits. Additionally, a history or evidence of clinically significant 

haematological, renal, endocrine, pulmonary, gastrointestinal, cardiovascular, 

hepatic, neurologic, allergic disease. Individuals with any primary psychiatric 

diagnosis other than bipolar disorder will be excluded from the study. 

2. Herbal supplements were discontinued 28 days prior to the first dose of JNJ-

18038683 or placebo. 

Healthy control participants were recruited through public advertising, online and 

social media, and through National Institute for Health and Care Research Mental 

Health Clinical Research Network (NIHR CRN), advertisement within King’s College 

London newsletter, in the local press, online, and through contacting participants from 

previous studies who have expressed an interest in further research participation. 

Patients were recruited through South London and Maudsley NHS Foundation Trust 

clinical services, with other trusts potentially contributing to recruitment (however, in 

this chapter, we only analysed healthy controls’ data). 

In this study, 97 participants were screened for inclusion. Sixty-one were excluded due 

to screen failures or lost follow up. Thirty-six participants entered randomisation, 

eleven were lost at follow-up, two due to noncompliance, four due to Principal 
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Investigator’s decision, one due to pregnancy. All participants provided written 

informed consent. Finally, a total of 18 participants completed the study, including four 

bipolar patients and 14 healthy controls. However, even though both patients and 

healthy controls completed the study, due to the small sample size of patient group and 

data quality, we focused on analysing the data from 14 healthy controls. 

 

 

Figure 3-1 Trial flow diagram. 

Trial flow diagram. 
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3.2.2 Study design and procedure 

3.2.2.1 Medicine information and instruction 

JNJ-18038683 is a 5-HT7 antagonist. The drug is a strong inhibitor of cytochrome P450 

2D6, so participants who use the CYP2D6 substrates will be an exclusion. JNJ-

18038683 is also a moderate inhibitor of cytochrome P450 2C19, so participants use of 

the following CYP2C19 substrates will be an exclusion.  

 

The above was checked in the index screening visit (visit 1); and interviews during visit 

2, 3, and 4, was used to collect responses to baseline questionnaires, emotional scales 

and measures of cognitive function. Prior the visits 3 and 4, participants were 

randomised to take JNJ-18038683 20mg or a placebo once daily for one week. JNJ-

18038683 and matching placebos will be provided by Janssen Research and 

Development, LLC, the manufacturer of JNJ-18038683.  

3.2.2.2 Study design. 

This was a randomised, double-blind, placebo-controlled, cross-over, pharmacological 

functional MRI (phfMRI) design study, aiming to examine the neural and behavioural 

effects of one week’s treatment with the 5-HT7 antagonist, JNJ-18038683, and placebo. 

Each participant attended the study four times, including an index screening visit (visit 

1), a baseline visit (visit 2), and two neuroimaging visits (visit 3 & 4). During the 

neuroimaging visits, structural data, arterial spin labelling (ASL) perfusion images, 

resting state and task-based functional MRI was collected. The tasks used during fMRI 

scans included a gender discrimination emotional faces task (called the pop-faces task). 

In addition, a working memory task (N-back) was included which will be the subject 

of the next chapter, and a paired associated visuospatial learning task (vPAL) which is 
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not included in this thesis. In this chapter, I focused on analysing the emotional pop-

faces data. 

3.2.2.3 Study procedure. 

In visit 1, participants were invited to join an index screening assessment, in which an 

examination of their physical health, including blood test, electrocardiogram (ECG) 

and urine drug screen (UDS) was conducted. Participants’ diagnosis was assessed by 

Mini International Neuropsychiatric Interview (M.I.N.I. 6.0) (Sheehan et al., 1998). 

Their mood status and symptoms were assessed by Hamilton Depression Rating Scale 

(also named Hamilton Rating Scale for Depression, HAM-D) (Hamilton, 1960, 1980), 

Young Mania Rating Scale (YMRS) (Young et al., 1978), Altman Self-Rating Mania 

Scale (ASRM) (Altman et al., 1997), Quick Inventory of Depression Symptomatology 

(QIDS-C16) (Rush et al., 2003), Columbia-Suicide Severity Rating (C-SSRS) 

(available at www.cssrs.columbia.edu) (Oquendo et al., 2003) and Hamilton Anxiety 

Rating Scale (also named Hamilton Rating Scale for Anxiety, HAM-A) (Hamilton, 

1959; Thompson, 2015). Moreover, Cannabis experiences (CEQ3) (Birnbaum et al., 

2019), Fagerstrom smoking (Fagerstrom Test for Nicotine Dependence, FND) 

(Heatherton et al., 1991) and Alcohol use disorders identification Test (AUDIT) 

(Reinert & Allen, 2002) questionnaires were also employed to determine if they used 

these substances. 

 

 

 

 

 

http://www.cssrs.columbia.edu/
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Table 3-1 Study procedure. 

Study procedure.  

 Screening 

visit  

(Visit 1) 

Baseline visit  

(Visit 2,  

Day 1) 

Imaging visit 1  

(Visit 3,  

Day 7) 

Imaging visit 2 

(Visit 4,  

Day 28) 

Informed consent  ✓    

Physical examination ✓ ✓ ✓ ✓ 

Laboratory tests ✓ ✓ ✓ ✓ 

Mood assessment ✓ ✓ ✓ ✓ 

Cognitive assessment  ✓ ✓ ✓ 

AE assessment   ✓ ✓ 

MRI   ✓ ✓ 

Drug blood sample   ✓ ✓ 

AE: Adverse Event. MRI: Magnetic Resonance Imaging. 

Eligible participants were invited to join visits 2, 3, and 4. In addition to a healthy 

physical examination, participants also took part in cognitive functions assessments 

with a neuropsychological battery, the International Society for Bipolar Disorders – 

Battery for Assessment of Neurocognition (ISBD-BANC) (Yatham et al., 2010). In the 

ISBD-BANC, speed of processing was evaluated with symbol coding, animal naming 

category fluency and Trial Making Test – Part A; attention was evaluated with 

continuous performance test (CPT) – identical pairs; working memory was evaluated 

with Wechsler Memory Scale letter-number sequencing and spatial span (in visit 3 and 

4, participants also conducted N-back working memory task, which was one of the 

fMRI paradigms), verbal learning and memory was evaluated with Hopkin’s Verbal 

learning test-revised, visual learning using the brief visuospatial memory test; executive 

function was evaluated with Stroop Test, Trial Making Test – Part B and Wisconsin 
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Card Sorting test (WCST) (Barceló & Knight, 2002). Cognitive impairment was 

evaluated with Perceived Deficits Questionnaire (PDQ) (Strober et al., 2016); 

psychosocial function was evaluated with the Functional Assessment Short Test (FAST) 

(Siegel-Ramsay et al., 2023); sleep quality was evaluated with the Pittsburgh Sleep 

Quality Index (PSQI) (Buysse et al., 1989). 

Randomisation was conducted by computer-generated, pseudo-random code based on 

stacks of William’s Squares, ensuring an equal distribution of each treatment across 

each study period. A blinded randomisation list and master list were provided by the 

pharmacist and delegated to the investigator. Participants took JNJ-18038683 20mg 

daily for one week and switched to placebo for one week, or vice versa, after a two-

week wash-out period. Investigators maintained contact with participants via phone, 

reaching out 24 hours after the start and end of each treatment period to assess the safety 

and tolerability of the assigned treatment. On the seventh day of each treatment period, 

participants were scanned at the neuroimaging centre.  
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Figure 3-2 Study measures. 

Study measures. 

3.2.3 fMRI tasks 

3.2.3.1 Gender discrimination emotional faces task (pop-faces task) 

The pop-faces task is a gender discrimination emotional faces task paradigm. 

Participants were asked to identify the gender of the faces shown in grey-scale 

photographs (50% female) presented on the screen. Emotion processing is understood 

as an ability to identify, facilitate, regulate, understand, and manage emotions (Mayer 

et al., 2001; Monferrer et al., 2023). This task used faces expressing one of three 

emotions: neutral, fearful, and happy, and the stimuli were presented in a pseudo-

random pattern. Each block had a series of ten emotional faces, and the faces, all drawn 

from the same emotional grouping, and were presented on the screen for 1000ms. Each 

block also included 5 null fixation cross cues, presented for 750ms, distributed amongst 

the 10 face stimuli. The null condition was 1750ms with the same fixation cross. Twelve 

emotional blocks (four for each of neutral, fearful, and happy) were presented. The 

images of faces used in the paradigm were taken from the NimStim dataset with the 

appropriate permissions. The dataset includes 672 photographs taken by 43 professional 

actors, including 18 females and 25 males, whose ages ranged from 21 to 30 years old 

(Tottenham et al., 2009). The scan lasted for 10 minutes 30 seconds.  

Participants responded using a two-button button box; they needed to press left if the 

perceived stimulus type of the face was female, and to press right if the perceived 

stimulus type of the face was male. The accuracy, speed, and brain activations were 

recorded. 
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Figure 3-3 Illustration of gender discrimination emotional faces task 

Illustration of pop-faces gender discrimination emotional faces paradigm. Adapted 

from Passamonti et al. (2010). 

3.2.3.2 Statistical analysis of behavioural performance 

The demographic and behavioural variables were analysed by using SPSS 28 

(https://www.ibm.com/analytics/spss-statistics-software). The mean and standard 

deviation were calculated for demographic and emotional questionnaires and scales 

(please see Table 3-2). For behavioural performance data a two-way repeated measures 

analysis of variance (rmANOVA) was also used to show the differences in accuracy 

(i.e., proportion of correct trials) and speed (i.e., mean reaction time) between drug and 

placebo across three facial emotions. When the assumption of sphericity was violated, 

the Greenhouse-Geisser was applied. 

3.2.4 fMRI acquisition and preprocessing 

In this study, MRI scans were acquired on 3 Tesla MR scanner (General Electric 

MR750) at the Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology 
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and Neuroscience, King’s College London. The T1-weighted structural MRI scans 

were using a magnetisation-prepared rapid gradient echo sequence (Repetition Time 

(TR): 7.31ms, Echo Time (TE): 3.02ms; flip angle (FA): 11°; matrix size: 256 × 

256mm2; FOV: 270mm; slice thickness: 1.2mm). 

T2*-weighted images were acquired by using gradient-echo planar imaging sequence 

(TR: 2000ms, TE: 30ms, FA: 75°, slice thickness: 3mm, FoV: 240mm, and matrix size: 

64 × 64mm2, slice gap: 3.3mm, 41 slices). The gender discrimination emotional faces 

task lasted 630 seconds.  

When conducting pre-processing, Statistical Parametric Mapping Software 12 (SPM12) 

(http://fil.ion.ucl.ac.uk/spm/), a neuroimaging software suite that runs within Matlab 

(R2018b), was used. I converted raw Digital Imaging and Communications in Medicine 

(DICOM) images to Neuroimaging Informatics Technology Initiative (NIFTI) format. 

Secondly, the origins (coordinate [0 0 0]) of the functional timeseries and the structural 

scan were adjusted to lie on the anterior commissure, parallel to the AC-PC line. Thirdly, 

realignment of the functional timeseries was carried out to correct for volume-to-

volume head displacement. The realigned fMRI data was then co-registered to bring it 

into alignment with the T1 weighted image. The deformation fields encoding the 

transformations required to take the data from native to standard Montreal Neurological 

Institute and Hospital coordinate system (i.e., MNI template space), were generated by 

unified segmentation of the T1 weighted structural image. These warping parameters 

were then applied to the functional timeseries that were previously registered to the T1 

image. Lastly, the spatially normalised scans were smoothed with Gaussian smoothing 

kernels specified as 8 mm Full-Width-at-Half-Maximum height (FWHM)  (Pera-

Guardiola et al., 2016). After these steps, the movement parameters were visually 
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inspected, and data containing movement over the run of greater than 1 voxel (~3.3mm) 

was considered unsuitable for analysis and discarded. Additionally, the volume-to-

volume framewise displacement was calculated based on the movement parameters. 

Volumes with framewise displacements of more than 0.5mm were subsequently 

modelled during first-level fMRI analysis by means of separate scan-nulling regressors.  

3.2.4.1 First-level fMRI analysis 

In the subject-specific first-level fMRI analysis, the Blood Oxygen Level Dependent 

(BOLD) response during the gender discrimination emotional faces task was modelled 

using 6 regressors encoding the predicted BOLD in response to trials of the following 

types: neutral, happy, fearful, incorrect response, missed, and false positive. All first-

level models included regressors encoding the six realignment parameters (translations 

in the x, y, and z axes, and rotation around them), and additional scan-nulling regressors 

as nuisance regressors. A high-pass filter with a 128s cut was applied, and temporal 

autocorrelation was modelled using a first-order autoregressive function (AR(1)).  

Following parameter estimation, contrasts of parameter estimates were generated for 

all emotional faces vs fixation (i.e., all-faces > fixation), and each emotionally 

expressive face (i.e. happy or fearful) condition compared to the response to neutral 

trials (i.e., happy > neutral, fearful > neutral, and fearful > happy). I chose an all-faces 

> fixation contrasting condition because comparing all emotional faces to a baseline of 

fixation enables better detection of the regions implicated in face processing. 

3.2.4.2 Second-level fMRI analysis 

For each task, subject-specific contrasts of parameter estimated for each of the primary 

contrast of interest were taken forward to group-level random effects analyses. 
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The primary contrast of interest was all-faces vs fixation. To identify task-related 

activation, I first carried out one-sample t-tests using the all-faces > fixation contrasts 

on drug and placebo sessions, respectively. Here, I would like to see what brain regions 

are activated in response to the working memory challenge compared to a low-level 

control condition. 

Subsequently, to explore the changes in brain activity, I examined contrasts for each of 

the three emotional faces (neutral, fearful, and happy) condition into a one-way 

ANOVA. 

To explore the effects of treatment on task activity, a paired sample t-test (placebo vs 

drug sessions) was carried out using the all-faces > fixation first-level contrasts as a 

model input.  

Lastly, I implemented a repeated measures ANOVA (implemented with a Flexible 

Factorial model in SPM) to explore the main effect of emotions, the main effect of drug, 

and the load-by-treatment interactions. 

For the hypothesis-led analysis of the pop-faces, ROIs were generated in WFU atlas: 

amygdala (right, left), hippocampus (right, left), thalamus (left, right) (Hedlund & 

Sutcliffe, 2004), were generated by automated anatomical atlas (AAL) (Tzourio-

Mazoyer et al., 2002) and the sgACC (bilateral) (Drevets et al., 2008; Kühn et al., 2012) 

was generated in and combined into a single mask with WFU Pick Atlas (Maldjian et 

al., 2003). The mask was exported from WFU Pick Atlas and used in the ROIs analysis 

with SPM12. 

The mask was used for small-volume correction to control for type 1 errors in the ROIs 

analysis at the second-level (i.e., group-level). 
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Figure 3-4 ROIs of pop-faces task: amygdala, hippocampus, thalamus, and sgACC 

ROIs used in the analysis of the neuroimaging data collected during the performance of the 

pop-faces task: amygdala, hippocampus, thalamus, and sgACC. 

For the exploratory whole-brain analysis, a result was considered significant if it 

survived whole-brain family-wise error (pFWE < .05) based on cluster extent, using an 

initial uncorrected cluster-forming threshold of p < .001. 

3.3 Results 

3.3.1 Demographic sample characteristics 

Healthy control participants' mean age was 30.29 (SD = 9.94). The results of the clinical 

measures are shown in Table 3-2 are not in the ranges expected in patients. 
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Table 3-2 Descriptive statistics of healthy control participants. 

Descriptive statistics of mood questionnaires of healthy control participants. 

 
Male (n = 6) Female (n = 8) Total 

Age (mean (SD)) 32.17 (13.21) 28.88 (7.32) 30.29 (9.94) 

ASRMS .83 (1.17) .88 (1.73) .85 (1.46) 

HAM-A 1.83 (3.13) .38 (.74) 1.00 (2.15) 

HAM-D 1.50 (2.35) .63 (.92) 1.00 (1.66) 

PDQ 9.60 (8.56) 9.50 (9.58) 9.54 (8.86) 

QIDS-C16 1.67 (2.25) .86 (1.57) 1.23 (1.88) 

YMRS .50 (1.00) .25 (.71) .33 (.78) 

ASRMS: Altman Self-Rating Mania Scale; HAM-A: Hamilton Anxiety Rating Scale; HAM- 

D: Hamilton Depression Rating Scale; PDQ: Perceived Deficits Questionnaire; QIDS: Quick   

Inventory of Depression Symptomatology; YMRS: Young Mania Rating Scale. 

 

3.3.2 Pop-faces behavioural performance results 

A two-way repeated measures ANOVA was conducted to explore the effect of two 

treatments (drug and placebo) on the same participants’ performance, i.e., the 

proportion of correct trials, when conducting a gender discrimination task, across three 

emotions. The main effect of treatment was not significant, F (1, 13) = 1.10, p = .31, 

partial eta squared = .08. The main effect of emotion was significant F (1.80, 23.35) = 

6.65, p = .006, partial eta squared = .34. The interaction between treatment and emotion 

was not significant F (2, 17.69) = 2.20, p = .13, partial eta squared = .15. The results 

showed that no difference in accuracy between drug and placebo, as shown in Figure 

3-5.  

Post-hoc comparisons using the t-test with Bonferroni correction indicated that the 

proportion of correct score for the happy faces (M = .95, SD = .01) was significantly 
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different than the neutral faces (M = .92, SD = .11) and fearful faces (M = .91, SD 

= .016), which means participants had more correct responses in happy faces. 

 

Figure 3-5 Proportion of correct in responding to three emotional faces in pop-faces 

Proportion of correct in responding to three emotional faces in the pop-faces task. 

A two-way repeated measures ANOVA was conducted to explore the effect of two 

treatments (drug and placebo) on the same participants’ performance, i.e., the mean 

reaction time, when performing the gender discrimination task, across three emotions. 

The main effect of treatment was not significant, F (1, 13) = 2.20, p = .16, partial eta 

squared = .14. The main effect of emotion was significant F (1.85, 24.10) = 26.77, p 

< .001, partial eta squared = .67. The interaction between treatment and emotion was 

not significant F (1.69, 21.98) = .35, p = .68, partial eta squared = .03. The results 
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showed that no difference in accuracy between drug and placebo, as shown in Figure 

3-6.  

Post-hoc comparisons using the t-test with Bonferroni correction indicated that the 

proportion of correct responses for the happy faces (M = .78, SD = .02) was 

significantly different than the neutral faces (M = .76, SD = .02) and fearful faces (M 

= .74, SD = .02), which means participants had respond slower in fearful faces than 

neutral and happy faces. 

 

Figure 3-6 Mean reaction time in responding to three emotional faces in pop-faces 

Mean reaction time in responding to three emotional faces in the pop-faces task. 
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3.3.3 fMRI results 

3.3.3.1 ROIs analysis 

In this study, a combined mask based on the pre-defined ROIs of the amygdala, 

hippocampus, sgACC and thalamus was used for small-volume correction in the 

second-level analysis. There was no significant activation in any ROIs. There was no 

suprathreshold cluster or significant difference in one-sample t-test, paired t-test, and 

no ROIs in the flexible factorial design in the main effect on emotion, main effect on 

drug, and task-by-drug interaction.  

3.3.3.2 Whole brain exploration 
 

The contrast of interest for the pop-faces was all-faces > fixation. To identify task-

related activation, I first carried out two one-sample t-tests using the all-faces > fixation 

contrasts from drug and placebo sessions, respectively. The fusiform gyrus and 

postcentral gyrus in one-sample t-test of all-faces > fixation contrasts following the 

drug administration. 

To explore the effects of drug on task activity, a paired sample t-test (placebo vs drug 

sessions) was carried out using the all-faces > fixation first-level contrasts as a model 

input. There was no suprathreshold clusters and no significant activation. 

To examine the drug’s effects on task-related brain activity, I implemented a repeated 

measures ANOVA (implemented with a Flexible Factorial model in SPM). There were 

no suprathreshold cluster or no significant main effects of drug or task-by-drug 

interactions were identified in any brain region. When using a more liberal cluster-

forming threshold, bilateral fusiform activity was seen, but only the responses in the 
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right fusiform gyrus survived cluster-wise correction for multiple comparisons. The 

details are shown in Table 3-3 and Figure 3-7. 

Table 3-3 Repeated-measures ANOVA on main effect across three emotion conditions. 

Repeated-measures ANOVA on main effect across three emotion conditions, p = .001. 

Coordinates Cluster 

p(FWE-corr) 

Peak Z No. of above-

threshold voxels 

Brain label 

x y z     

 

36 

 

-48 

 

-18 * .042 14.07 319 

fusiform gyrus 

(right) 

36 -62 -14  11.67   

26 -76 -8  8.45   

 

-38 

 

-54 

 

-18  .292 13.33 132 

fusiform gyrus 

(left) 

* p < .05 after family-wise error correction 

 

Figure 3-7 Activation in fusiform gyrus 

The activation in the fusiform gyrus for the main effect of task level. Results displayed using 

an uncorrected height threshold of p < .001 overlaid on the MNI152 template image provided 

with the xjview in SPM. Numbers show the z coordinate of each transracial slice. Only the 

right survived correction for multiple comparisons. 
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3.4 Discussion 

In this study, I tested whether the 5-HT7 antagonist, JNJ-18038683, could modulate the 

processing of faces expressing emotions using the pop-faces task. 

3.4.1 Behavioural performance 

Behaviourally, I used the two-way repeated measures ANOVA to test if there was 

significant difference between taking either one week of JNJ-18038683 or placebo. The 

results showed that there was no significant difference found in the accuracy and speed 

after taking 20mg JNJ-18038683 daily for one week. However, in the main effect of 

emotion analysis, I found that there were significant differences in accuracy and speed. 

In accuracy post-hoc analysis, participants had more corrects in responding happy faces; 

in speed post-hoc analysis, participants were slower in responding to fearful faces.  

An a priori power analysis was conducted using G*Power 3.1 (Faul et al., 2007) to 

determine the required total sample size for a paired-samples t-test of the drug effect, 

with input parameters of d = 0.70, α = 0.05, power = 0.80, and a two-tailed hypothesis. 

The analysis indicated a required total sample size of n = 19 to detect an effect of this 

magnitude or larger. The sample size of n = 19 should provide sufficient statistical 

sensitivity to test the hypothesis regarding whether JNJ-18038683 can modulate brain 

activity, but in this study n = 14. Post-hoc power analyses were conducted based on the 

effects observed in this study. For the comparison of accuracy and speed between the 

drug and placebo, with a sample size of 14 participants, a two-tailed dependent t-test, 

and the effect size found in our sample d = 0.7, α = 0.05, the achieved power was 0.68. 

A higher proportion of correct gender discriminations in responding to happy faces and 

slower in fearful faces may be caused by several reasons. First, there is evidence that 

‘positive bias’ in cognition, whereby people tend to pay more attention to positive 
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stimuli, which may lead to more accurate recognition of happy faces. When participants 

saw happy faces, they might unconsciously recognise happiness more quickly, which 

may improve their ability to recognise and respond to this positive emotion accurately 

(Tae et al., 2022). In addition, participants spend more time on responding to fearful 

faces, which might be related to cognitive resources. Evidence indicated that fearful 

faces can attract spatial attention only when they are consciously perceived and when 

there are sufficient attentional resources available (Qiu et al., 2023). Recently, 

researchers also found that responses were fastest and most accurate for happy 

expressions, but slowest and least accurate for fearful expressions (Barros et al., 2023). 

3.4.2 Neuroimaging analysis 

3.4.2.1 ROIs analysis 

It was hoped to see whether the task activated the areas of ROIs and further whether 

activity in these regions was modulated by JNJ-18038683, but in the neuroimaging 

analysis, no areas were activated in the ROIs. In the whole brain mapping, the fusiform 

gyrus was activated at the task level, indicating the task was effective for this region. 

We failed to detect any observable effect of the drug, JNJ-18038683 using the gender 

discrimination emotional faces task.  

In the hypothesis-led ROIs analyses of the fMRI data (using a mask including amygdala, 

hippocampus, thalamus, and sgACC), I found that no areas that were differentially 

activated across the three emotional conditions (i.e., neutral, fearful and happy) or 

modulated by the drug. This may be caused by several reasons. First, the ROIs being 

chosen due to the density of 5-HT7 receptors in those regions (Fan et al., 2016; Hedlund 

& Sutcliffe, 2004), and excluding some regions linked to the performance of the 

https://www.frontiersin.org/articles/10.3389/fnins.2023.1152220/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1152220/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1152220/full
https://link.springer.com/article/10.1007/s00426-022-01648-0
https://link.springer.com/article/10.1007/s00426-022-01648-0
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emotional task itself. This may also explain the lack of sgACC activation for the 

emotional task (Drevets et al., 2008; Kühn et al., 2012).  

The previous studies showed amygdala and sgACC could be activated in face 

recognition tasks. There is some evidence that the amygdala activity may strongly 

connect with fearful faces perception (Adolphs, 2008; Breiter et al., 1996; Costafreda 

et al., 2008; Morris et al., 1998; Ruffman et al., 2008); a meta-analysis further identified 

that amygdala activation would be increased when responding fearful faces (Fusar-Poli 

et al., 2009). However, the amygdala is difficult to reliably find activity for (Costafreda 

et al., 2008). Some studies showed that hippocampus habituation to fearful faces in 

healthy control subjects (Holt et al., 2005), but we did not find a similar result. This 

may be due to the amygdala and the sgACC exhibited limited reliability across time, 

and the reliability of the more anterior areas (as opposed to the fusiform gyrus) appears 

to be only moderate to low consistent (Nord et al., 2017). The potential impact of this 

on task activations remains uncertain, and it is needed to have larger studies for a clearer 

understanding. 

 In addition, in the original paradigm, the participants were adolescents (Passamonti et 

al., 2010). Due to the task’s inherent nature, the brief intervals between stimuli in 

contrast with fixation might have impacted its sensitivity. There was evidence showed 

that an interaction effect emerged between age and neuroticism may influence the 

results of emotional faces recognition task, and the study also suggested that high levels 

of neuroticism posed a disadvantage for younger adults, but not for older adults, in 

terms of their performance in emotion recognition tasks that aim to enhance arousal 

(Svärd et al., 2012). Since our study was conducted by healthy control adults rather 

than adolescents, the sensitivity of the paradigm might be influenced. 
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To our knowledge, most SSRIs need to be administered for more than two weeks, 

before the clinical benefits are detectable (Machado-Vieira et al., 2010; Taylor et al., 

2006), and this might imply the duration of administering in serotonin-related 

compounds influenced the outcome. In human studies, the effects of antidepressants 

with 5-HT7 affinity, like vortioxetine (which acts as an antagonist of 5-HT3, 5-HT1D, 

and 5-HT7 receptors), were evaluated (Chen et al., 2018). Short-term and long-term 

clinical trials demonstrated the clinical efficacy of vortioxetine in treating depressive 

symptoms and cognitive deficits in major depressive disorder patients, and taking 10-

20mg vortioxetine for 8 weeks could significantly enhance mood (Jacobsen et al., 2015; 

Mahableshwarkar et al., 2015; McIntyre et al., 2014). Therefore, future studies should 

be planned to test more robustly whether 20mg daily of JNJ-18038683 for one week, 

can modulate affect emotional performance and neural responses.  

3.4.2.2 Whole-brain exploration 

In the whole-brain exploration, we found activation in the fusiform gyrus varied as a 

function of the facial emotions (i.e., their valence). However, this differential sensitivity 

to emotional faces was not influenced by the administration of the drug. The fusiform 

gyrus is a large region in the inferior temporal cortex that plays a central role in object 

recognition, face perception, and reading (Weiner & Zilles, 2016); researchers have 

investigated its function in mental disorder studies (Jung et al., 2021; Ma et al., 2020). 

The fusiform gyrus is also strongly associated with the face recognition task 

(Sprengelmeyer et al., 1998; Surguladze et al., 2005). Consequently, the observed 

activation in this area is unsurprising (Guyer et al., 2008; Weiner & Zilles, 2016).  
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3.4.3 Limitations and future directions 

This is a randomised, placebo-controlled, cross-over, double-blinded drug 

administration study which could improve the accuracy of the outcomes due to each 

participant acting as his or her own control, but there were still some limitations in the 

study.  

1. The sufficiency of the paradigm: even though the emotional faces recognition 

task is a popular paradigm for evaluating emotional processing function, the 

issue of efficacy is still argued. Facial expressions can be classified to basic 

emotions (e.g. anger, disgust, fear, joy, sadness, and surprise) (Du et al., 

2014), and may prove useful in the identification of individuals with 

psychotic or depression, at least to some extent (Monferrer et al., 2023). 

However, the efficacy of this was challenged: when assessing the reliability 

of neural responses to emotional faces in a sample of healthy controls, 

researchers found the experiment revealed that activation patterns within 

specific brain regions, such as the amygdala or sgACC, demonstrated limited 

reliability (Nord et al., 2017). Furthermore, neutral faces are not common in 

society, since the neutral faces is not common, the definition of ‘neutral’ 

should also be re-considered (Albohn & Adams, 2021). Lastly, as mentioned 

above, the original paradigm was designed for adolescents rather than adults. 

These raised concerns regarding the efficacy of the paradigm used. Given the 

findings, it is necessary to re-evaluate the effectiveness and to interpret the 

results conservatively.  

2. Gender discrimination: the gender stereotype was an issue which has been 

raised by researchers (Adams et al., 2012; García-Gutiérrez et al., 2017; Hess 

et al., 2004). In a study, it showed that females showed more happiness and 
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fear expressions, and males showed more anger expressions (Hess et al., 

2009). Since gender discrimination is at the heart of the task, it likely 

influenced the outcome of behavioural performance and neuroimaging 

analysis. 

3. Limited drug administrating dosage and duration: the fact that the drug did 

not show any significant effects may be caused by the short duration and low 

dosage drug administrating of drug. Compared to other serotonergic drugs 

which need two weeks to work, one week duration is short (Machado-Vieira 

et al., 2010). In addition, in another study that tested JNJ-18038683, 

researchers used 20mg JNJ-18038683 from 20 days to 7 weeks. Additionally, 

there was a possibility that participants may not have been fully compliant in 

taking the drug; in our study, participants took the drugs home and completed 

a diary in the documents, but we did not check drug levels in the blood due 

to high costs. Further studies to clarify the issues would be helpful to clarify 

more details of drug onset, effective duration and dosage.  

4. A small sample size: as pointed out above, we have a relatively small sample 

size, and we only analysed healthy controls’ data (n = 14), compared to the 

typical sample size (n = 20 to n = 30) for fMRI research (Grady et al., 2021). 

3.4.4 Conclusion 

In this chapter, I aimed to test whether the 5-HT7 antagonist, JNJ-18038683, could 

improve participants' performances or modulate their brain activations in the gender 

discrimination emotional faces processing task. Participants were asked to complete the 

pop-face task after being administered either the drug or placebo for one week. Results 

showed no significant differences after the one-week drug treatment compared to 

placebo, indicating that JNJ-18038683 may not modulate emotional processing in 
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healthy volunteers, or that this study was not sensitive to any modulation as described 

in the limitations. In the behavioural analysis, participants responded more corrects to 

happy faces, and responded to fearful faces more slowly. Some factors may have 

contributed to this unexpected finding, including positivity bias and facial features. The 

fMRI data analysis did not show any differential activation of regions in the three 

emotional conditions, and the amygdala, hippocampus, thalamus, and sgACC were not 

differentially activated in response to fearful faces. Some limitations, such as efficacy 

of the paradigm (i.e., that participants we focused on gender discrimination rather than 

the emotions expressed by the faces), the drug dosage being too low or administration 

duration being too short, could not be avoided or mitigated in this study, but should be 

considered when planning future investigations. 
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Chapter 4 fMRI – N-back working memory task 

4.0 Abstract 

In the systematic review, it was clear that 5-HT7 receptor antagonists are a promising target for 

improving cognitive functions. The N-back task has been widely used to evaluate working 

memory in neuroimaging studies. In this chapter, the N-back working memory paradigm was 

used to test if the 5-HT7 antagonist could modulate participants’ working memory function. 

18 participants were recruited, with data from 14 healthy participants included in the analysis. 

The study required four visits: the first for screening, the second to obtain a baseline of 

emotional and cognitive functions, and the third and fourth were for neuroimaging, in which 

participants undertook the gender discrimination emotional faces task, N-back working 

memory paradigm and performed tasks using the International Society for Bipolar Disorders-

Battery for Assessment of Neurocognition (ISBD-BANC) cognitive function assessment. 

Participants took a selective 5-HT7 antagonist, JNJ-18038683 20mg or placebo daily for one 

week prior to the third and fourth visits within a double-blind, placebo-controlled, randomised 

cross-over study design. 

In addition to the fMRI analysis, the behavioural performance, including accuracy (proportion 

of correct responses) and speed (mean reaction time), was analysed. To confirm the task 

activated expected regions and assess potential drug effects in these a priori defined regions, 

ROI analysis of the fMRI data was then conducted within the cognitive control network (i.e., 

the postcentral gyrus, praecuneus, angular gyrus, anterior and posterior divisions of the 

supramarginal gyrus, parietal operculum cortex, superior parietal lobule, superior and the 

middle frontal gyri). Lastly, whole-brain mapping was conducted to explore brain activations 

and drug-induced changes in brain activation. 
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In behavioural analysis, participants showed no difference between the drug and placebo visit. 

In neuroimaging analysis, significant task-related activation was found in the inferior parietal 

lobule, middle frontal gyrus and postcentral gyrus. In whole-brain mapping, the caudate was 

the centre of a cluster defined by a significant load-by-treatment interaction. 

The 5-HT7 antagonist, JNJ-18038683, could be a promising drug for modulating brain 

activation for working memory. However, there were some limitations, including small sample 

size and bias in participant selection (i.e., only analysed healthy controls’ data). Future studies 

should be conducted with a larger sample size and expand on the findings by including 

individuals with bipolar disorder. 
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4.1 Introduction 

4.1.1 Cognitive functions and 5-HT7 

In chapter 3, I explored whether the 5-HT7 antagonist, JNJ-18038683, could modulate 

emotional processing function with pop-faces fMRI paradigm. In this chapter, I focused 

on JNJ-18038683’s effects on cognitive function, specifically working memory, with 

the N-back fMRI paradigm. In the previous systematic review, we found cognitive 

improvement both in animal and human studies. The improvements were present in 

pharmacologically impaired and non-impaired animals using selective 5-HT7 

antagonists and compounds with 5-HT7 antagonist activity. In humans, the evidence 

was limited to non-selective compounds with 5-HT7 activity.  

Research has shown that individuals with bipolar disorder often have difficulties with 

their cognitive functions. These challenges can affect various aspects of cognition: 

between 9.6% and 51.9% of people with bipolar disorder may experience problems 

with working memory and attention, and 12% to 40% of them may have some level of 

cognitive impairment, which can affect areas such as verbal memory, working memory, 

and executive functions (Burdick et al., 2014; Solé et al., 2017). This impairment, 

however, may be improved by compounds with 5-HT7 affinities.  

In animal studies, several studies, showed that 5-HT7 compounds were associated with 

improved memory: a 5-HT7 antagonist, compound 25, showed improved performance 

on novel object recognition task, interpreted as episodic memory improvements 

(Canale et al., 2017); other 5-HT7 antagonists, namely compound 31 & compound 33, 

ameliorated phencyclidine-induced memory deficits in rats (Canale, Kurczab, Partyka, 

Satała, Słoczyńska, et al., 2016); the other weak 5-HT7 antagonist, compound 22, 
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significantly reversed MK-801-induced episodic memory deficits (Jankowska et al., 

2020). In a mouse model, 5-HT7 receptor knock-out mice have been used in various 

experiments to demonstrate the involvement of 5-HT7 receptors in regulating mood, 

memory processing, and cognition (Costa et al., 2012; Żmudzka et al., 2018).  

In human studies, people with major depressive disorder reported improved subjective 

and objective measures of cognitive functions in neuropsychological tests after 8 weeks 

vortioxetine (an antidepressant with 5-HT7 affinity) administration (McIntyre et al., 

2014). A study found vortioxetine appeared to have greater improvement in cognitive 

and physical functioning questionnaire (CPFQ) scores compared to placebo, but this 

difference did not reach the level of statistical significance. Despite this, such findings 

suggest that the potential benefits of such drugs should be further investigated 

(Mahableshwarkar et al., 2015). The human studies were consistent with the animal 

studies, providing a promising target outcome for pharmacological treatments. 

However, despite some indirect evidence to support 5-HT7 being associated cognitive 

modulation via drugs with 5-HT7 affinity (Okada et al., 2021; Westrich et al., 2015), 

there is a lack data with selective 5-HT7 modulation. The studies to date suggest 5-HT7 

antagonists could be candidates for improving bipolar disorder patients’ cognitive 

impairments. Thus, I investigated the effect of a selective 5-HT7 antagonist on working 

memory performance and task-related brain activity. 

Among the compounds with 5-HT7 affinity, JNJ-18038683 is a compound that acts as 

an antagonist of the 5-HT7 receptor (Bonaventure et al., 2012; Shelton et al., 2014). It 

was developed by Janssen Research & Development, LLC, and is now at the phase 2 

stage. In a study, administration of JNJ-18038683 was found to increase the latency of 
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rapid eye movement (REM) sleep in rats and reduce the amount of REM sleep; JNJ-

18038683 was also found to potentiate the effects of citalopram on REM sleep latency 

and REM sleep reduction in rats. In the same article, researchers also found JNJ-

18038683 improved people’s emotion (Bonaventure et al., 2012). 

 

In this chapter, I reported the results of a behavioural and neuroimaging investigation 

of the effects of a one-week course of 20mg daily of JNJ-18038683 on the N-back 

working memory task. 

4.1.2 Working memory and N-back paradigm 

Working memory is the ability to maintain and manipulate information in mind 

(Diamond, 2013). In order to achieve this, successful working memory can be 

considered a compound process that incorporates aspects of inhibitory and executive 

control; furthermore, manipulation, and utilisation, requiring the integration of multiple 

cognitive functions (Kane & Engle, 2002).  

The N-back task is a working memory test, which was first introduced by Wayne 

Kirchner (Kirchner, 1958). The task requires several cognition processes, including 

encoding the stimulus, storage of the stimulus, renewing the stimulus, inhibiting the 

non-presented stimulus, and abandoning non-presented stimulus from memory (Rac-

Lubashevsky & Kessler, 2016). After several decades of development, the usage of N-

back has expanded from use in cognitive assessment to brain measurement with 

(electroencephalogram) EEG (Cutillo and Gevins 1993) and fMRI (Owen et al. 2005) 

and also in cognitive training (Jaeggi et al., 2010; Lawlor-Savage & Goghari, 2016; 

Soveri et al., 2017). This task is widely used in evaluating working memory (Cremaschi 

et al., 2013; Jaeggi et al., 2010; Kane et al., 2007; Karlsgodt et al., 2011); it is also 
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intensively used in fMRI studies because combining the N-back task with fMRI helps 

researchers to examine the neural mechanisms of working memory and cognitive 

control (Yaple & Arsalidou, 2018; Yaple et al., 2019).  

The performance of the N-back task involves executive functioning, attention, verbal 

learning, and working memory (MacQueen et al., 2005; Thompson et al., 2007). 

Individuals with damage to the dorsolateral prefrontal cortex (DLPFC) have 

impairments in tasks using attention, memory, and reasoning (Barceló & Knight, 2002; 

Bidet-Caulet et al., 2015; Chao & Knight, 1998; Manes et al., 2002; Owen et al., 1990). 

Researchers have reported decreased neural activity in patients with DLPFC 

impairment during selective auditory attention, which can result in distractibility (Chao 

& Knight, 1998; Woods & Knight, 1986). Those with DLPFC damage have been found 

to struggle with higher-level cognitive tasks, including learning and task-switching, as 

evidenced by poor performance in tests such as the Wisconsin Card Sorting Task (a 

cognitive assessment of executive function and inhibition ability) (Barceló & Knight, 

2002).  

Neuroimaging studies show the DLPFC activates when healthy individuals perform 

complex decision-making tasks like the Tower of London (Unterrainer & Owen, 2006), 

This indicates the DLPFC’s role in higher cognitive functions such as decision-making  

(Manes et al., 2002; Owen et al., 1990). In addition to the DLPFC, frontal-parietal 

cortices, the left middle frontal gyrus, and left inferior frontal gyrus activate during the 

N-back task (Van Snellenberg et al., 2015; Wang et al., 2019). 

For the N-back task performance is typically measured using the accuracy (number of 

correct) and response speed (reaction time), although false positives can also be 

considered. In terms of reaction time some studies have shown that participants had 
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faster responding with better performance accuracy (G. Li et al., 2021) and they could 

also slow down their speed to maintain accuracy (Meule, 2017). Such performance 

measures, including accuracy and speed, are known to be correlated with task-related 

activation of some brain areas. In the early work, it was found that bilateral premotor 

or lateral prefrontal cortex was associated with performance on the N-back task (Cole 

et al., 2012; Nagel et al., 2011). Furthermore, recent studies have identified other brain 

areas associated with task performance, including the supplementary premotor area, 

bilateral frontal cortex, right anterior insula and dorsal anterior cingulate cortex (G. Li 

et al., 2021). From meta-analysis findings, cortical regions were activated robustly, 

including lateral premotor cortex, dorsal cingulate and medial premotor cortex, 

dorsolateral and ventrolateral prefrontal cortex, frontal poles, and medial and lateral 

posterior parietal cortex (Owen et al., 2005); another paper reported that bilateral 

middle frontal gyrus (BA 10), bilateral inferior parietal lobule (BA 40), bilateral 

precuneus (BA 7); left superior frontal gyrus (BA 6), left anterior insula (BA 13), 

bilateral thalamus were activated by N-back task (Wang et al., 2019). In addition, N-

back is sensitive in bipolar disorder, which is a target group for this study of 5-HT7 

(Cremaschi et al., 2013; Verdolini et al., 2023). Despite growing interest in the effects 

of 5-HT7 agonists and antagonists, the effects of JNJ-18038683 remain unclear. The 

effects of JNJ-18038683 on the neural correlates of cognitive function has not been 

investigated using fMRI. Thus, I planned to test if the 5-HT7 antagonist could modulate 

working memory with N-back task, and defined some regions that were activated by 

N-back (Owen et al., 2005; Wang et al., 2019) and overlap with high 5-HT7 (Hedlund 

& Sutcliffe, 2004) density as regions of interest (ROIs) in the following hypothesis. 
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4.1.3 Hypotheses 

o Hypothesis 1. The JNJ-18038683 will change behavioural performance during 

N-back working memory task, leading to variations in response accuracy. There 

was no prediction on the direction of effect in healthy volunteers. For reaction 

time would be reduced when task becomes difficult.  

o Hypothesis 2. In neuroimaging analysis, N-Back working memory-related 

Blood Oxygen Level Dependent (BOLD) responses in the core brain regions 

linked to working memory performance, see list below, will be modulated by 

JNJ-18038683 treatment in healthy controls during task performance. 

• Activation in the cognitive control network (CCN), including the 

postcentral gyrus, praecuneus, angular gyrus, anterior and posterior 

divisions of the supramarginal gyrus, parietal operculum cortex, 

superior parietal lobule, superior and middle frontal gyri, would be 

found (Macoveanu et al., 2021; Miskowiak & Petersen, 2019). 

• Activations in the amygdala, thalamus, and hippocampus: these areas 

were based on the density of 5-HT7 receptors (Hedlund & Sutcliffe, 

2004), which the CCN covered.  

o Hypothesis 3. There will be a significant correlation between changes in 

performance and changes in brain activities within the ROIs. 

4.2 Methods 

In chapter 3, fMRI analysis of findings from the pop-face paradigm were reported, I 

have introduced the participants, including inclusion and exclusion criteria, study 

design and study procedure. In the following, I will introduce the N-back working 

memory paradigm with brief descriptions of the essential information. 
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4.2.1 Participants 

The study was approved by the London Camberwell St Giles Research Ethics 

Committee (Reference Number: 18/LO/0762) and was conducted between August 

2018 and September 2022. We recruited 4 bipolar patients and 14 healthy controls aged 

between 18 to 60 years. Whilst the larger study aimed to compare the effects of this 

drug on bipolar patients and healthy controls, here I focused on analysing the healthy 

controls data due to the pandemic impact on recruitment and data quality. 

4.2.2 Study design and procedure 

This was a randomised, double-blind, placebo-controlled, cross-over design, 

pharmacological functional MRI (phfMRI) study, aiming to examine the neural and 

behavioural effects of one week’s dosing with the 5-HT7 antagonist, JNJ-18038683, 

and placebo. In this chapter, I focused on the N-back datasets. 

4.2.3 N-back fMRI tasks 

Each participant completed three fMRI tasks, including N-back (working memory task), 

vPal (visual-spatial memory task), and pop-faces (gender discrimination emotional 

faces task). This chapter will focus on the analysis of the neuroimaging data acquired 

during N-back working memory task. 

The N-back is a task, in which we tested participants’ working memory (Gevins & 

Cutillo, 1993) by asking them to identify if a specific letter has been previously 

presented within a series of letters. This study had four working memory load condition 

levels: 0-back, 1-back, 2-back, and 3-back; stimuli were presented in a pseudo-random 

order. Each block has a series of fourteen different letters, and the letters were presented 

in the middle of the screen for 1000ms, and then a blank screen for 1000ms.  
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When starting the block, instruction was provided to ensure the participants knew how 

to respond correctly during each task block. Participants used a two-button button box 

and held it in the right hand; they needed to press the left button when they saw a non-

target letter, and to press right if the presented letter stimulus was a target letter. The 

task is separated into blocks. During the 0-back condition, the target letter was simply 

the letter ‘X’. During 1-back trials, the target letter was one that repeated the letter 

immediately preceding it. In the 2-back condition a presented letter was a target if it 

matched the stimulus presented two stimuli earlier, and for the 3-back the stimulus was 

a target if it was the same letter as was presented three cues earlier. Consequently, 

increasing task load reflected and increased amount of information that was to be held 

and updated from trial to trial. The accuracy (number of correct, number of incorrect, 

and number of false positives), speed (reaction time), and brain activations were 

recorded. The task ran for a total of 456 seconds (7 minutes 46 seconds). 

 

Figure 4-1 Illustration of the N-back task 
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Illustration of the N-back task. Adapted from Yalin et al. (2021). 

4.2.4 Statistical analysis of behavioural performance 

Regarding the statistical analysis, the demographic and behavioural variables were 

analysed by using SPSS 28 (https://www.ibm.com/analytics/spss-statistics-software). I 

calculated the mean and standard deviation for demographic and clinical data and 

presented the data with table. For behavioural performance data, I plotted the accuracy 

and speed across four difficulty levels (0-back, 1-back, 2-back, 3-back). I also used 

two-way repeated-measures analysis of variance (rmANOVA) to test for differences 

between drug and placebo across different levels of difficulty in N-back task.  

4.2.5 fMRI acquisition and preprocessing 

In this study, MRI scans were acquired on 3 Tesla MR scanner (General Electric 

MR750) at the Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology 

& Neuroscience, King’s College London. The T1-weighted structural MRI scans were 

using a magnetisation-prepared rapid gradient echo sequence (Repetition Time (TR): 

7.31ms, Echo Time (TE): 3.02ms; flip angle (FA): 11°; martix size: 256 × 256mm2; 

FOV: 270mm; slice thickness: 1.2mm). 

T2*-weighted images were acquired by using gradient-echo planar imaging sequence 

(TR: 2000ms, TE: 30ms, FA: 75°, slice thickness: 3mm, FoV: 240mm, and matrix size: 

64 × 64mm2, slice gap: 3.3mm, 41 slices). The N-back task lasted for 456 seconds (228 

volumes were acquire). 

When conducting pre-processing, the Statistical Parametric Mapping Software 12 

(SPM12) (http://fil.ion.ucl.ac.uk/spm/), running in Matlab (R2018b), was used. I 

converted raw Digital Imaging and Communications in Medicine (DICOM) images to 
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Neuroimaging Informatics Technology Initiative (NIFTI) format. Secondly, the origins 

(coordinate [0 0 0]) of the functional timeseries and the structural scan were adjusted 

to lie on the anterior commissure, parallel to the AC-PC line. Thirdly, realignment of 

the functional timeseries was carried out to correct for volume-to-volume head 

displacement. The realigned fMRI data was then co-registered to bring it into alignment 

with the T1 weighted image. The deformation fields encoding the transformations 

required to take the data from native to standard Montreal Neurological Institute and 

Hospital coordinate system (i.e., MNI template space), were generated by unified 

segmentation of the T1 weighted structural image. These warping parameters were then 

applied to the functional timeseries that were previously registered to the T1 image. 

Lastly, the spatially normalised scans were smoothed with Gaussian smoothing kernels 

specified as 8 mm full-width-half-maximum height (FWHM) (Worsley, 2005). After 

these steps, the movement was visually inspected, and data containing movement over 

the run of greater than 1 voxel (~3.3mm) was considered unsuitable for analysis and 

discarded. Additionally, the volume-to-volume framewise displacement was calculated 

based on the movement parameters. Volumes with framewise displacements of more 

than 0.5mm were subsequently modelled during first-level fMRI analysis by means of 

separate scan-nulling regressors.  

4.2.6 First-level fMRI analysis 

In the first level fMRI analysis, the BOLD signal was modelled with 12 regressors in 

N-back, including 6 experimental factors (essential regressors) and 6 realignment 

parameters (nuisances regressors). 

Subject-specific parameter estimates were generated under a random-effects 

framework. Following model fitting, for the N-back task, generated the following beta-
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maps/parameter-estimate maps: instruction, 0-back, 1-back, 2-back, 3-back, false 

positives (no target but pressed the button) and misses (should have pressed the button 

but did not). The contrasts of parameter estimates were generated for all-back > 0-back, 

1-back > 0-back, 2-back > 0-back, 3-back > 0-back, 2-back > 1-back, 3-back > 1-back, 

and 3-back > 2-back. These contrasts were taken forward to the group-level analysis to 

permit population-level inference. 

All first-level models included regressors encoding the six realignment parameters 

(translations in the x, y, and z axes and rotation around those axes) and additional scan-

nulling regressors as nuisance variables. The remaining variables were set at the default 

values in SPM12, including 128s cut-off temporal high-pass filter, a 0.8 masking 

threshold, and temporal autocorrelation was modelled using a first-order autoregressive 

function (AR (1)). 

4.2.7 Second-level fMRI analysis 

For each participant, subject-specific contrasts of parameter estimates for each of the 

primary contrasts of interest were taken forward to group-level random effects analyses. 

The contrast of interest in the N-back was all-back (combined 0-back, 1-back, 2-back 

and 3-back) > 0-back (baseline). The contrast of interests in the N-back was all-back > 

0-back. Using all-back > 0-back could highlight brain activity that is specifically 

associated with the cognitive load of working memory with multiple trials. To identify 

task-related activation, we first carried out one-sample t-tests using the all-back > 0-

back contrasts. Here, I would like to see what brain regions show a generalised response 

to a working memory challenge compared to the low-level 0-back control condition. 
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To explore the effects of treatment on task activity, a paired sample t-test (placebo vs 

drug sessions) was carried out using the all-back > 0-back first-level contrasts as a 

model input.  

To examine drug and the working memory load-dependent brain activity, I 

implemented a repeated measures ANOVA (implemented with a Flexible Factorial 

model in SPM). Here I explored the main effect of task level (working memory load), 

the main effect of drug, and the load-by-drug interactions. 

For the hypothesis-led analysis of the N-Back, regions of interest (ROIs) were defined 

with cognitive control network (CCN) mask (Macoveanu et al., 2021; Miskowiak & 

Petersen, 2019). The CCN is closely related to executive function and includes working 

memory and cognitive control processes. The N-back task relies heavily on working 

memory and involves cognitive control to manage the updating and manipulation of 

information, the selection of ROIs within the cognitive control network is consistent 

with the theoretical framework in which these regions may be involved in the task. I 

constructed the mask on the MNI template using FSLeyes (part of the FMRIB’s 

Software Library (FSL)) (Smith et al., 2004). The following bilateral cortical structures 

were included, taken from the probabilistic Harvard-Oxford Cortical Structural Atlas: 

the postcentral gyrus, praecuneus, angular gyrus, anterior and posterior divisions of the 

supramarginal gyrus, parietal operculum cortex, superior parietal lobule, superior and 

the middle frontal gyri. All structures were added together to form the final mask. The 

mask was exported from FSL, and used for small volume correction in the second level 

analysis with SPM12.  
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For the exploratory whole-brain analysis, a result was considered significant if it 

survived whole-brain family-wise error (pFWE < .05) on the basis of cluster extent, 

using a cluster-forming threshold of p < .001. 

4.3 Results 

4.3.1 Demographic details 

Participants' mean age was 30.92 (SD = 10.05). The scores on the different rating scales 

in Table 4-1 are not in the ranges expected in patients. 

Table 4-1 Descriptive statistics of the scores of questionnaires and scales.  

Descriptive statistics of the scores of questionnaires and scales.  

 
Male (n = 6) Female (n = 7) Total 

Age (mean (SD)) 32.17 (13.21) 29.86 (7.30) 30.92 (10.05) 

ASRMS .83 (1.17) .86 (1.86) 0.85 (1.52) 

HAM-A 1.83 (3.13) .43 (.79) 1.08 (2.22) 

HAM-D 1.50 (2.35) .71 (.95) 1.08 (1.71) 

PDQ 9.60 (8.56) 9.57 (10.34) 11.67 (14.41) 

QIDS-C16 1.67 (2.25) 1.00 (1.67) 1.33 (1.92) 

YMRS .50 (1.00) .29 (.76) .36 (.81) 

ASRMS: Altman Self-Rating Mania Scale; HAM-A: Hamilton Anxiety Rating Scale; HAM-

D: Hamilton Depression Rating Scale; PDQ: Perceived Deficits Questionnaire; QIDS: Quick 

Inventory of Depression Symptomatology; YMRS: Young Mania Rating Scale. 
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4.3.2 N-back Behavioural performance results 

The analysis of behavioural performance, including accuracy (proportion of correct 

response in each level of difficulty) and speed (mean reaction time in responding each 

level of difficulties) showed the following results.  

A two-way repeated measures ANOVA was conducted to explore the effect of two 

interventions (drug and placebo) on the same participants’ performance, i.e., the 

proportion of correct trials, when conducting the N-back task, across four difficulties. 

The main effect of intervention was significant, F (1, 12) = 6.02, p = .03, partial eta 

squared = .33. The main effect of difficulty was significant F (3, 36) = 11.50, p < .001, 

partial eta squared = .49. The interaction between intervention and difficulty was not 

significant F (3, 36) = .26, p = .85, partial eta squared = .02. The results showed that no 

difference in accuracy between drug and placebo across four difficulties, as shown in 

Figure 4-2. 

Post-hoc comparisons using the t-test with Bonferroni correction indicated that the 

proportion of correct trials for drug (M = .78, SD = .05) was significantly different than 

the placebo (M = .87, SD = .02), which means participants had more correct responses 

in drug visit. In addition, the proportion of correct trials for 0-back (M = .88, SD = .04) 

and for 1-back (M = .90, SD = .03) were significantly different than the 3-back (M = .71, 

SD = .04); 1-back was significantly different than 2-back (M = .81, SD = .04). 
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Figure 4-2  Proportion of correct across four levels of difficulty on drug/placebo 

Proportion of correct across four levels of difficulty on drug/placebo for N-back task, 

suggesting there was difference in the effectiveness of the drug. 

A two-way repeated measures ANOVA was conducted to explore the effect of two 

interventions (drug and placebo) on the same participants’ performance, i.e., the 

reaction time, when conducting the N-back task, across four difficulties. The main 

effect of intervention was not significant, F (1, 12) = .04, p = .84, partial eta squared 

= .003. The main effect of emotion was significant F (3, 36) = 11.37, p < .001, partial 

eta squared = .49. The interaction between intervention and difficulty was not 

significant F (3, 36) = .06, p = .98, partial eta squared = .005. The results showed that 

no difference in speed between drug and placebo, as shown in Figure 4-3. 
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Post-hoc comparisons using the t-test with Bonferroni correction indicated that the 

reaction time for the 0-back (M = .53, SD = .02) was significantly different than the 2-

back (M = .60, SD = .03) and 3-back (M = .66, SD = .04), which means participants 

spent more time (slower) on 2-back and 3-back. 

 

Figure 4-3 Mean reaction time across four levels of difficulty on drug/placebo 

Mean reaction time (speed) across four levels of difficulty on drug/placebo for N-back task, 

suggesting no difference in the effectiveness of the drug. 

In the results of accuracy and speed, the difference did not reach statistical significance. 

The effect of the drug across four difficulty levels for improving cognitive function was 

not different from the placebo significantly.  
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4.3.3 fMRI results 

4.3.3.1 ROIs analysis 

In the ROIs analysis, I made one mask based on all the ROIs (i.e., Cognitive Control 

Network, CCN) with FSL and used it for small volume correction in the second-level 

analysis with SPM12. 

First, one-sample t-test for the contrast of all-back > 0-back (drug and placebo) was 

conducted, and the middle frontal gyrus was activated in drug visit. In paired t-test of 

all-back > 0-back, there was no significant difference between drug and placebo visits. 

In the repeated-measures ANOVA analysis, activities in the parietal lobe, middle 

frontal gyrus, medial frontal gyrus, postcentral gyrus were found for the main effect of 

task level, but no significant for the main effect of drug; paracentral lobule was 

modulated for the load-by-drug interactions. 

4.3.3.2 Whole brain exploratory analyses 

I first present the task related activation for all-back > 0-back from one-sample t-tests 

on drug and placebo. Next, I used paired t-test to see if there is an effect of drug to alter 

working memory. Third, I conducted a repeated measures ANOVA including the 

different levels of working memory load. Here the main effect of task level was clear 

with the middle frontal gyrus, parietal lobe, medial frontal gyrus, inferior frontal gyrus, 

inferior parietal lobule and cingulate gyrus showing effects. For the main effect of drug 

and for the load-by-drug interaction, the caudate was modulated. The details were 

shown in Table 4-2, and the activated area was shown in Figure 4-4. 

 

Table 4-2 Repeated-measures ANOVA main effect of task level. 
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Repeated-measures ANOVA main effect of task level: the medial frontal gyrus, postcentral 

gyrus, inferior parietal lobule, fusiform gyrus, cingulate gyrus, were modulated. 

Coordinates Cluster 

p(FWE-corr) 

Peak Z 

 

No. of above-

threshold voxels 

Brain label 

x y z     

44 30 32 *. 017 14.51 462 

middle frontal 

gyrus 

-30 6 56 **< .001 13.72 1228 

middle frontal 

gyrus 

-32 -52 42 * .001 13.38 946 parietal lobe 

26 10 50 * .004 13.35 664 

middle frontal 

gyrus 

-8 18 48 * .019 12.37 452 

medial frontal 

gyrus 

36  -46 36 ** .001 11.8 849 parietal lobe 

52 -14 56  .104 11.44 248 

postcentral 

gyrus 

-46 14 28 * .006 10.46 604 

inferior frontal 

gyrus 

50 -26 24 * .002 10.19 792 

inferior parietal 

lobule 

-4 -50 28 * .007 9.92 566 cingulate gyrus 

       

*p < .05 after family-wise error correction. 
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**p < .001 after family-wise error correction. 

 

Figure 4-4 Repeated-measures ANOVA main effect of task level.  

The activation in the middle frontal gyrus, inferior parietal lobule, postcentral gyrus, fusiform 

gyrus, cingulate gyrus, medial frontal gyrus for the main effect of task level. Results displayed 

using an uncorrected height threshold of p < .001 overlaid on the MNI152 template image 

provided with SPM. Numbers show the z coordinate of each transracial slice. 

In the repeated-measure ANOVA main effect of drug, using cluster-forming threshold 

of p < .001 (uncorrected), the caudate was modulated; for the main effect of drug the 

there was an increase in activity on drug in two clusters with peaks in the caudate 

nucleus. The details were shown in Table 4-3 and the activated area was shown in 

Figure 4-5. 

Table 4-3 Repeated-measures ANOVA main effect of drug.  

Repeated-measures ANOVA main effect of drug, the caudate was activated (note, the clusters 

clearly include the caudate, but the peaks are in white matter). 

Coordinates Cluster 

p(FWE-corr) 

Peak Z 

 

No. of above-

threshold voxels 

Brain label 
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x y z     

16 14 22 ** < .001 31.11 1310 caudate 

24 10 22  26.79   

34 -8 24  23.87   

-16 -4 24 * .046 21.45 401 caudate 

-18 -20 26     

-18 12 24     

*p < .05 after family-wise error correction. 

**p < .001 after family-wise error correction. 

 

Figure 4-5 Repeated-measures ANOVA main effect of drug 

The activation in the caudate for the main effect of drug. Results displayed using an 

uncorrected height threshold of p < .001 overlaid on the MNI152 template image provided 

with SPM. Numbers show the z coordinate of each transracial slice. 
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In the repeated-measures ANOVA there was a load-by-drug interaction, using cluster-

forming threshold of p < .001 (uncorrected) in a cluster overlapping the caudate nucleus. 

The details were shown as Table 4-6 and the activated area was shown in Figure 4-8. 

Table 4-4 Repeated-measures ANOVA load-by-treatment interaction. 

Repeated-measures ANOVA load-by-drug interaction: the caudate was activated (note, the 

clusters clearly include the caudate, but the peaks are in white matter). 

Coordinates Cluster 

p(FWE-corr) 

Peak Z 

 

No. of above-

threshold voxels 

Brain label 

x y z     

16 12 24 ** < .001 16.91 2160 caudate 

38 -4 24  12.99   

22 34 18  11.01   

-16 -4 24 * .002 9.6 742 caudate 

-46 22 20  9.04   

-20 -22 26  8.46   

*p < .05 after family-wise error correction. 

**p < .001 after family-wise error correction. 
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Figure 4-6 Repeated-measures ANOVA load-by-treatment interaction 

The activation in the caudate for the interaction between the task and drug. Results displayed 

using an uncorrected height threshold of p < .001 overlaid on the MNI152 template image 

provided with SPM. Numbers show the z coordinate of each transracial slice. 

 
4.4 Discussion 

In this study, I tested whether the 5-HT7 antagonist, JNJ-18038683, could change the 

behavioural performances or modulate brain activation, using the N-back working 

memory task. 

4.4.1 Behavioural performance 

Behaviourally, there were no significant differences in either accuracy or reaction time 

between taking one week of JNJ-18038683 or a placebo. In the analysis of the 

behavioural performance data, there was no significant difference between drug and 

placebo sessions, which indicated that the behavioural performances, including 

accuracy and speed, were not improved by JNJ-18038683. Generally, participants did 

worsen in 3-back, better in 2-back, and then 1-back and similarly 0-back. The mean 

reaction time increased linearly from 0-back to 3-back. This results accords to existing 

studies, in which have shown that when the levels of difficulty increases, the accuracy 

decreases (having less correct) and the reaction time increases (becoming slower) 

(Carlson et al., 1998; Jonides et al., 1997; Perlstein et al., 2003; Schmidt et al., 2009).  

4.4.2 Neuroimaging analysis 

In the neuroimaging analysis, the parietal lobe, middle frontal gyrus, medial frontal 

gyrus, postcentral gyrus, were activated in the ROIs. In the whole brain mapping, the 

middle frontal gyrus, parietal lobe, medial frontal gyrus, inferior frontal gyrus, inferior 

parietal lobule and cingulate gyrus, were modulated at the task level, indicating the task 
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was effective. The activity of the caudate was modulated by the drug, and also displayed 

a load-by-drug interaction, suggesting a mechanism by which JNJ-18038683 could 

modulate working memory system.  

4.4.2.1 ROIs analysis 

In the hypothesis, I predicted that the CCN would be activated in N-back working 

memory task (Macoveanu et al., 2021). Two analyses were conducted: one where the a 

priori defined ROIs were combined into a mask and only these areas were examined 

and another where the whole brain was included. Both analyses showed fronto-parietal 

regions activated by the task, similar to what was expected based on earlier meta-

analyses (Owen et al., 2005; Wang et al., 2019). The CCN, which including DLPFC 

and medial PFC (Miskowiak & Petersen, 2019) regions, were activated in N-back 

working memory task and this activation was modulated by JNJ-18038683. The 

DLPFC is a key functional structure strongly associated with higher cognitive functions 

like executive functions, working memory, and selective attention (Barbey et al., 2013; 

Curtis & D'Esposito, 2004). When conducting the N-back working memory task, 

participants need to engage several cognitive abilities that were associated with the 

DLPFC, including working memory to retain the target letters, attentional control to 

stay focused on the task, inhibition to avoid responding to non-targets, and executive 

functions to coordinate these processes. The DLPFC is a covered by the broader CCN, 

which encompasses the DLPFC and interconnected prefrontal regions. Activation of 

this network is critical for effective cognition. In this study, we found the CCN was 

engaged across multiple levels of task difficulty, aligning with previous evidence. 

These findings provide evidence that 5-HT7 antagonist can modulate activity in brain 

regions like the CCN, which cover DLPFC, that support higher-level cognition. Further 
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research is needed to better characterise the neurochemical drivers of the CCN and 

associated executive functions. 

4.4.2.2 Whole brain exploration 

In the whole brain mapping, the middle frontal gyrus, parietal lobe, medial frontal gyrus, 

postcentral gyrus, inferior frontal gyrus, inferior parietal gyrus, cingulate gyrus, were 

activated at the main effect of task level, indicating the task was effective. In addition, 

caudate were activated in repeated-measure ANOVA displayed a significant in main 

effect of drug and load-by-drug interaction.  

The CCN plays a role in executive functions including working memory, cognitive 

control, and also specific attentional processes like attentional disengagement (Aumont 

et al., 2019). Our study aligns with several studies that highlight the involvement of the 

caudate. The caudate is associated with working memory, alongside other regions 

within the basal ganglia and the prefrontal cortex (Levy et al., 1997; Postle & 

D'Esposito, 1999; Provost et al., 2010). The caudate activation observed suggests this 

brain region may have a role in both emotional and higher cognitive functions.  

The caudate is linked to executive functions, particularly those related to goal-directed 

actions and planning, learning, memory, reward, motivation, emotion (Driscoll et al., 

2023; Grahn et al., 2008). The caudate and frontal lobe are known as responsible for 

generating and monitoring strategies and interactions between decision making and 

performance monitoring within prefrontal cortex (Dahmani & Bohbot, 2015). 

Executive functions play an essential role when conducting N-back (MacQueen et al., 

2005; Thompson et al., 2007), suggesting the caudate could be influenced by the 

demands of N-back task. Even though the caudate region of the brain doesn't have a 

particularly high density of 5-HT7 receptors, JNJ-18038683 does have affinities for 5-
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HT1A and 5-HT6 receptors. These receptors are strongly linked to executive function 

(Baba et al., 2015; Lane et al., 2008). The importance of executive function in N-back 

and indicates that the effects of JNJ-18038683 on 5-HT1A and 5-HT6 receptors may 

have implications for cognitive functions that are closely linked to executive control. 

Additionally, cognitive modulation may be via attentional modulation (Gazzaley, 2011), 

which could be the reason why we see in the main effect of task and the load-by-drug 

interaction. The evidence showed attention affects working memory at multiple stages 

of processing, including cognitive load, task practice, perceptual training, and ageing. 

These showed the dynamic relationship between perception, attention and memory and 

support the findings of activations. 

For emotion, in the chapter 3, the fusiform gyrus activation was seen in main effect of 

task level, and the fusiform gyrus is associate with face perception and object 

recognition (Weiner & Zilles, 2016). For cognition, in this chapter, the CCN activation 

was seen, and the CCN is associated with high level cognitive functions (Macoveanu 

et al., 2021). Accumulating of these, which further supported the hypothesis of 5-HT7 

antagonist might be associated with both emotion and cognition (Abbas et al., 2009; 

Andressen et al., 2015; Canale, Kurczab, Partyka, Satała, Lenda, et al., 2016; Canale et 

al., 2017; Cates et al., 2013; Delcourte et al., 2017; Jankowska et al., 2020; Kennedy et 

al., 2016; Mahableshwarkar et al., 2014; McIntyre et al., 2013, 2014; Tomassini et al., 

2017), but the intricate relationship should be further investigated. 

Additionally, there was no improvement in behavioural performances, but some brain 

areas did be activated or modulated by JNJ-18038683. There are two possibilities that 

lead to these results. First, the healthy participants have no cognitive impairment, so 

they did not be benefit from the drug. Studies suggest that modulation of serotonergic 
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neurotransmission may influence performance and activation during the N-back task in 

healthy women (Jonassen et al., 2012). However, it has been observed that 

antidepressants do not significantly affect cognitive function in non-depressed 

individuals (Prado et al., 2018). Second, it is notable that there were no performance 

changes but there were brain activations in the ROIs analysis and whole brain mapping. 

However, evidence showed that the changes of neuroimaging measures could be 

identified earlier than mood changes (Harmer et al., 2009). 

Finally, in the whole-brain mapping, I found that there was an extensive white matter 

contribution to the cluster. It has been shown that neural activities are encoded in white 

matter circuits similarly to cortical responses (Ding et al., 2018). Recent studies have 

shown that BOLD signals can be reliably detected in white matter in the resting state 

and various task states (Courtemanche et al., 2018; Ding et al., 2018; Gawryluk et al., 

2014; Gore et al., 2019; M. Li et al., 2021; Li et al., 2019). Moreover, white matter 

signals are heterogeneous in nature and depend on local structural-vascular-functional 

associations (M. Li et al., 2021). Another study pointed out that functional connectivity 

(FC) can be detected in white matter using BOLD signals in fMRI, and the result 

showed that white matter FC is associated with structural connectivity (Huang et al., 

2023). To deal with this, Courtemanche and his colleague suggested that some 

optimisation factors, such as the hemodynamic response function (HRF) model, were 

essential to enhance the characterisation of white matter activity seen with fMRI 

(Courtemanche et al., 2018). Other researchers have also emphasised the importance of 

making significant changes to the current standard models for accurately characterising 

the HRFs for adapting the typical methods used to analyse functional imaging data (Li 

et al., 2019). 
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4.4.3 Limitations and future directions 

This is a randomised, placebo-controlled, cross-over, double-blinded drug 

administration study which could modulate brain activation, but there were some 

limitations in the study.  

1. A small sample size: in the analysis, we included 13 healthy control 

participants. In the initial recruitment, a total 14 participants healthy control 

participants were included. However, to ensure the data with good quality, I 

excluded one participant because the button out of work when the subject 

conducting the N-back task in visit 3 (i.e., the 1st neuroimaging visit). The 

exclusion of one participant due to technical issues resulted in a small sample 

size, which may have reduced the statistical power of the study. Potentially, 

with a small sample size, it may be difficult to detect significant effects or to 

generalise the findings to a larger population.  

In a previous study by Miskowiak and her colleague (Miskowiak et al., 2016) 

observed an effect size of Cohen's d = 0.7 for the right superior frontal gyrus 

during an N-back working memory task following erythropoietin treatment 

in people with bipolar disorder with cognitive impairment. Thus, to 

determine the required sample size for the current study to achieve adequate 

statistical power to detect a similar effect, an a priori power analysis was 

conducted using G*Power 3.1 (Faul et al., 2007). Specifically, a paired-

samples t-test was selected, with input parameters of d = 0.70, α = 0.05, 

power = 0.80, and a two-tailed hypothesis. The analysis indicated a required 

total sample size of n = 19 to detect an effect of this magnitude at the defined 

statistical significance and power criteria. The sample n =19 size should 
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provide sufficient statistical sensitivity to test the hypothesis regarding 

whether JNJ-18038683 can modulate brain activity. 

Post-hoc power analyses were conducted based on the effects observed in 

this study. For the comparison of reaction times between the drug and 

placebo, with a sample size of 13 participants per group, a two-tailed 

dependent t-test, and the effect size found in our sample (d = 0.7), α = 0.05, 

the achieved power was 0.64. We analysed 13 participants from a dataset 

with a total of 14 participants, and a larger sample size study should be 

considered in the future.  

2. Bias in participant selection: The study included only healthy controls, which 

may limit the generalisation of the findings to clinical populations (i.e., 

bipolar patients). In addition, the mean age of the healthy controls was young 

(M = 30.92, SD = 10.05), which may have introduced an age-related bias in 

the analysis. 

4.4.4 Conclusion 
 

In this chapter, I aimed to tested if one week’s design with a 5-HT7 antagonist, JNJ-

18038683, could improve participants’ behavioural performances or modulate their 

brain activations during the N-back verbal working memory task. In the behavioural 

performances, participants did not show significant improvement in accuracy and speed. 

In ROI analysis, the inferior parietal lobule, middle frontal gyrus, medial frontal gyrus, 

postcentral gyrus, were activated by task. The CCN and caudate are believed to 

contribute to working memory, and incorporate aspects of inhibitory and executive 

control; furthermore, the manipulation, and utilisation of information stored in working 
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memory requires the integration of multiple cognitive functions linked to these 

structures (Driscoll et al., 2023; Kane & Engle, 2002). 

The involvement of the serotonergic system in cognitive processes is well-established, 

and modulation of this system may affect cognitive function. Nonetheless, it’s 

important to note that the impact of antidepressants on cognitive function in individuals 

who are not experiencing depression may be minimal. Additionally, the use of 

serotonergic medications for managing bipolar disorder should be approached 

cautiously, as there is a risk of triggering manic episodes. Future studies should focus 

on the 5-HT7 antagonist in a large sample size with longitudinal data collection, but 

should be cautious regarding possibility of inducing mania with the serotonergic 

compounds. 
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Chapter 5 Neuroimaging brain age 

5.0 Abstract 

Human brains change in structure and function with age. Researchers have developed a 

programme brainageR to evaluate people’s biological age. Compared to chronological age, 

brain age provides a biological age of brain, which may detect brain atrophy and its functional 

deterioration. Here, we calculated people’s brain age and tested if the brain age of people with 

bipolar disorder is older than healthy controls. Also, we investigated if some cognitive 

functions, including IQ, attention, and memory, are associated with the gap between brain age 

and chronological age. 

The programme brainageR was used to calculate 147 participants’ brain ages from 4 data sets: 

a total of 147 participants’ brain age were evaluated. Linear regression was used to see if brain 

ages differed between BD and HC. T-tests were used to assess if there is a difference between 

the gap of brain age and scan age in people with bipolar disorders and healthy control (HC) 

groups. One-way ANOVA was used to evaluate if there is a difference between the gap of 

brain age and scan age in bipolar disorder patients (BD), bipolar disorder patients taking 

lithium (BDL), and HC groups. Linear regression was used with predictors including 

intelligence quotient (IQ), attention, and processing speed. 

Bipolar patients' brain age is older than healthy controls. The gap between brain age and scan 

age is larger for bipolar patients than for healthy controls, but there was no significant 

difference between the three groups (BD, BDL, HC). Cognitive functions, including IQ, 

processing speed, and short-term memory, were associated with the gap between brain age and 

chronological age. 
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Our findings showed a significant difference in the gap between brain age and chronological 

age between the BD and HC groups, which means individuals with bipolar disorder may have 

more brain atrophy than healthy people. The gap between brain age and chronological age is 

no difference between the three groups (BD, BDL, HC). Cognitive functions, including IQ, 

processing speed, and short-term memory, could predict brain age. Further studies can focus 

on identifying the brain age of specific areas or the relationship between brain age and cognitive 

functions. 
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5.1 Introduction 

5.1.1 Brain age as a new biomarker 

Bipolar disorder is a common, complex and challenging neuropsychiatric disorder. The 

condition affects men and women equally in bipolar 1 and there is a predominance of 

women in bipolar 2; it has a prevalence of approximately 1-4% (Loftus et al., 2020; 

Merikangas et al., 2011; Vieta et al., 2018). Episodes are associated not only with mood 

changes but also with changes in cognitive function; notably cognitive impairments and 

brain structure abnormalities are also found in people with bipolar disorder. 

Furthermore, 40-60% of bipolar disorder patients showed psychosocial difficulties 

even in euthymic status (Van Rheenen et al., 2020).  

As for cognitive function, a large body of evidence supports a strong association 

between ageing and both changes in function, and decrements in cognitive function, 

and brain structure (Binder et al., 2009; Dubois et al., 2021; Hoffman & Morcom, 2018; 

Peters, 2006). Executive function was associated with cortical thickness in the medial 

prefrontal cortex, lateral prefrontal and occipital regions in bipolar 2 patients (Abé et 

al., 2018). (Hoffman & Morcom, 2018). In recent years, meta-analyses, which combine 

collaborative data, have further clarified the evidence in support of structural brain 

changes associated with bipolar disorder. Researchers reported amygdala, 

hippocampus, and thalamus volumes (Hajek et al., 2012; Hibar et al., 2016) and cortical 

regions (Ganzola & Duchesne, 2017; Hajek et al., 2012) changed in this group of 

patients compared with healthy control subjects. Some studies also showed lower 

cortical thickness, subcortical volume and disrupted white matter integrity were 

associated with bipolar disorder, with body mass index (BMI), and with familial risk, 

which explained the differences between individuals (Abramovic et al., 2018; Ching et 
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al., 2022; Zhu et al., 2022). White matter and grey matter density or volume changes in 

people with bipolar disorder were found in some studies (Barysheva et al., 2013; Clark 

& Sahakian, 2008; Lyoo et al., 2004; Masuda et al., 2020; Xu et al., 2020). To be 

specific, loss of grey matter in the left pars opercularis, left fusiform gyrus, left rostral 

middle frontal cortex, and the hippocampus, has been observed as well (Cao et al., 2016; 

Hibar et al., 2016; Vieta et al., 2018). In a meta-analysis, individuals with bipolar 

disorders have faster enlargement of ventricular volumes and slower thinning of the 

fusiform and parahippocampal cortex (Abé et al., 2022). In a meta-analysis, it has been 

shown that psychiatric disorders and neurological diseases are associated with earlier 

brain ageing (Wrigglesworth et al., 2021). Studies demonstrated that older people 

showed less activation in the typical left-hemisphere semantic network, and more 

activation in right frontal and parietal regions.  

Individuals with bipolar disorder are also recognised to have an increased risk of 

developing dementia (Diniz et al., 2017; Kessing et al., 2008). Lithium, however, has 

neuroprotective effects (Diniz et al., 2013; Puglisi-Allegra et al., 2021; Won & Kim, 

2017), which could be a promising treatment for neurodegenerative disorders, 

including Alzheimer's disease and related neurodegenerative disorders, and 

schizophrenia (Forlenza et al., 2014; Puglisi-Allegra et al., 2021; Ryskalin et al., 2018). 

Since lithium may reduce the risk of Alzheimer's disease in elderly patients with bipolar 

disorder (Kessing et al., 2008), prescribing long-term lithium treatment may reduce the 

risk of dementia, and also preserve the hippocampus volume (Hajek et al., 2019; 

Haukvik et al., 2022; Hibar et al., 2018; Nunes et al., 2007). Lithium currently is still a 

recommended first-line prescription for treatment and maintenance of bipolar disorder 

(Fountoulakis et al., 2022). Following the development of machine learning methods 

for neuroimaging analyses, a novel index of brain age has been developed. It has been 
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proposed that the gap between biological age, here indexed with brain age, and 

chronological age, may be an informative marker of alterations in brain structure and 

function in psychiatric disorders (Gaser et al., 2013; Löwe et al., 2016; Varikuti et al., 

2018). Changes in brain structure and functions with age are established with changes 

in overall volume, cortical thickness, subcortical volumes, and in the white matter (Raz 

et al., 2010; Salat et al., 2005; Storsve et al., 2014). Using the programme ‘brainageR’ 

or BrainAGE to evaluate the brain biological age, the brain may be classified as having 

more ageing or less ageing (James H. Cole, Tiina Annus, et al., 2017; Cole & Franke, 

2017; Cole et al., 2015; James H. Cole, Jonathan Underwood, et al., 2017; Franke et al., 

2013; Franke et al., 2018; Gaser et al., 2013; Koutsouleris et al., 2014; Nenadić et al., 

2017; Pardoe et al., 2017).  

In terms of brain age calculation, we highlight two influential software packages here. 

In Germany, Franke et al used individual structural images and a machine learning 

system to develop Brain Age Gap Estimation (BrainAGE), in which T1-weighted MRI 

scans of 650  health subjects (aged 19-86 years) were utilised (Franke & Gaser, 2019; 

Franke et al., 2010). In the UK, Cole and colleagues used 3377 healthy  participants’ 

T1-weighted MRI scans from seven open datasets (mean age = 40.6 years, SD = 21.4, 

aged 18-92 years) and a machine learning model to develop the package brainageR (J. 

H. Cole et al., 2017; Cole et al., 2018). Using neuroimaging, a model has been 

developed to predict brain age from machine-learning algorithms. This artificial 

intelligence technique and statistical analysis have been used to analyse the structure or 

the functions of neuroimaging data (Cole & Franke, 2017), and to obtain the baseline 

of healthy people’s brain age (Dosenbach et al., 2010; Franke et al., 2010) from brain 

scans.  
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5.1.2 Brain age and brain disorders 

The concept of brain age has been developed as a biomarker with advanced software 

and some further details, such as the predicted whole-brain age, the anatomical images 

of grey matter (GM) and white matter (WM). Many psychiatric disorders have been 

investigated by means of this biomarker, including Alzheimer’s disease (AD) (which 

can start off as mild cognitive impairment), psychosis (e.g., schizophrenia), mood 

disorders (e.g., bipolar disorder, major depressive disorder), personality disorders (e.g., 

borderline personality disorder), and alcohol dependence disorder (Franke et al., 2013; 

Franke et al., 2010; Guggenmos et al., 2017; Löwe et al., 2016; Nenadić et al., 2017). 

Brain age might predict individual deterioration from mild cognitive impairment to 

AD, a common form of dementia. A positive brain age gap indicates accelerated 

atrophy, and the brain age gap of people with AD is between 5.8 and 10 years older 

than healthy control (Franke et al., 2013; Franke et al., 2010; Gaser et al., 2013; Li et 

al., 2017; Löwe et al., 2016; Varikuti et al., 2018).  

Currently, for progression to AD, the maximum sensitivity range is around from 70% 

to 90%, but the specificity range is around 40% to 70% (Beach et al., 2012; Syaifullah 

et al., 2020). Some researchers defined clinical utility as greater than 80% (Duara et al., 

2008; McKeith et al., 2007). Finding a new approach to detect early signs is essential 

work at this stage.  

As noted above, researchers have gained insight into how psychiatric disorders, brain 

abnormalities, and cognitive impairments, are strongly associated with each other (Abé 

et al., 2022; Ching et al., 2022; Douglas et al., 2018; Haukvik et al., 2022; Solé et al., 

2017; Van Rheenen et al., 2020; Xu et al., 2020). When focusing on brain abnormalities, 

a study focusing on four disorders showed that people with schizophrenia have a greater 
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gap between brain age and chronological age than healthy controls (5.5 years older) 

(Koutsouleris et al., 2014). In the same study, the gap for patients with major depressive 

disorder (MDD) was 4.0 years older, and the gap for those with borderline personality 

disorder (BPD) was 3.1 years older. It was also found that early onset of MDD and 

BPD have more significant brain atrophy (Koutsouleris et al., 2014). In the case of 

schizophrenia, the brain age gap was between 2.6 and 5.5 years older, as shown in Table 

5-1 (Koutsouleris et al., 2014; Nenadić et al., 2017; Schnack et al., 2016). These results 

have shown that brain age could become a sensitive biomarker to detect early signs of 

psychiatric disorders, which could potentially be useful in predicting progression.  

While most diagnoses discussed thus far have an older brain age gap, a study by 

Nenadić et al. suggested there was no significant difference between individuals with 

bipolar disorder and healthy controls. The study included schizophrenia, bipolar 

disorder, and healthy control groups, and showed that the brains of those in the 

schizophrenia group appeared, on average, to be 2.56 years older than their biological 

age, but the bipolar disorder group’s brains appeared to be approximately 1.25 years 

younger than their actual age, whilst the heathy control’s brains were suggested to be 

0.22 years younger based on the estimated BrainAGE score. It found that the difference 

between bipolar disorder group and healthy controls group did not reach statistical 

significance. Since there is only one study showing this, further research should aim for 

replication. Even though biomarkers of brain age have been used in some clinical 

research such as the above, it is not clear how to apply it to practical fields. In addition, 

lithium was proven to have neuroprotective effects (Diniz et al., 2013; Puglisi-Allegra 

et al., 2021; Won & Kim, 2017) but researchers have not yet examined if the effects 

could be evaluated by brain age, or the relationship between either brain age and lithium 
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or brain age and cognitive function. Therefore, these are essential questions we tried to 

answer in this chapter. 

Table 5-1 Brain diseases and gap of brain age.  

Brain diseases and gap of brain age.  

Brain Diseases &  

Psychiatric Disorders 

Difference between chronological and neuroimaging 

marker brain age (years)  

Cognitive impairment 

 Alzheimer disease (Franke et al., 

2010) 

AD=102 

HC=232 

10 years older 

p < .001 

  (Löwe et al., 

2016) 

sMCI=36 

pMCI=112 

AD=150 

0.88 years younger to 0.09 

years older 

5.83 to 5.54 years older 

5.76 to 6.20 years older 

p < .001 

(Li et al., 2017) AD=411 

 

 

MCI=411 

 

 

HC=411 

AD 5.1 years younger to 

7.0 years older 

p = .03, .03 

MCI 3.9 years younger 

to .07 years older    

p = .03, .07  
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(Varikuti et al., 

2018) 

MCI=64 

AD=163 

HC=244   

MCI=5.4 to 6.2 older 

AD=8.5 to 10.7 years 

older 

p value: n/a 

 Mild cognitive 

impairment 

(Gaser et al., 

2013) 

pMCI_early=

58 

 

pMCI_late=75 

 

sMCI = 62 

pMCI_early 8.73 years 

older 

pMCI_late 5.62 years 

older 

sMCI 0.75 

p < .001 

  (Löwe et al., 

2016) 

sMCI=36 

pMCI=112 

sMCI 0.9 years younger  

pMCI 5.8 years older  

p < .001 

(Varikuti et al., 

2018) 

MCI=64 

AD=163  

HC=244 

MCI 5.4 to 6.2 older 

AD 8.5 to 10.7 years older 

p value: n/a 

Psychosis 

 High psychosis risk (Koutsouleris et 

al., 2014) 

SZ= 141 

MDD=104 

BPD=57 

ARMS= 89 

SZ 5.5 years older 

MDD 4.0 years older 

BPD 3.1 years older 

ARMS 1.7 years older 

p < .001 
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 Psychosis (Kolenic et al., 

2018) 

SZ=120 

HC=114 

2.64 years older 

p < .001 

 schizophrenia (Koutsouleris et 

al., 2014) 

SZ=141 

MDD=104 

BPD=57 

ARMS=89 

5.5 years older 

p < .001 

Between-group 

differences were found in  

SZ vs BPD (p < .007)  

SZ vs ARMS (p < .001)  

MD vs ARMS (p < .005). 

  (Schnack et al., 

2016) 

SZ=192 

 

3.48 years older 

p < .001 

(Nenadić et al., 

2017) 

SZ=45 

HC=70 

BD=22 

2.6 years older 

Mood disorders 

 bipolar disorder (Nenadić et al., 

2017) 

SZ=45 

HC=70 

BD=22 

HC vs BD  

p = .34 

 

 major depressive 

disorder 

(Koutsouleris et 

al., 2014) 

SZ=141 

MDD=104 

BPD=57 

ARMS=89 

4.0 years older 

p < .001 
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Personality disorders 

 borderline personality 

disorder 

(Koutsouleris et 

al., 2014) 

SZ=141 

MDD=104 

BPD=57 

ARMS=89 

3.1 years older 

p < .001 

 

Others 

 alcohol dependence 

disorder 

(Guggenmos et 

al., 2017) 

HC=97 

ADD=119 

4.0 years older 

p < .001 

AD: Alzheimer’s disorder; sMCI: BD: bipolar disorder; sMCI: stable mind cognitive 

impairment; pMCI: progressive mild cognitive impairment; HC: healthy controls; SZ: 

schizophrenia; MDD: major depressive disorder; BPD: bordenline personality disorder; ARMS: 

at-risk mental states for psycholsis; ADE: Alcohol dependence disorder. 

5.1.3 Knowledge gap and research questions 

We aimed advance the bipolar disorders related studies by brain age analysis and apply the 

outcomes to practical fields. Even if we might not achieve this goal at this stage, we still 

could gain more knowledge in this study area, especially in using the brain age predictive 

skills to improve peoples’ health (Cole & Franke, 2017). Since researchers found that 

individuals with bipolar disorder have brain abnormalities, cognitive impairment problems, 

and a potentially increased risk of dementia, identifying brain age may detect early signs 

of these disorders (Abé et al., 2022; Ching et al., 2022; Douglas et al., 2018; Haukvik et al., 

2022; Solé et al., 2017; Van Rheenen et al., 2020; Xu et al., 2020). Several papers claim 

that brain age is closely related to neuropsychiatric disorders, but uncertainties remain 

concerning bipolar disorder in current studies. Here, we tried to answer three essential 
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questions regarding brain structural atrophy and functional impairment in people with 

bipolar disorders. Thus, the questions are: 

o Is there a significant difference between bipolar disorder and healthy controls 

in terms of the degree to which their estimated brain age is lower or higher (i.e., 

apparently different brain age) than their chronological age?  

o Is exposure to lithium associated with a younger estimated brain age, likely 

related to reduced brain atrophy-related processes normally seen with ageing?  

o What kinds of cognitive functions are associated with the differences between 

estimated brain age and the brain’s chronological age? 

 

Based on prior research (Nenadić et al., 2017), our first research question attempted to 

replicate the finding that people with bipolar disorders have an estimated brain age 

similar to healthy controls (i.e., their brain age appears to be no difference between 

individuals with bipolar disorder and healthy controls). The second aim was to compare 

bipolar patients who take lithium as long-term treatment (BDL) for brain age compared 

with bipolar disorder lithium naïve (BD) and healthy controls (HC). The third aim was 

to explore which types of cognitive functions are associated with brain age estimates, 

or more specifically the disparity between estimated and actual brain age. A link 

between brain abnormalities and cognitive dysfunctions is commonly observed in 

people with bipolar disorder (Abé et al., 2022; Ching et al., 2022; Douglas et al., 2018; 

Haukvik et al., 2022; Solé et al., 2017; Van Rheenen et al., 2020; Xu et al., 2020), but 

these studies typically use mass-univariate analyses and voxel-wise measures rather 

than a global metric like brain age, to which the same abnormalities likely contribute.   
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5.2 Method 

5.2.1 Study design 

This study analyses four data sets: from the Translational Validation of 5-HT7 

Antagonists as a treatment for cognitive impairment in bipolar disorder, a proof of 

principle neuroimaging study (SIMBA); the Cognitive Remediation in Bipolar (CRiB) 

study (Strawbridge et al., 2016; Strawbridge et al., 2020); the Biomedical Research 

Centre Functional Magnetic Resonance Spectroscopy (BRCFMRS) (Jelen et al., 2022); 

and the Bipolar Lithium Imaging and Spectroscopy Study (BLISS) (Necus et al., 2019). 

The study proposal was reviewed and approved by the London Camberwell St Giles 

Research Ethics Committee (Reference Number: 18/LO/0762), the City Road & 

Hampstead NHS Research Ethics Committee (reference 15/LO/1557) and the North 

East - Newcastle and North Tyneside 1 National Research Ethics Service Committee 

respectively.  

5.2.2 Study participants 

Participants were enrolled from SIMBA, CRiB and BRCFMRS projects at the 

Department of Psychological Medicine, King’s College London, and BLISS project 

from the Newcastle Magnetic Resonance Centre, Newcastle University.  

The SIMBA project included 1 outpatient with a DSM-5 diagnosis of bipolar disorder 

(BD) patients and 14 healthy subjects that were recruited from the community via 

online advertisements and through mental health organisations. All participants were 

aged between 18 and 60 years. Mini International Neuropsychiatric Interview (M.I.N.I.) 

6.0 (Sheehan et al., 1998) was used to confirm mood states. At the time of scanning, 

participants’ mood and anxiety states were defined as ≤ 8 on the Hamilton Rating Scale 

for Depression (HAM-D) (Hamilton, 1960) and Young Mania Rating Scale (YMRS) 

(Young et al., 1978). People with serious medical or neurological conditions, a history 
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of major psychiatric disorder, such as autism or attention deficit-hyperactivity disorder 

were excluded.  

The CRiB project included 26 outpatients (a subgroup of the main study who underwent 

neuroimaging) with a DSM-5 diagnosis of BD recruited from the community and 

primary/secondary care services. All participants were fluent in English and aged 

between 18 and 65 years. M.I.N.I. was used to confirm the BD subtype. Participants 

had been free of acute mood symptoms for ≥ 1 month prior to inclusion, with euthymia 

defined as scoring ≤ 7 on the HAM-D and YMRS and were screened over the 1-month 

period. Participants with a neurological disorder, personality disorder diagnosis, abuse 

or dependence on alcohol or illicit substances over the past six months were excluded.  

The BLISS project enrolled 68 patients with a DSM-5 diagnosis of bipolar disorder and 

25 healthy subjects recruited from North East primary and secondary care settings and 

established research volunteer databases. All participants were aged 18-65. The patients 

with BD were specifically recruited as two groups: those taking lithium as a long-term 

treatment (Bipolar Disorder Lithium, BDL n = 41) and those taking other maintenance 

treatments but naïve to lithium (Bipolar Disorder Control, BD n = 27). The healthy 

control subjects (HC) had no history of psychiatric illness and were not taking any 

psychotropic medications. Subjects attended a screening visit to confirm eligibility and 

underwent a structured clinical interview using the Net Structured Clinical Interview 

Version for DSM (NetSCID) diagnostic tool. Interviews and observer ratings of mood 

were conducted by a trained clinical research assistant and discussed with a senior 

psychiatrist, and subjects returned subjective mood rating scales (BDI and ASRM). All 

participants were deemed to be euthymic at enrolment, defined as < 7 on both the 

HAM-D and the YMRS. 
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The BRCFMRS project recruited participants right-handed and aged between 22 and 

57 years. M.I.N.I. was used to confirm the diagnosis. Fifteen bipolar 2 participants from 

the Improving Access to Psychological Therapies services. Fourteen healthy controls 

were recruited from local and online advertisements, and all were medication naïve.  

5.2.3. Data analysis 

5.2.3.1 MRI acquisition  

In SIMBA, CRiB and BRCFMRS projects, high-resolution T1-weighted structural 

MRI scans were acquired on a MR750 3.0T MR scanner using a magnetisation-

prepared rapid gradient echo sequence (TR: 7.31ms, TE: 3.02ms; flip angle: 11°; martix: 

256 × 256mm2; FOV: 270mm; slice thickness: 1.2mm).  

In BLISS, a 3D T1-weighted image of brain anatomy was acquired using Philips 8-

channel SENSE head coil with a 1H gradient echo sequence (TR: 9.6ms, TE: 4.6ms, 

FOV: 240 x 240 x 180mm3, acquisition matrix: 240 × 208 × 180mm3 with acquisition 

voxel size: 1 x 1.15 x 1, reconstructed into a matrix size of 256 × 256 × 180mm3 on 

average).  

5.2.3.2 Software for evaluating brain age 

BrainageR can be used to calculate a person’s brain age (Cole et al., 2015) using T1-

weighted scans combined with a database evaluated with machine learning (Cole et al., 

2015). The brainageR was developed with a four-step procedure, including acquisition 

parameters, image preprocessing, machine learning prediction of age, and model 

validation. The updated 2.1 version was trained on 3377 healthy individuals (mean age 

= 40.6 years, SD = 21.4, age range 18-92 years) from seven publicly available datasets 

and tested on n = 857 (mean age = 40.1 years, SD = 21.8, age range 18-90 years) (Cole 
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et al., 2018). The brain age of all subjects in the four datasets were calculated using 

brainageR version 2.1. 

5.2.3.3 Statistical Analysis 

All analyses were conducted using SPSS (version 28; IBM, New York).   

Based on our research questions, the first aim is to investigate, using all datasets, if 

people with bipolar disorders have younger estimated than chronological brain age. We 

also calculated the gap between brain age and chronological age. To calculate the gap, 

we used brain age minus chronological age; therefore, the positive age gap means more 

brain maturity or atrophy, and vice versa. In addition, while the bipolar disorder 

participants were chronologically older on average than the HC group, the statistical 

significance of this difference was formally tested in a two-tailed t-test. Second, to 

investigate if there are differences in the gap of brain age and chronological age 

between people with bipolar disorder taking lithium (BDL), bipolar disorder lithium-

naïve (non-lithium) (BD), and healthy controls (HC) groups, a one-way ANOVA was 

used. Thirdly, to explore which types of cognitive functions were significantly related 

to the disparity between estimated brain age and chronological brain age, a linear 

regression was used. Significance was defined at p < .05. 

5.2.3.4 Analysis methods for each study 

 To reach the three aims, the analysis methods were designed as follows. 

o To see if people with bipolar disorders have younger brain age than healthy controls, 

linear regression was used between HC and BD. The age at scan (chronological age) 

was controlled.  

o To see if there are differences between the three groups (HC, BD, and BDL) in the 

gap between brain age and chronological age, one-way ANOVA was used. When 

it comes to two groups (HC and BD), a t-test (p < .05, two-tailed) was used. 
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o To see the association between the gap of brain age, chronological age , and 

cognitive function, regression was used with predictors including intelligence 

quotient (IQ), processing speed (PS, tested with Trial Making Test, TMT), and 

short-term memory (STM, tested with Verbal Fluency Test, VFT).  

5.3 Result 

Table 5-2 Description of studies. 

Description of studies. 

 BLISS  
N=79 

KCL  
N=74 

 
 

 
 

Demographic  
Details  

N 
Age  
Gender (F/M)  

N 
Age  
Gender (F/M)  

 
Brain age 
 

 
Age gap  

HC 23 
49.39 (10.85)  
10/13 

29  
32.31(10.30)  
16/13  

 
37.86 (12.70) 
 

 
-1.62 (6.64) 

BD 26 
41.12 (11.99)  
19/7 

45 
39.18 (11.84)  
28/17  

 
40.49 (15.03) 
 

 
.60 (6.65) 

BDL 30 
49.63 (11.51) 
18/12  

-  
-  
-  

 
51.71 (12.87) 
 

 
2.08 (7.28) 

BD: Bipolar Disorder; BDL: Bipolar Disorder taking Lithium; HC: Healthy Controls; Age gap: 

the gap between brain age and chronological age. 

 

For hypothesis 1, to test the difference in brain-age between BP groups and HC, we 

conducted a linear regression with all the data sets. After accounting age of the scan, 

no significant group difference between BD and HC was observed. The results of the 

regression indicated that the model explained 72.6% of the variance in brain-age, F (2, 

76) = 100.68, p < .001. It too showed bipolar patients' estimated brain ages do not 

significantly differ from those of healthy controls. 
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Table 5-3 Difference in brain age between BD and HC. 

Difference in brain age between BD and HC (reference group). 

Dependent variable:  

Brain age Coefficients 

Standardised 

Coefficients 95% CI LB 95% CI UB 

(Constant) 1.95   -5.15 9.05 

Age at scan ** .936 .86 .81 1.07 

Bipolar Disorder 3.40 .12 -0.6 6.8 

* p < 0.05; ** p < 0.001  

95% confidence intervals (CI) upper (UB) and lower (LB) bounds  

We conducted an independent-sample t-test to compare this gap between BD and HC 

groups using all data sets. The group difference in scores for BD (M = 2.42, SD = 0.92) 

and HC (M = -1.21, SD = 7.02); t (77) = -2.12, p =. 037 groups was significant, which 

showed the gap between estimated brain age and age at scan (chronological age) is 

larger for bipolar patients than for healthy controls. 

To determine whether lithium was associated with a larger disparity between estimated 

and chronological brain age, specifically reflective of slower aging, we used one-way 

ANOVA to compare the age gap between brain age and chronological age for the BD, 

BDL, and HC groups using the BLISS data set. There was no significant difference at 

the p < .05 level in age gaps for the three age groups: F (2, 76) = 2.3, p = .12. post-hoc 

comparisons using the Tukey HSD test indicated that the mean score for HC (M = -

1.21, SD = 7.02) was not significantly different from BD (M = 2.82, SD = 6.53) and 

BDL (M = 2.07, SD = 7.28). The result showed no significant difference between the 

three groups. 
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Testing of hypothesis 3, the relationship between brain age disparity and cognitive 

function assessments, was restricted to the participants drawn from the BLISS data set. 

We used to explore the relationships between the gap between estimated brain age and 

chronological age, and the following parameters: year of education, IQ, working 

memory (VFT), and processing speed (TMT). The result indicated a significant positive 

relationship between working memory (r = - .24, n = 76, p < .05). The results indicated 

that the larger the gap between brain age and chronological age showed poorer working 

memory. To investigate the relationship between the age gap and cognitive functions, 

we used a regression model to explore further details with the BLISS dataset. In BLISS 

dataset, the sample size is 79, mean education years (n = 69) is 14.94 (SD = 3.64), Full-

scale IQ (n = 74) is 109.85 (SD = 7.95), Processing speed (TMT score) (n = 76) is 30.16 

(SD = 11.93), and Short-term memory (VFT score) (n = 76) is 22.49 (SD = 6.09). 

 

Table 5-4 Pearson’s r correlation of cognitive functions in BLISS. 

Pearson’s r correlation of cognitive functions in BLISS. 

Correlations age gap 

education 

(year) 

Full scale 

IQ 

Short term 

memory 

(VFT) 

Processing 

speed 

(TMT) 

age gap Correlation 1 0.020 0.194 -.239* 0.222 

Sig    0.867 0.098 0.037 0.054 

N 79 69 74 76 76 

education 

(year) 

Correlation 0.020 1 .551** .270* -0.225 

Sig 0.867   0.000 0.027 0.068 

N 69 69 65 67 67 

Correlation 0.194 .551** 1 .238* -0.140 
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Full scale 

IQ 

Sig 0.098 0.000   0.043 0.237 

N 74 65 74 73 73 

Short term 

memory 

(VFT) 

Correlation -.239* .270* .238* 1 -.300** 

Sig 0.037 0.027 0.043   0.008 

N 76 67 73 76 76 

Processing 

speed 

(TMT) 

Correlation 0.222 -0.225 -0.140 -.300** 1 

Sig 0.054 0.068 0.237 0.008   

N 76 67 73 76 76 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

The regression model explained 26.1% of the variance, F (5, 58) = 4.104, p < .05. It 

showed that larger gap between brain age and chronological age was strongly 

associated with younger chronological age (beta = .36, p < .05). This would be logical 

because people with younger chronological age leads larger age gap when calculating 

scan age (chronological age) minus brain age; when one year age gap increased, .216 

younger scan age was detected. After accounting for it, we also found that some 

cognitive functions, including IQ, processing speed, and short-term memory could 

predict brain age. Higher full-scale IQ was associated with larger brain age gap (beta 

= .39, p < .05); slower processing speed was associated with older brain age (beta = .26, 

p < .05); but poorer short-term memory is associated with older brain age (beta = -.30, 

p < .05). Compared to chronological age, the associations between age gap and the 

cognitive function variables are relatively weak. 

 

Table 5-5 The relationships between age gap and cognitive functions. 
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The relationships between gap between brain age and chronological age and cognitive 

functions. 

Dependent variable:   

age gap Coefficients  

Standardised 

coefficients  95% CI LB  95% CI UB  

Constant  -24.43   -50.08 1.21 

BD 2.71 .19 -1.62 7.04 

BDL 3.17 .20 -1.00 7.33 

Age at scan *  -.19 -.31 -.35 -.02 

Education (years)  -.22 -.11 -.83 .39 

Full scale IQ *  .35 .37 .08 .61 

Processing speed (TMT) *  .15 .25 .01 .30 

Short-term memory (VFT) *  -.30 -.26 -.57 -.02 

* p < 0.05; ** p < 0.001  

95% confidence intervals (CI) upper (UB) and lower (LB) bounds. TMT: Trail Making Test. 

VFT: Verbal Fluency (Animal Naming) Test. 

5.4 Discussion 

The results in the present study show that, over all datasets, there is a significant 

difference between the two main groups (BD and HC) in the disparity between age gap 

between brain age and chronological age (BD and HC). Within the BLISS data we 

found no evidence to support suggestions that lithium protects against ageing-related 

atrophic processes. Finally, estimated brain age was significantly associated with 

several measures linked to cognitive functioning, including IQ, processing speed, and 

short-term memory. 
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The absence of significant differences between the BD and HC groups in our study 

contrasts with prior findings (Hajek et al., 2019; Nenadić et al., 2017), where no 

statistical difference was shown between the two groups. However, our study revealed 

that individuals with bipolar disorder appear to exhibit signs of higher brain age 

compared to the HC, potentially indicating accelerated age-related atrophic processes. 

This observation aligns with previous research indicating alterations in white matter 

and grey matter density or volume in individuals with BD, as noted in studies 

(Barysheva et al., 2013; Clark & Sahakian, 2008; Lyoo et al., 2004; Masuda et al., 2020; 

Xu et al., 2020). The brainageR programme, which assesses grey matter volume, 

produced results that are consistent with studies pointing to brain abnormalities, 

specifically loss of grey matter, in individuals with bipolar disorder. The contradictory 

findings of these two studies may be for the reason that differences in the data 

contributing to the training of the models used by the two programmes (i.e., BrainAGE 

and brainageR).  

The absence of evidence to support suggestions that lithium slows disease-related 

atrophy is surprising. However, it should be noted that the BLISS dataset, with a total 

of 79 participants’ T1-weighted MRI scans, is a relatively small sample. This is 

particularly the case as the BD with and without lithium groups were 30 (BDL) and 26 

(BD), respectively. Consequently, the study may have been insufficiently powered to 

detect such an effect.  

The potential protective effects of lithium, which we hoped to index as using the brain 

age estimation process, is an important consideration for patients prescribed lithium 

(Ochoa, 2022; Shulman, 2010). Taking lithium may impair renal function (Gupta & 

Khastgir, 2017; Van Alphen et al., 2021), but this might be weighed against evidence 
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that it may slow brain ageing (Ochoa, 2022; Van Gestel et al., 2019) and reduces 

cognitive and functional decline in bipolar disorder patients with mild cognitive 

impairment (Cousins et al., 2020; Van Gestel et al., 2019), i.e., if the brain could be 

protected by lithium taking (Díaz Ortiz et al., 2021; Diniz et al., 2013; Puglisi-Allegra 

et al., 2021; Won & Kim, 2017). We tested whether BDL’s brain age is younger than 

BD, and the result showed that there is no difference between the three groups (BD, 

BDL, HC). The outcome may be because we have not calculated the lithium dosage 

and duration yet. In addition, some researchers raised the issue that the variation of 

people with bipolar disorder, such as different age groups (i.e., young-age, middle-age, 

or older-age), or onset age (i.e., early-onset or late-onset), should be considered 

separately (Lepkifker et al., 2007; Villa et al., 2022). Further research should 

investigate these. 

Previous studies have shown that many bipolar disorder patients suffer from cognitive 

decline, and this phenomenon may correlate with the cognitive ageing (Bourne et al., 

2013; Douglas et al., 2018; Solé et al., 2017). In the brain age analysis, we found that 

attention function and brain age were strongly associated, which may be relevant to 

clinical practice. Therapies focussed on improving cognitive function, especially 

attention and memory training, may be valuable adjunct treatments that boost the 

efficacy of psychotherapy. However, this suggestion requires further investigation. 

There are some counter intuitive results in our findings. Generally, people with brain 

atrophy tend to have a lower IQ (Kubota et al., 2015; Ohi et al., 2021), and poor 

processing speed performance (Benedict et al., 2010; Doi et al., 2014). The counter 

intuitive results, including higher IQ and faster processing speed, were associated with 

larger gap between brain age and chronological age and may be due to the limitations 



 201 

of brainageR. In brainageR, people’s grey matter & white matter volume images are 

calculated (Cole et al., 2015), but it’s not possible to identify the specific areas where 

partial atrophy, that is contributing to an individual’s estimated brain age, is located. 

Prior findings indicate changes in the hippocampus and temporal lobe (Hajek et al., 

2019; Hartberg et al., 2015) and the reduction of grey volume in areas such as the left 

fusiform gyrus, the right rostral dorsolateral prefrontal cortex, and the left inferior 

frontal gyrus (Ekman et al., 2017) are all linked to ageing. Moreover, the multivariate 

estimation of brain age is a relatively new technique, so the biological parameters 

informing the model are not currently fully elucidated or understood. 

Even with this research, further analysis should be considered, specifically the 

association between brain atrophy, the protective effects of lithium, and cognitive 

training. A limitation of this study is regarding the data collection. Using three data sets 

means the data we have collected may not have the same information, which leads to 

utility being limited. The neuroimaging brain age may be able to predict people’s 

potential illness and ageing-related brain disease and psychiatric disorders, this 

application may potentially contribute to both neuroscience and clinical practice. 
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Chapter 6 General Discussion 

6.1 Summary of the findings 

In this thesis, I started with a literature review, which indicated that emotion and 

cognition were strongly associated with 5-HT7 receptor functions. In the systematic 

review, I investigated the relationships between 5-HT7 and mood disorders. The first 

finding, mainly from research in experimental animals was that 5-HT7 has a role in 

anxiety and depression, such that antagonists could be beneficial, although effects in 

mania were unclear. The second finding was that sleep and memory were associated 

with 5-HT7. However, none of the human studies have been able to test these ideas 

because of a lack of any 5-HT7 ligand for emission tomography and no studies using a 

drug selective for the 5-HT7 receptor. Thus, there are two major contributions of this 

thesis: (i) we used a selective 5-HT7 receptor antagonist, and (ii) I combined this with 

behavioural and imaging assessments of cognition. This is the first attempt to use 

neuroimaging combined with the selective 5-HT7 antagonist JNJ-18038683. Two 

previously used paradigms for fMRI analysis, pop-faces and N-back working memory 

were used. The pop-faces paradigm allowed us to examine the neural circuits involved 

in emotion processing, while the N-back task allowed us to examine working memory 

and cognitive control, as well as activity in the cognitive control network (CCN). These 

paradigms are well-specified for measuring different cognitive domains and allow us 

to better understand the effects of JNJ-18038683 on emotional and cognitive processes 

(Owen et al., 2005; Townsend & Altshuler, 2012). In the final experimental chapter, I 

reported the findings from my exploration of brain age, cognitive functions and brain 

atrophy. I follow these chapters, with this general discussion where I attempt to 

synthesise my findings across chapters and draw some conclusions for the field. 
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In the chapter 3, the fMRI analysis for emotional functions, I found there was no 

significant difference between interventions (drug or placebo) both in behavioural 

performances, and brain activations. The whole-brain exploratory analysis revealed that 

the fusiform gyrus was activated when participants were engaged in the task, which 

was expected given the face-processing demand within the task. The drug did not affect 

emotional processing related behaviour. For brain activation, there was no simple main 

effect across the three emotions, and no emotion-by-drug interaction were observed. 

Since no emotion-by-drug interaction were observed, the drug administering dosage 

and duration (20mg daily for one week, a relative low dosage and short duration) should 

be considered. The observed dose and timing of administration showed effects on 

cognitive tests, but not on emotional processing.  

In the chapter 4, cognitive function analysis, activity of the CCN was modulated by 

drug in ROIs analysis, and caudate activation reflected an in interaction between task 

level and drug in the whole brain exploration. However, a small sample size and bias 

of participants selection should be considered. It showed that the brain areas were 

modulated by drug in cognitive domain but not emotional domain; however, some area, 

such as changes in amygdala, is difficult to detected (Costafreda et al., 2008). The 

cognitive paradigm (N-back task) is commonly used in adults, compared to the gender 

discrimination emotional faces task (pop-faces) was used in adolescents (Passamonti et 

al., 2010). These contradict findings indicated that the underlying mechanisms of the 

drug were intricate and multifaceted. 

After two fMRI chapters, I further used the programming ‘brainageR’ to explore the 

relationships between the chronological age (age at scan) and predicted biological brain 

age (brain age). In the findings, larger gap between chronological age and brain age 
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was found in individuals with bipolar disorder. In addition, the relations between brain 

age and cognitive functions, including IQ, working memory, and processing speed, 

were investigated: higher IQ, higher processing speed, and lower memory, were 

associated a larger gap between chronological age and brain age. Some outcomes are 

counter intuitive, but considering brainageR only evaluates whole grey matter volume, 

the interpretation should be relatively conservative. 

6.2 Overall discussion 

6.2.1 BD and 5-HT7 

In the conclusion of the first chapter, I noted how 5-HT7 receptors are highly expressed 

in brain areas abnormal in bipolar disorder, including abnormalities in amygdala, 

hippocampus, and thalamus were found (Hajek et al., 2012; Hibar et al., 2016); as well 

as lower volume thickness and surface in frontal brain regions were found in both 

bipolar 1 and bipolar 2; reduced grey matter volumes in fusiform gyrus and 

hippocampus were found in bipolar patients (Cao et al., 2016; Hibar et al., 2016; Vieta 

et al., 2018). This was shown for not only structural measures but also functional for 

fMRI. Both behavioural performance and brain abnormalities were found in individuals 

with bipolar disorder. Individuals with bipolar disorder were found significantly lower 

difficulty-related activation differences in the left lateral occipital and right cortices 

compared to healthy controls and patients with monosyndromic disorder. Greater 

difficulty-related slowing of reaction time was associated with changes in activity in 

several brain regions, including prefrontal, frontal, parietal, posterior parietal and lateral 

occipital cortices (Manelis et al., 2022). In my findings, there was no significant 

activation in emotional recognition task, while CCN were found to be associated with 

working memory task. The findings indicated that the 5-HT7 antagonist, JNJ-18038683, 
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may be a promising drug for modulating brain activation for enhancing cognitive 

functions, supporting the conclusions of the systematic review.  

5-HT7 receptors are highly expressed in amygdala, hippocampus, and thalamus 

(Hedlund & Sutcliffe, 2004). Thus, we expected the 5-HT7 antagonist, JNJ-18038683, 

would modulate the brain activation in these areas. From the findings from fMRI 

chapters, the fusiform gyrus was activated in the main effect of task level. The fusiform 

gyrus is an area involved in visual processing, face perception, and object recognition 

(Jung et al., 2021; Palejwala et al., 2020; Weiner & Zilles, 2016), and the activation of 

the fusiform gyrus meant that the task and drug may modulate the aspect of facial 

recognition or emotional processing (Jung et al., 2021; Kawasaki et al., 2012). I 

explored whether the drug modulated brain activation, and the result indicated that the 

drug did not influence the neural activity associated with the emotion task. This could 

potentially mean that the drug did not affect the processing of faces underlying the 

gender discrimination emotional faces task, and suggested that the drug might have 

limited effects on emotional processing. Individuals with bipolar disorder showed 

lower grey matter in the fusiform gyrus, and our finding was that activity within the 

fusiform gyrus would be modulated by the drug. Even though the drug could alter the 

BOLD activation, whether 5-HT7 has an effect on emotion regulation or other emotion 

processing functions is still unclear (Penton-Voak et al., 2021). 

5-HT is associated with emotion, and most of the anti-depressants, SSRIs or SNRIs, 

modulate serotonergic signalling (Jauhar et al., 2023; Kraus et al., 2017; Meneses & 

Liy-Salmeron, 2012). In addition to emotion, researchers further investigated the 

relationships between 5-HT and cognitive functions. The findings suggested that 

decreased serotonin neurotransmission has a detrimental impact on cognition, 
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especially learning and memory (Harvey, 2003; Meneses & Liy-Salmeron, 2012): the 

prefrontal cortex serotonin is involved in working memory, attention, decision-making 

and reversal learning (Clark et al., 2004; Ogren et al., 2008; Perez-Garcia & Meneses, 

2008; Robbins, 2000), the hippocampus 5-HT is involved in memory processing and 

decision-making (Lisman et al., 2017; Sekeres et al., 2018; Teixeira et al., 2018), and 

the amygdala 5-HT is involved in fear and anxiety responses (Christianson et al., 2010; 

Johnson et al., 2015; Sengupta et al., 2017). Indeed, some researchers have proposed 

that reduced 5-HT could be a characteristic trait marker for bipolar disorder (Mahmood 

& Silverstone, 2001). While direct in vivo evidence supporting this claim is currently 

lacking, it is established that restoring serotonin activity to normal levels can have 

positive effects, emphasising the potential of targeting 5-HT and its receptors as 

pharmacological interventions to enhance cognitive performance in neuropsychiatric 

disorders (Švob Štrac et al., 2016). Further research has indicated that a lower level of 

5-HT2A was associated with mania (Yatham et al., 2010) and that there were 

significantly decreased brain levels of 5-HT (Young et al., 1994). These findings 

provide evidence for a significant relationship between 5-HT and bipolar disorder. 

The objective of the pop-faces chapter was to examine the potential emotional benefits 

of JNJ-18038683 and elucidate its neural mechanisms through whole-brain mapping. 

However, there was no significant positive effect on emotional regulation, either on 

behavioural performance or on brain activation. 

The aim of the N-back working memory chapter was to investigate the potential 

cognitive benefits of JNJ-18038683 and to explore the neural mechanism with whole-

brain mapping. Our results showed the drug improved participants’ behavioural 

performance, and the CCN, which includes the DLPFC, was activated during the N-
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back following treatment.  It may indicate that 5-HT7 improves working memory 

through modulating DLPFC. These brain areas have previously been shown to be 

involved in working memory and executive function, and these findings with JNJ-

18038683 highlighted the potential for developing more effective treatments for 

cognitive impairments in the future. A growing body of literature confirms the 

relationship between the DLPFC and working memory (Mencarelli et al., 2019; Owen 

et al., 2005). The current study tried to test whether JNJ-18038683 can modulate the 

CCN areas, such as DLPFC, and thus influence working memory. Although the study 

focused on healthy controls, it is important to note that the drug has the potential to 

modulate brain function, particularly cognitive functions. Therefore, if used in 

individuals with bipolar disorder, JNJ-18038683 improved working memory by 

modulating the CCN. 

The 5-HT7 antagonist, JNJ-18038683, is a serotonergic drug. It should be noted that 

certain antidepressants, especially the serotonergic drugs have been known to induce 

mania, which is a significant concern (Patel et al., 2015). While it is possible to treat 

bipolar depression with antidepressants, the risk of inducing mania is greater in bipolar 

1 as compared to bipolar 2. Moreover, treatment with Tricyclic antidepressants and 

venlafaxine also carries a risk of inducing mania (Antosik-Wójcińska et al., 2015). 

Therefore, using serotonergic drugs to treat bipolar disorder should be done with 

caution.  

6.2.2 Administrating dosage and duration of 5-HT7 

5-HT7 antagonist may not help improve performances in all cognitive tasks, however, 

the effect of dosage and duration should be considered with respect to our findings. In 

our study, JNJ-18038683 20mg daily was administrated for one week, but the dosage 
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and duration were low and short, compared to the previous 5-HT7 antagonists effective 

dosage and duration (Bonaventure et al., 2012). If compared to LU AA21004 

(vortioxetine), one of the common drugs with 5-HT7 affinity, our dosage and duration 

was single repeated dose. Researchers have tried to use the dosage from 1mg, 2.5mg, 

5mg, 10mg, 15mg, 20mg vortioxetine for 6 to 8 weeks (Alvarez et al., 2012; Baldwin 

et al., 2012; Henigsberg et al., 2012; Mahableshwarkar et al., 2013; McIntyre et al., 

2014), and one of the longest studies used LU AA21004 with open-label 20 weeks plus 

double-blinded period 24-56 weeks for 5 mg or 10mg daily (Baldwin et al., 2012), due 

to uncertainty about the appropriate dosage and treatment duration for mood disorders 

using 5-HT7 antagonists. Therefore, they tested the efficacy of several combinations of 

dose and duration in an attempt to determine the optimal regimen such as improving in 

the emotional scales in Hamilton Anxiety (HAM-A) or Hamilton Depression Scale 

(HAM-D) (Baldwin et al., 2012; Mahableshwarkar et al., 2013). As to JNJ-18038683, 

in a paper published in 2012, the researchers used (i) 100mg JNJ-18038683 for the 1st 

day and 20mg for the 2nd and 3rd day; (ii) 20mg JNJ-18038683 for 17 days. (iii) 20mg 

JNJ-18038683 for 7 weeks. Studies (ii) and (iii), were considerably longer than our 

study, and the dosage is larger in study (i) (Bonaventure et al., 2012). Generally, SSRIs 

are viewed as requiring two weeks or more of dosing for the clinical benefits to manifest 

(Taylor et al., 2006), including antidepressants with greater potency at 5-HT7 receptors, 

the JNJ-18038683 duration of administering could be an issue that needed to be 

considered. Integrating the previous studies and our findings, people who were 

administrated with JNJ-18038683 likely should take it more than 20mg dosage, for 

more than one weeks duration, to benefit from it. And this may also explain the lack of 

significant results in the emotional faces task. 
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In our investigation, we did not undertake a clinical trial to assess efficacy in patients, 

given the presence of unknown variables, including the optimal dosage, dosing timing, 

and duration. Instead, our focus centred on a comprehensive study of whether the drug, 

JNJ-18038683, effectively modulates brain functions. By establishing evidence for the 

systems and processes likely influenced by the drug, we contributed valuable insights 

into its potential therapeutic impact. Recognising that alterations in brain function may 

precede observable changes in behaviour, we chose neuroimaging as a suitable method 

for detecting the modulatory effects of the drug. This approach allows for a exploration 

of how the drug interacts with neural processes, to develop the comprehensive 

understanding of its potential applications and implications. 

Lastly, investigating the effects of compounds with 5-HT7 affinity in clinical 

populations, there are several additional conditions that should be considered, including 

the types of bipolar disorder (e.g., bipolar 1, bipolar 2, or rapid cyclothymic), courses 

of disease (mania or depression), or phases (e.g., acute or chronical status). Further 

investigation should consider two factors: multiple combinations of dosage and a range 

of treatment duration could be considered, in order to gain more insights and knowledge 

of this drug.  

6.2.3 Implications and future studies 

In chapter 5, brain age analysis, we combined four datasets, increasing sample size to 

improve sensitivity. A larger sample size increased statistical power and improved the 

generalisability of findings. In addition, it could reduce measurement error by 

averaging out differences in measurement between studies. We gained novel insights 

from datasets combination, and there could be potential methods to facilitate study 

design for more accurate results. In this chapter, the brain age reflected people’s brain 
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biological condition (grey matter volume) and it may also be applied to some types of 

studies, such as ageing or neurodegenerative diseases. In some studies, researchers 

assigned participants to different age groups to present their demographic and 

biological features (e.g., young, middle, or older age). For example, in a study for 

bipolar disorder, researchers divided participants in to three age group to present young 

(M = 23.57, SD = 5.63), middle age (M = 38.13, SD = 5.63), and older (M = 66.86, SD 

= 5.70) features (Yaple et al., 2019). However, depending on biological age may be 

reflect participants’ brain structure and brain functions appropriately. In this condition, 

using brain age, which represents the predicted neurological brain age, could be one 

potential solution. Researchers could consider stratifying the population based on the 

deviation between their age and the predicted brain age. Individuals with the greatest 

brain age and chronological age gap may need treatment the most, and they may be 

more willing to accept the associated side effects and to benefit from some potential 

treatments. In addition, the observed effect size is relatively small, and the association 

with cognition showed some paradoxical patterns. Certain outcomes were counter 

intuitive. To elucidate the relationships and underlying mechanisms, further 

investigation could make efforts on using larger sample sizes and conducting 

longitudinal follow-up studies. 

6.3 Strengths and limitations 

6.3.1 Strengths 

There are several salient strengths in this study. 

1. JNJ-18038683 is a selective compound: The drug we used was a compound 

with a high affinity for the 5-HT7 receptor and is relatively selective 

compared to other compounds with an affinity for 5-HT7 such as lurasidone 
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or vortioxetine. These antipsychotics or antidepressants that also have 

affinity for other receptors have been used in human studies, but it was 

difficult to isolate the effects of 5-HT7. In this study, we used JNJ-18038683, 

a compound with high selectivity for the 5-HT7 receptor, allowing us to more 

clearly determine its efficacy. This result suggested that JNJ-18038683 may 

have a promising effect on cognitive processes, with perhaps less efficacy in 

the emotional domain, and the high selectivity of JNJ-18038683 makes it a 

promising candidate for future studies, which may further investigate its 

mechanism of action and potential therapeutic applications.  

2. This  study design minimised the potential influence of several biases: a 

randomised, double-blind, cross-over study could reduce experimenter 

biases; moreover, every participant acts as his or her own control, which 

made the result highly reliable (Misra, 2012; Wellek & Blettner, 2012). Our 

recruitment included 1:1.3 (M:F), in which male (n = 6) and female (n = 8); 

This close ratio helped minimise gender bias in our study.  

6.3.2 Limitations and future directions 

There are some limitations in this study.  

1. Small sample size: we had a small sample size, and I only analysed healthy 

controls’ data (n = 14 in pop-faces task and n = 13 in N-back task), but the 

ultimate expectation is to use JNJ-18038683 to improve bipolar patients’ 

cognitive and emotional functions. Pharmacological fMRI studies conducted 

with a small number of participants, and this may limit the generalisability 

of the findings and reduce the statistical power of the study. Generally, in 

fMRI study, the common number of participants is between 20 to 30, but this 
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is unlikely to be sufficient for acquiring reproducible brain-behavioural 

correlations (Grady et al., 2021). However, even though we tried to remove 

the issues of high costs of imaging and the need for specific expertise (e.g., 

doctor to prescribe the drug, or blood laboratory test), it was also difficult to 

recruit participants. During the screening visit, forty-four people were 

excluded from the study due to various reasons such as abnormal ECG or 

blood test results, almost fainting during blood tests, presence of other 

psychiatric or physical conditions, and non-compliance. The COVID-19 

pandemic further hindered the recruitment process, resulting in a two-year 

delay in participant recruitment. Despite these challenges, the study aimed to 

maintain high standards of data quality, which led to the exclusion of a 

significant amount of data from bipolar patients. Because this is originally 

designed as a proof of concept (POC) study, applying the outcome to people 

with bipolar disorder and developing an effective treatment is essential and 

ultimate concern in the future. A larger sample size studies should be 

conducted in the future.  

2. Low dosage and short duration: since we administrated JNJ-18038683 20mg 

daily for one week, an effective usage of dosage (more than 20mg) and 

duration (two weeks to six weeks), which was based on the previous studies 

(Bonaventure et al., 2012; Taylor et al., 2006). However, as an experimental 

drug test instead of a clinical trial, we could only provide a comprehensive 

study to establish the drug’s modulation of some key brain functions, using 

neuroimaging to detect potential drug effects on neural processes preceding 

behavioural changes. Studies on optimal dosage and duration could be 

further investigated. 
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3. Homogenous groups: our participants had similar demographic features. We 

included 14 healthy control participants and 4 bipolar patients in this study; 

for the healthy control participants, their mean age is young 32.17 (SD = 

13.21); for bipolar patients, we recruited individuals in euthymic status. Due 

to the feature of the participants, they may not reflect the real-world situations. 

The drug may have different effects on the brain function of young healthy 

controls compared to its actions in bipolar patients who have emotional and 

cognitive impairment. In work exploring the use of ketamine as a novel 

antidepressant, similar differential effects were seemed between healthy 

controls and patients. Ketamine  has been found to induce perceptual 

distortion, affective flatting and alogia (Pomarol-Clotet et al., 2006), and it 

has shown promising treatment effects in individuals with depression (Jelen 

& Stone, 2021; McIntyre et al., 2021; Rosenblat et al., 2019), However, a 

study has found distinct electrophysiological and behavioural effects of 

ketamine in depressed and healthy subjects (Nugent et al., 2019). These 

differential effects between healthy controls and patients highlight a potential 

issue with study JNJ-18038683 in healthy controls. Thus, the findings in our 

study may not accurately reflect how the JNJ-18038683 will behave in 

individuals with bipolar, and caution should be taken when extrapolating 

these results. Further research is needed to fully understand the effects of 

JNJ-18038683 in individuals with bipolar and how these may differ from its 

effects in healthy controls. I analysed the healthy controls’ data, but in the 

future, studies could recruit individuals with bipolar disorder and ultimately 

develop an evidence-based effective treatment.  
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4. Potential side effects of drug: studies have revealed the relationships between 

5-HT7 and the respiratory (Ayaz et al., 2017; Cadirci et al., 2013) and 

cardiovascular systems (Damaso et al., 2007; Ramage & Villalón, 2008), 

highlighting 5-HT7 receptors’ role in these bodily functions. The presence of 

5-HT7 receptors in multiple systems in the body has raised some concerns 

about possible bias in BOLD signalling assays (Carmichael et al., 2018). The 

use of 5-HT7 antagonists may affect participants' respiratory and 

cardiovascular systems, leading to potential changes in their BOLD 

signalling during the study. By considering these factors, researchers can 

minimise potential bias and accurately interpret their findings. 

6.4 Research conclusion 

From systematic review, we gained the insight that 5-HT7 may be a promising target 

for mood disorders. I then summarised that 5-HT7 was associated with emotion and 

cognition and further investigated the emotional functions with fMRI and emotional 

faces recognition paradigm in the chapter 3 and explored the cognitive functions with 

fMRI and N-back working memory paradigm in chapter 4. The two fMRI chapters 

analysis based on the tasks worked so that the drug effects could be evaluated accurately. 

When trying to apply these findings to clinical field, I focused on the effects of bipolar 

disorder. 

Individuals diagnosed with bipolar disorder typically demonstrate cognitive deficits in 

multiple domains, including executive functioning, attention, verbal learning, 

processing speed and working memory. These deficits have been well documented in 

the literature in early stage (MacQueen et al., 2005; Thompson et al., 2007). More 

recently, several studies have found that these cognitive deficits may persist even in 
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remission (Beshkov et al., 2018; Bora et al., 2009; Cremaschi et al., 2013; Lage et al., 

2013; Lee et al., 2014; Solé et al., 2017; Soraggi-Frez et al., 2017; Tsapekos et al., 

2021), suggesting that they may act as potential biomarkers of bipolar disorder 

(Cremaschi et al., 2013; Gruber et al., 2010), rather than merely being a state-dependent 

manifestation of the condition. This finding has important implications for the 

diagnosis and treatment of bipolar disorder, as it highlights the need for ongoing 

cognitive monitoring and potential interventions. 

Given the high priority of developing effective treatments for bipolar disorder, 

including pharmacological interventions, we sought to investigate the potential of 5-

HT7 antagonists in healthy controls. The results of this study suggested that JNJ-

18038683 has potential effects to enhance cognitive functions, specifically working 

memory. It indicated that 5-HT7 antagonists could improve cognitive functions in 

healthy controls, and this might apply to individuals with bipolar disorder. However, 

5-HT is frequently targeted in therapeutic approaches for depression, but it is not as 

effective for bipolar disorder, which might raise the likelihood of experiencing manic 

episodes (Goldberg et al., 2021; Goldberg & Truman, 2003; Patel et al., 2015; Tondo 

et al., 2010). Future studies can investigate the efficacy of this drug in individuals with 

bipolar disorder and explore the extent to which it can modulate the CCN to improve 

working memory. Furthermore, brain age analysis revealed an accelerated brain ageing 

process in individuals with bipolar disorder compared to healthy controls, suggesting 

more pronounced brain atrophy in this population. Factors such as participant bias, a 

small sample size, dosage and duration, and limitations associated with the combined 

datasets, should be considered when investigating reasons for conflicting results with 

previous studies. It is also important to integrate the results of previous studies to 

develop effective interventions, such as the 5-HT7 antagonist explored in this study, 
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offering optimistic prospects for enhancing the cognitive functions and improving the 

lives of individuals with bipolar disorder.  
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Appendices for Chapter 2 

Common animal behavioural tests 

Anxiety 

1. Four-Plate Test 

The four-Plate Test (FPT) is an anxiety test, which based on mice’s spontaneous response. 

Mice will be exposed to a novel environment of mild electric foot shocks, and can only 

escape from the aversive condition by maintaining motionless (Aron et al, 1971). In many 

four-plate tests, anti-anxiolytic drugs, benzodiazepines (BZDs) induce an anti-punishment 

result, which indicates they have the ability to resist their own anxious feelings 

(Martine Hascoët & Michel Bourin, 2011).  

2. Elevated Plus-Maze Test 

Interpreted by researcher (Wesolowska, 2006), the elevated plus maze test is an experimental 

test using a cross where the animals run to examine mice’s anxious behaviours. In general, 

mice will try to run the wall-closed roads faster than opened roads. However, when anti-

anxiolytic medicines were used, they will run faster in opened roads than usual.  

3. Marble Burying Test  

Anxiety and obsessive-compulsive disorder behaviour will be detected in the marble burying 

test. Mice or rats will bury harmful or harmless objects in their bedding. However, whether 

the experiment can detect anxiolytic behaviour in the open field is controversial (Albelda, 

2012). 

4. Open Field Test 
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The open field test is to exam the locomotor activity levels, anxiety, and willingness to 

explore in mice and rats’ behaviours (Aulieh ,1976). Rodents demonstrate an aversion to 

brightly open areas. Anxiety will induce less locomotion and preference to stay close to the 

wall of the field (Mucignat-Caretta et al, 2006). 

5. Sources Preference Test 

In this test, animals’ anhedonia will be measured (Sclafani and Ackroff, 2003). Animals, 

especially rats, are allowed to access to multiple environments differing in one or more ways. 

This test can exam different types of animals’ behaviours, such as duration of time spent, 

range of activities observed, and motion detected. Rodents’ anxiety will be detected in the 

preference test. Animals’ anhedonia will be checked in this test (Fox, 2011). 

6. Vogel Conflict Drinking Test 

The vogel conflict test is used to determine anxiolytic properties of medicine. General 

anxiety disorder and acute anxiety status will be checked (Witkin, 2011). There is a conflict 

situation which rodents will be punished by electrical shocks when they try to get food. The 

number of times of animal searches for food will be decreased in this condition. However, 

when dosing anxiolytic medicine, the number of times will increase. 

Depression 

1. Forced Swimming test 

The forced swimming test is used as a preclinical test for detecting antidepressant-like 

activity, which based on rats’ response to the threat of drowning (Borsini and Meli, 1988; 

Porsolt et al., 1977). It also runs well in mouse model (Cryan et al., 2002). Mice will be 

separated into two groups as trial and control groups. The duration of keeping their heads 
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above will be recorded, which assesses predictive validity for using antidepressants in acute 

condition. 

2. Head-Twitch Response 

Originally, the head-twitch response was designed to test the movement that occurs in mice 

or rats after 5HT2A receptors have been activated. However, here, it was used to measure the 

5HT7 properties. By side-to-side head movement, animals’ depressive behaviours may be 

tested.  

3. Tail Suspension Test 

When running the test, mice’s depressive-related behaviours can be detected (Steru et al., 

1985). To examine whether the medicine is a potential antidepressant drugs, mice’s tail will 

be taped to the top of the box, and the time spent will be recorded. When the mouse tries to 

move, it can assess the validity for antidepressant. Tail suspension test requires only a single 

acute treatment for positive effects. On the opposite side, chronic test of antidepressant usage 

is not suitable to this test (Fox, 2011). 

4. Novelty-Supressed Feeding Test 

Mice which be exposure to a novel environment that suppresses feeding behaviour, has been 

used to assess behaviour in animals for 70 years. Novelty-suppressed feeding test is sensitive 

to chronic, but not acute, antidepressant treatment, and it can be applied to human patients for 

antidepressant response (Fox, 2011).  
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Animal studies of the effects of 5-HT7 compounds for anxiety, depression, and mania. 

Authorship Animal/ 

intervention/ 

evaluation 

Primary outcome Secondary outcome 

 

Conclusion 

Potential 

anxiolytic 

effects 

Potential 

anti-

depressant 

effects 

Potential 

anti-

manic 

effects 

Guscott et 

al., 2005 

 

 

 

 

 

 

Mouse/ 

SB-258719 and KO 

mice/ 

5-HT7 receptor 

antagonist/ 

• FST 

EMT 

KC and WT had no 

difference in time spent in 

EMT. KO displayed 

reduction in immobility 

compared to WT in FST. SB-

258719, produced a small but 

non-significant decrease in 

immobility in WT.  

SB-258719 only had 

potential antidepressant 

effect in dark, which 

suggested the rhythm 

circadian may also 

affected on mood status. 

  

✓ 

 

 

Hedlund et 

al., 2005 

Mouse/ 

SB-269970, 5-HT7 

KO/ 

5-HT7 receptor 

antagonist/ 

• FST 

5-HT7-/- mice showed 

decreased immobility in both 

tests, consistent with an 

antidepressant like behaviour. 

The selective 5-HT7 receptor 

The 5-HT7 receptor might 

have a role in mood 

disorders and antagonists 

might have therapeutic 

value as antidepressants. 

  

✓ 
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• TST 

 

antagonist SB-269970 also 

decreased immobility. 

 

Secondary outcome (Sleep):  

KO mice spent less time in 

and had less frequent 

episodes of REM sleep 

(consistent with 

antidepressant like state) 

Takeda et 

al., 2005 

 

Mouse/ 

DR-4004/ 

5-HT7 antagonist/ 

HBT 

DR4004 (2.5 – 10 mg/kg, 

i.p.) treated mice showed a 

dose-dependent decrease in 

locomotor activity. 

 

DR-4004 had potential 

antidepressant effect. 

  

✓ 

 

Wesolowska

, 

A.; Nikiforu

k, 

A.; Stachowi

cz, K., 

2006b 

Rat/ 

SB-269970/ 

selective 5-HT7 

receptor antagonist/ 

• VCT  

FST 

 

SB-269970 showed an anti-

conflict effect which was 

weaker than that of diazepam 

(40 mug), whereas SB 

269970 had marked anti-

immobility action comparable 

to that of imipramine. 

  

✓ 

 

✓ 
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Wesolowska

, 

A.; Nikiforu

k, 

A.; Stachowi

cz, 

K.; Tatarczy

nska, E., 

2006a 

Rat & Mouse/ 

SB-269970 (0.25-20 

mg/kg)/ 

selective 5-HT7 

receptor antagonist/ 

VCT, EMT (rats) / 

FPT, FST, TST (mice) 

 

SB-269970 exerted a specific 

antianxiety-like effect in the 

VCT in rats, in EMT in rats 

and in the four-plate test in 

mice.  

   

✓ 

 

Hedlund & 

Sutcliffe, 

2007 

Mouse/ 

SB-269970, KO/ 

5-HT7 receptor 

antagonist/ 

• Marble Burying Test 

 

 

Both inactivation (SB-

269910) and blockade (KO) 

of the 5-HT7 receptor reduced 

stereotypic behaviour in that 

the number of marbles buried 

decreased. 

5-HT7 receptor is a 

candidate target for the 

treatment of obsessive-

compulsive disorder. 

 

✓ 

  

Bonaventure

, et al., 2007 

Mouse/ 

SB-269970/ 

5-HT7 receptor 

antagonist/ 

TST 

SB-269970 administration 

decreased immobility time in 

TST compared to vehicle 

only treated mice. Citalopram 

also decreased immobility 

Selective blockade of 5-

HT7 receptors may 

enhance the antidepressant 

efficacy of citalopram and 

may provide a novel 

  

✓ 
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time; addition of SB-269970 

significantly enhanced, also 

influenced sleep REM. 

 

therapy to alleviate sleep 

disturbances associated 

with depression. 

Volk et al., 

2008 

Rat (conflict drinking) 

& Mouse (light dark)/ 

(Phenylpiperazinyl-

butyl)oxindoles/ 

5-HT7 receptor 

antagonist/ 

• VCT 

• L/D 

 

Minimal effective doses were 

achieved for both - therefore 

there is an amount that has 

clinical effect.  

  

✓ 

  

Abbas, 

Atheir 

I.; Hedlund, 

Peter 

B.; Huang, 

Xi-

Ping; Tran, 

Thuy 

Mouse/ 

Amisulpiride; used in 

both 5HT7 KO mice 

and WT/ 

5-HT7 receptor 

antagonist/ 

• TST 

• FST 

Amisulpiride significantly 

reduced immobility time in 

both TST and FST, in WT 

mice 

   

✓ 
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B.; Meltzer, 

Herbert 

Y.; Roth, 

Bryan L., 

2009 

 

Mnie-Filali 

et al., 2011 

Rat/ 

SB-269970/ 

5-HT7 receptor 

antagonist/ 

• Open-field test 

FST 

 

No significant change in 

behaviour for OFT (anxiety) 

compared to vehicle. 

Reduction in immobility 

during FST (anxiety), but did 

not increase locomotor 

activity.  

   

✓ 

 

Volk et al., 

2011 

Mouse (FST) (light 

dark) & Rat (conflict 

drinking)/ 

(Arylpiperazinylbutyl)

oxindoles/5-HT7 

receptor antagonist/ 

• FST 

• VCT 

L/D  

none of the compounds 

produced an antidepressant-

like action in the forced 

swimming test in mice 

despite sufficiently high brain 

concentrations. 

  

✓ 
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Zajdel et al., 

2011 

Mouse/ 

Compound 54/ 

Potent 5-

HT7 antagonist with 

good selectivity over 

5-HT1A, 5-HT2A, 5-

HT6 receptors/ 

FST 

Reduced immobility in FST 

similar to SB-269970 

   

✓ 

 

Bonaventure 

et al., 2012 

Mouse (TST and 

locomotor test) & Rat 

(telemetry study)/ 

JNJ-18038683/ 

5-HT7 receptor 

antagonist/ 

TST 

 

 

JNJ-18038683 decreased 

immobility time compared to 

vehicle in TST, but did not 

change locomotor. 

Secondary outcome (Sleep): 

Increased latency to REM 

sleep and decreased REM 

duration. 

   

✓ 

 

Mork et al., 

2012 

Rat (FRL and FSL 

types - FSL rat has 

lower density of 5-

FRL rats did not show 

increased immobility during 

FST, unlike FSL rats. 

  

✓ 

 

✓ 
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HT1A receptors but a 

higher density of 5-

HT1B receptors in 

several brain regions 

compared with those of 

the FRL rat)/ 

Lu AA21004/ 

5-HT7-receptor 

antagonist (5-HT3, 5-

HT7 and 5-HT1D 

receptor antagonist, 5-

HT1B receptor partial 

agonist, 5-HT1A 

receptor agonist and 

inhibitor of the 5-HT 

transporter)/ 

• FST condition fear-

induced vocalisation 

•  

Zajdel et al., 

2012 

Mouse (FST) & Rat 

(PMT)/ 

Compound 36 reduced 

immobility in FST in mice 

Compound 36 had 

antidepressant effect in 

 

✓ 
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compound 36/ 

5-HT7 receptor 

antagonist 

(antagonistic activity at 

5-HT7, 5-HT2A, D2 

postsynaptic sites)/ 

• FST 

EMT 

 

high dose but not in the lower 

or middle doses. 

mice and anxiolytic effect 

in rats, without decrease in 

overall locomotor activity. 

Cates, L. 

N.; Roberts, 

A. 

J.; Huitron-

Resendiz, 

S.; Hedlund, 

P. B., 2013 

Mouse/ 

Lurasidone/ 

5-HT7 receptor 

antagonist/ 

• TST 

• FST 

• Open-space swim test 

• L/D 

• Marble burying test 

 

Lurasidone decreased 

immobility in TST and FST. 

Change absent in mice 

lacking receptor, but they 

were already significantly 

lower in immobile time.  

Antidepressant effects 

(both acute and chronic 

models of depression) but 

not anxiolytic effects. 

 

✓ 
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Chlon-Rzepa 

et al., 2013 

Mouse/ 

compounds 21 and 42/ 

Mixed 5-HT1A/5-

HT2A/5-HT7 receptor 

ligand (compounds 

21), mixed 5-HT1A/5-

HT7 ligand 

(compounds 42)/ 

• FST 

• FPT 

 

Compounds 21 produced an 

antidepressant-like effect in 

FST and exerted anxiolytic-

like activity in FPT.  

 

Compounds 42 produced 

slightly, (non-significant) 

attenuated immobility time of 

mice in FST and was devoid 

of activity in FPT. 

  

✓ 

 

✓ 

 

Guilloux et 

al., 2013 

Mouse/ 

Vortioxetine/ 

5-HT7 receptor 

antagonist (5-HT3, 5-

HT7 and 5-HT1D 

receptor antagonist, 5-

HT1B receptor partial 

agonist, 5-HT1A 

receptor agonist and 

Acute (OFT and FST) and 

repeated (NSF) dosing of 

Vortioxetine produced more 

pronounced anxiolytic (NSF) 

and antidepressant-like 

activities (OFT and FST). 

  

✓ 

 

✓ 
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inhibitor of the 5-HT 

transporter)/ 

• Open-field test 

• FST 

Novelty-suppressed 

feeding paradigm 

 

Li, 

Y.; Raaby, 

K. 

F.; Sanchez, 

C.; Gulinello

, M., 2013 

Rat/ 

Vortioxetine, SB-

269970 & AS-19/ 

5-HT7 receptor 

antagonist (5-HT3, 5-

HT7 and 5-HT1D 

receptor antagonist, 5-

HT1B receptor partial 

agonist, 5-HT1A 

receptor agonist and 

inhibitor of the 5-HT 

transporter) / 5-HT7 

receptor agonist/ 

FST 

Vortioxetine reduced 

immobility time in female 

rats with progesterone 

withdrawal induced 

depression. SB-269970 did 

not decrease immobility time 

compared to vehicle. 

However, agonist AS-19 did 

increase immobility time. 

  Vortioxetine

✓ 

 

SB-269970✕ 

AS-19✕ 
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Canale, et 

al., 2015 

Mouse/ 

compound 32, a novel 

series of long-chain 

arylpiperazines (5-HT7 

antagonist)/ 

5-HT7 receptor 

antagonist/ 

FST 

 

Compound 32 reduced 

immobility in a manner 

similar to the selective 5-HT7 

antagonist SB-269970. 

   

✓ 

 

Pytka et al., 

2015 

Rat (FST and EMT) 

and Mouse (FST and 

FPT)/ 

HBK-14, HBK-15/ 

5-HT7 and 5-HT1A 

receptor antagonists/ 

• FST 

• FPT 

• EMT 

 

HBK-14 and HBK-15 both 

showed decreased immobility 

time in FST (mice). Both 

showed decreased immobility 

and increased swim time in 

FST (rats). HBK-14 and 

HBK-15 both showed 

anxiolytic effects in mice and 

rats. 

  

✓ 

 

✓ 
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Waszkielewi

cz et al., 

2015 

Mouse/ 

1-[(2-chloro-6-

methylphenoxy)ethoxy

ethyl]-4-(2-

methoxyphenyl)pipera

zine hydrochloride ; 

derivative of N-(2-

methoxyphenyl)pipera

zine/ 

• TST 

• Locomotor activity test 

Motor co-ordination 

test 

 

1-[(2-chloro-6-

methylphenoxy)ethoxyethyl]-

4-(2-

methoxyphenyl)piperazine 

hydrochloride, exhibiting 

affinity toward receptors 5-

HT1A and 5-HT7 

   

✓ 

 

Zagorska et 

al., 2015 

Mouse/ 

selected derivatives of 

1,3-dimethyl-(1H,8H)-

imidazo[2,1-f]purine-

2,4-dione (Compounds 

8, 9)/ 

Compound 8 had slightly 

higher inhibition of control 

agonist response in 5-HT1A, 

5-HT7 and D2 than 

compound 9. 

Compound 8 & 9 worked 

on multiple receptor 

subtypes. 

 

✓ 

 

✓ 
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mixed 5-HT1A/5-

HT7 (8, 9) receptor 

ligands with d2 

affinity/ 

• FPT 

FST 

 

Canale et al., 

2016 

Mouse (FST) & Rats 

(NOR)/ 

Compound 31 (potent 

and selective 5-HT7 

receptor antagonist) & 

compound 33 

(multimodal 5-

HT/dopamine receptor 

ligand/ 

5-HT7 receptor 

antagonist/ 

• FST 

NOR 

 

All showed reduced 

immobility (all compounds 

and SB-269970) with 

compounds 31 and 33 being 

most stable with similar 

potency to SB-269970. 

Both compounds found to 

dose-dependently 

ameliorate PCP-induced 

memory deficits in rats. 

SB-269970 had pro-

cognitive effect in rats. 

  

✓ 
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Canale, et 

al., 2016b 

Mouse/ 

PZ-1417 & PZ-1150/ 

5-HT7 receptor 

antagonist/ 

• FST 

• TST 

FPT 

 

Both compounds showed 

antidepressant and anxiolytic 

properties in FST, TST, and 

FPT. 

  

✓ 

 

✓ 

 

Kim et al., 

2016 

Mouse/ 

compound 28/ 

5-HT7 receptor 

antagonist/ 

FST 

 

Compound 28 showed 

reduced immobility time in 

FST. 

   

✓ 

 

Zagórska et 

al., 2016 

Mouse/ 

Compound 9 (8-(5-(4-

(2-

fluorophenyl)piperazin

-1-yl)pentyl)-1,3,7-

trimethyl-1H-

Compound 9 as well as 

comparator citalopram 

showed antidepressant like 

properties (at middle doses - 

showing U shaped response 

curve).  

  

✓ 
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imidazo[2,1-f]purine-

2,4(3H,8H)-dione)/ 

High 5-HT7 and very 

high 5-HT1A receptor 

antagonists/ 

• FST 

FPT 

 

Canale, et 

al., 2017 

Mouse (FST, TST) & 

Rat (NOR)/ 

Compound 25 (3-

chloro-N-{1-[3-(1,1-

biphenyl-2- yloxy)2-

hydroxypropyl]piperidi

n-4-

yl}benzenesulfonamid

e)/ 

5-HT7 receptor 

antagonist/ 

• FST 

• TST 

Compound 25 demonstrated 

significant antidepressant-like 

activity in the FST. 

 

 

Compound 25 reversed (in 

a dose-dependent manner) 

natural forgetting 

impairment in rats (similar 

effects in SB-269970). 

  

✓ 
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• NOR 

•  

Delcourte et 

al., 2017 

Rat/ 

asenapine/ 

5-HT7 receptor 

antagonist/ 

• FST 

 

Behavioural experiments 

showed that asenapine had no 

significant effect on 

immobility time in the FST in 

control rats. Decreased hyper-

locomotion in manic rats. 

asenapine displays robust 

anti-manic property and 

effective in vivo 

antagonistic activity at 5-

HT1A/7 receptors. 

   

✓ 

Gu et al., 

2017 

Rat/ 

Compound 8j/ 

5-HT7 receptor 

antagonist (also high 

affinity for 5-HT1A and 

5-HT reuptake 

inhibitor)/ 

• FST 

 

Compound 8j showed a 

marked antidepressant-like 

activity in the FST model. 

Compound 8j showed 

antidepressant effect; 

however, it worked on 

multiple receptor types. 

  

✓ 

 

Partyka et 

al., 2017 

Mouse/ 

compound 16, 21/ 

D2, 5-HT1A and 5-HT7 

receptor antagonist/ 

Compound 16 and 21 

displayed antidepressant-like 

effect in FST. 

   

✓ 
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FST 

 

Pytka et al., 

2017 

Mouse/ 

HBK-14 & HBK-15/ 

5-HT7 and 5-HT1A 

receptor antagonists/ 

FST 

Step-Through passive 

avoidance task 

Chronic HBK-14 and HBK-

15 treatment (21 days 

consecutively) reduced 

immobility during FST, but 

did not decrease overall 

locomotor activity.  

 

Secondary outcome (Sleep): 

In retention trial, HBK-15 

(but not HBK-14 or 

fluoxetine) increased latency 

time. 

 

HBK-15 shows potential 

for cognitive enhancing 

features.  

 

 

 

✓ 

 

Pytka et 

al,.2017 

Mouse (subjected to 

chronic mild stress - 

behavioural)/ 

HBK-15/ 

5-HT7 and 5-HT1A 

receptor antagonists/ 

Chronically stressed mice 

displayed significantly less 

sugar intake (SPT), increased 

mobility time (FST) and 

decrease exploratory activity 

HBK-15 had potential 

antidepression, and 

anxiolytic effect in 

corticosterone treated 

mice. However, these 

changes were not 

 

✓ 

 

✓ 
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Sucrose 

Consumption/Preferen

ce Test (SPT) 

• FST 

• EMT 

 

(EPM) compared to control 

mice.  

explained by overall 

decrease in locomotor 

activity.  

Gu et al., 

2018 

Mouse/  

Compound 21n/ 

Serotonin reuptake 

inhibitor, and high 5-

HT1A and 5-HT7 

receptor affinities/ 

• FST 

• TST 

 

Compound 21n significantly 

reduced immobility time in 

FST and TST.  

Compound 21n had 

potential antidepressant 

effect; however, it worked 

on multiple receptor types 

(5-HT1A and reuptake). 

 

 

 

✓ 

 

Kucwaj-

Brysz et al., 

2018 

Mouse/ 

Compounds (5-8)/ 

5-HT7 receptor 

antagonist/ 

• FST 

FPT 

New compounds (5-8) 

displayed potent affinity and 

selectivity for 5-HT7 in (over 

5HT1A and D2). Immobility 

significantly decreased in 

FST for higher doses (10 and 

Compounds (5-8) had 

antidepressant effect, and 

trend towards anxiolytic 

effect. 

 

✓ 

 

✓ 
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20 mg/kg). Tendency to 

increase measure in FPT but 

did not reach significance 

(i.e., not anxiolytic). No 

changes to spontaneous 

locomotor activity. 

 

Latacz et al., 

2018 

Mouse & Rat/ 

MF-8/ 

5-HT7 receptor 

antagonist/ 

• FST 

FPT 

 

MF-8 showed decreased 

immobility time in both rats 

and mice (higher dose of 5 

mg/kg) but not lower doses.  

  

✓ 

 

✓ 

 

Lax et al., 

2018 

Mouse/ 

DUQ0002I, KO and 

WT mice/ 

5-HT7 receptor 

antagonist/  

• EOM 

• LDP 

DUQ0002I administration on 

WT showed lower immobile 

time in FST compared to 

controls, no change in TST, 

greater time in open arm of 

EOM, more overall time in 

  

✓ 

 

✓ 
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• TST 

• FST 

MST 

 

light for LDP test, no changes 

in overall locomotor activity. 

Pytka et al., 

2018 

Mouse (cortisone 

induced depression)/ 

HBK-15/ 

5-HT7 and 5-HT1A 

receptor antagonists/ 

• SPT 

• FST 

• EMT 

 

Corticosterone treated mice 

displayed significantly less 

sugar intake (SPT), increased 

mobility time (FST) and 

decrease exploratory activity 

(EPM) compared to control 

mice injected with saline.  

HBK-15 had potential 

antidepression, and 

anxiolytic effect in 

corticosterone treated 

mice. 

 

✓ 

 

✓ 

 

Balcer et al., 

2019 

Mouse/ 

WT or KO/ 

5-HT7 receptor 

antagonist/ 

• FST 

• SIH 

• FC 

Behaviours of 5-HT7 WT and 

5-HT7 KO mice were 

compared across 10 different 

assays (7 for anxiety, 1 for 

depression, 2 for psychosis) 

to identify differences that 

could indicate clinical 

  

✓ 

 

✓ 
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• Shock-probe burying 

• NSF 

• Punishment responding 

• Punishment memory 

EMT 

potential for 5-HT7 receptor 

antagonism.  

 

FC, NSF & FST showed a 

decrease in 

anxiety/depressant like 

responses in KO mice. SIH, 

punished responding, and 

EMT did not show a 

difference between KO and 

WT. Shock-probe burying 

saw more anxious behaviours 

in KO mice. 

 

Gu et al., 

2019 

Mouse/novel aralkyl 

piperazine and 

piperidine derivatives 

& compound 19a/ 

5-HT1A and 5-HT7 

antagonist and potent 

Compound 19a significantly 

reduced immobility time in 

FST and TST.  

Compound 19a had 

potential antidepressant 

effect; however, it worked 

on multiple receptor types 

(1A and reuptake). 
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serotonin reuptake 

inhibitor/ 

• FST 

• TST 

 

Maxwell et 

al., 2019 

Mouse/ 

DR-4004 and SB-

269970/ 

selective 5-HT7 

receptor antagonist/ 

• EMT 

• VCT  

• TST 

 

No significant antidepressant 

activity seen in TST or 

anxiolytic activity in EMT 

and VCT. 

DR-4004 and SB-269970 

seemed have no potential 

antidepressant activity in 

TST or anxiolytic activity 

in EMT and VCT. 

  

 

 

Partyka et 

al., 2019 

Rat/ 

PZ-1433 & ADN-

1184/ 

Preferential 5-HT7 

antagonist / 

monoaminergic ligand 

PZ-1433 AND ADN-1184 

showed reduced immobility 

time at medium dose. 

PZ-1433 AND ADN-1184 

had potential 

antidepressant activity in 

FST but with no decrease 

in locomotor activity.  

  

✓ 
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with potent 5-HT6/7 

antagonist properties/ 

• FST 

• open field test 

 

Wang et al., 

2019 

Mouse/ 

Compound 7a & 15g/ 

Serotonin reuptake 

inhibitor, and high 5-

HT1A and 5-HT7 

receptor affinities/ 

• FST 

TST 

 

Both Compound 7a & 15g 

showed decrease in 

immobility time in mice FST. 

Compound 7a & 15g had 

potential antidepressant 

effect, however the 

compounds worked on 

multiple receptor types. 

  

✓ 

 

Wrobel et 

al., 2019 

Mouse/ 

3-(1H-indol-3-

yl)pyrrolidine-2,5-

dione  =   

CompoundMW005 

(4A, 4J)/ 

FST 

MW005 (agonist of the pre- 

and postsynaptic 5-HT1a 

receptor) exhibited promising 

affinities for the 5-

HT1A/SERT/D2/5-HT6/5-HT7 

receptors and showed 

MW005 did not produce 

differences in immobility 

time (i.e., no 

antidepressant effect when 

adding 5-HT7 affinity.)  
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antidepressant-like activity in 

the FST model. 

 

Jankowska 

et al., 2020 

Rat/ 

Compound 22/ 

Weak 5-HT7 receptor 

antagonist (and potent 

5-HT1A receptor 

antagonist)/ 

• FST  

• NOR 

 

Compound 22 significantly 

reversed MK-801 induced 

episodic memory deficits in 

the NOR, also reduced the 

immobility time of animals in 

FST.  

Reversed MK-801 induced 

memory impairment. 

  

✓ 

 

KO: receptor knockout, WT: wild-type, BWB: Black/White Boxes, D/L: Dark/Light test, N-S: Novelty-seeking test, FST: Force swimming test, 

TST: Tail suspension test, EMT: Elevated maze test; OFT: Open-field test; SPT: Sucrose consumption test; VCT: Vogel conflict test; NSF: 

Novelty-suppressed feeding; FC: Fear conditioning; SIH: Stress-induced hyperthermia; HBT: Hole-board test; EOM: Elevated zero maze; LDP: 

Light/dark preference 
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Human studies of the effects of 5-HT7 compounds for anxiety, depression, and mania. 

Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Mahables

hwarkar 

et al., 

2015 

RCT/ 

8 weeks/ 

MDD/ 

10 or 15 mg 

Vortioxetine vs 

placebo 

 

 

45.1±12.4/ 

70.15%/ 

434 (149 Placebo, 

143 Vortioxetine 

10mg, 142 

Vortioxetine 

15mg) 

PBO = 27 –  

6 AE, 4 LoE, 17 

other  

VOR10 = 26 –  

8 AE, 2 LoE, 16 

other     VOR15 = 

31 –  

12 AE, 0 LoE, 19 

other 

MADRS/ 

PBO = -12.87                      

VOR10 = -13.66                  

VOR15 = -13.36 

Differences from placebo in primary 

endpoint (change in MADRS score) were 

not statistically significant for either 10 or 

15 mg Vortioxetine. 

Secondary Outcome (cognition): Both 

Vortioxetine doses showed numerically 

greater improvement in CPFQ (cognitive 

and physical functioning questionnaire) 

scores compared to placebo, but neither 

were statistically significant. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

McIntyre, 

Lophaven 

& Olsen, 

2014 

RCT/ 

8 weeks/ 

MDD/ 

10 or 20 mg 

Vortioxetine vs 

placebo 

 

45.7±12.0/ 

66.22%/ 

598 (196 placebo, 

195 VOR 10 mg, 

207 VOR 20mg) 

N/R MADRS/ 

PBO = -10.9±0.6                  

VOR10 = -

15.6±0.6                   

VOR20 = -

17.6±0.6 

(MMRM) 

Patients in both Vortioxetine groups 

separated from placebo in depressive 

symptom and CGI variables. Patients also 

reported objective and subjective measures 

of cognitive function independent of its 

effect on improving depression symptoms. 

Secondary Outcome (cognition): In the 

pre-defined primary efficacy analysis, both 

doses of Vortioxetine were significantly 

better than placebo. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Alvarez, 

Perez, Dr

agheim, 

Loft & 

Artigas, 

2011 

RCT/ 

6 weeks/ 

MDD/ 

5 or 10mg Lu 

AA21004 vs 225mg 

venlafaxine XR or 

placebo 

 

43.3±11.5 

62.70% 

360 (87 placebo, 

93 Venlafaxine 

XR, 98 LU 

AA21004 5mg, 82 

LU AA21004 

10mg) 

PBO = 18 –  

4 AEs, 6 LoE, 8 

other     

VEN = 20 –  

16 AEs, 2 LoE, 2 

other     

LUA5 = 10 –  

3 AEs, 6 LoE, 1 

other  

LUA10 = 18 –  

MADRS/ 

PBO = -16.6±1.0                     

VEN = -24.2±0.9                           

LUA5 = -22.3±0.9                      

LUA10 = -

23.4±1.0  (OC) 

Lu AA21004 was statistically significantly 

superior to PBO in mean change from 

baseline in MADRS total score at week 6. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

7AEs, 3 LoE, 8 

other 

Mahables

hwarkar 

et al., 

2013 

RCT/ 

8 weeks/ 

MDD/ 

2.5 or 5 mg 

Vortioxetine vs 

60mg duloxetine or 

placebo 

N/R 

N/R 

611 randomised 

 

N/R HAM-D24/ 

*(mean and SE)* 

PBO = -10.5±0.76            

VOR2.5 = -

12.04±0.74        

VOR5 = -

11.08±0.74              

DUL = -

13.47±0.75 

Vortioxetine  doses were associated with 

declines in HAM-D24 total scores 

compared to placebo but were not 

statistically significant. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Henigsber

g et al., 

2012 

RCT/ 

8 weeks/ 

MDD/ 

1, 5, or 10 mg Lu 

AA21004 vs 

placebo 

46.4±12.1 

62.60% 

505 total (127 

placebo, 127 LUA 

1mg, 129 LUA 

5mg, 122 LUA 

10mg 

 

PBO = 13 –  

2 AES, 8 LoE, 3 

other    

LUA1 = 13 –  

3 AEs, 4 LoE, 6 

other     

LUA5 = 11 –  

1 AE, 2 LoE, 8 

other  

LUA10 = 18 –  

HDRS-24/ 

PBO = -10.1±0.7                  

LUA1 = -

14.82±0.7.              

LUA5 = -

15.42±0.7             

LUA10 = -

16.23±0.8 

(MMRM 

Lu AA21004 10 mg there was a significant 

reduction in HDRS-24 total score 

compared with placebo in adults with 

MDD. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

5 AEs, 3 LoE, 10 

other 

El-

Mallakh 

et al., 

2020 

RCT (subset of 

larger study) 

8 weeks 

Bipolar depression 

5-20mg Asenapine 

vs placebo  

(18-55) 

N/R 

9 (4 asenapine, 5 

placebo) 

N/R MADRS 

PBO = -3.80±9.01                      

ASE= -19.80±8.59 

Improvement in MADRS was statistically 

significantly greater in the Asenapine 

group than the placebo group measured as 

changes from baseline to week 8. 

Baldwin, 

Loft & 

Open-label + 

double-blinded 

43.3±13.3 

63.20% 

N/R HAM-A // time to 

relapse 

The result of the primary efficacy analysis 

showed a statistically significant effect of 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Florea, 

2012 

period (20 weeks 

plus 24-56 weeks) 

GAD (DSM-IV-

TR) 

5 or 10mg LU 

AA21004 (as 

decided in open 

label period) vs 

placebo 

278 (121 placebo, 

157 Lu AA21004) 

Lu AA21004 relative to placebo on the 

time to relapse in the double-blind period.  

Loebel, 

Cucchiaro

RCT 

6 weeks 

N/A 

56.90% 

PBO = 43 –  MADRS Lurasidone treatment significantly reduced 

mean MADRS total scores at week 6 for 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

, Silva, 

Kroger, 

Hsu & 

Sarma, 

2014 

20-60mg or 80-

120mg Lurasidone 

daily vs placebo 

374 (127 placebo, 

123 Lur20-60, 124 

Lur80-120) 

 

11 AEs, 13 LoE, 

19 other     

Lur20-60 = 43 –  

11 AEs, 12 LoE, 

20 other                                              

Lur80-120 = 45 –  

10 AEs, 5 LoE, 30 

other 

PBO = -10.7                        

Lur20-60 = -15.4               

Lur80-120 = -

15.4 

both the 20–60 mg/day group and the 80–

120 mg/day group. 

Bonavent

ure et al., 

2012 

RCT 

7 weeks 

N/A N/A MADRS Neither JNJ-18038683 nor escitalopram 

demonstrated a significant improvement 

from baseline to week 7 in MADRS score. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Moderate to Severe 

MDD 

20mg JNJ-

18038683 vs 20mg 

citalopram or 

placebo 

218 total (71 

placebo, 72 JNJ, 

75 escitalopram) 

PBO = -13.8                               

JNJ = -15.2                                

ESC = -13.5   

Secondary outcome (sleep): JNJ-

18038683 prolonged REM latency and 

reduced REM sleep duration in healthy 

controls. 

Rothschil

d, Mahabl

eshwarkar

, 

Jacobsen, 

RCT 

8 weeks 

GAD (DSM-IV-

TR) 

5mg Vortioxetine 

41.2±13.4 

65.80% 

239 total (125 

Vortioxetine, 114 

placebo) 

PBO = 37 –  

4 AEs, 3 LoE, 30 

other  

VOR5 = 27 –  

HAMA 

PBO = -

13.16±0.655           

VOR5 = -

12.57±0.646 

There was no significant difference 

between change in HAM-A scores 

between Vortioxetine and placebo. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Yan & 

Sheehan, 

2012 

3 AEs, 1 LoE, 23 

other 

Jacobsen 

et al., 

2015 

RCT 

8 weeks 

MDD 

10 or 20 mg 

Vortioxetine vs 

placebo 

42.8±12.2 

72.51% 

457 (155 placebo, 

154 Vortioxetine 

10mg, 148 

Vortioxetine 

20mg) 

PBO = 18 -2 AE,  

1 LoE, 15 other  

VOR10 = 31 –  

9 AE, 3 LoE, 19 

other  

VOR20 = 28 –  

7 AE, 1 LoE, 20 

other 

MADRS 

PBO = -10.8±0.81               

VOR10 = -

13.0±0.83         

VOR20 = -

14.4±0.85 

Vortioxetine at 20 mg showed significant 

improvement in MADRS score at 8 weeks 

compared to placebo. The difference 

between placebo and 10 mg Vortioxetine 

did not reach significance. 
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Author 

ship 

Study Design/ 

Study Length / 

Diagnoses/ 

Drug/ 

Comparator/ 

Age of 

participants 

(mean±SD)/ 

Gender (M:F or 

F%)/ 

Total number of 

participants who 

completed 

treatment 

Drop-outs 

(including AEs 

and LOC, not 

including not 

randomised / not 

treated) * 

Outcome (Mood) 

Measure / 

Change Pre vs 

Post Treatment 

Score (mean and 

SD) (stat method)  

Clinical outcome (CGI)/  

Secondary Outcome (sleep or cognition) 

Suppes T 

et al., 

2016 

RCT 

6 weeks 

MDD with 2-3 

manic/hypomanic 

symptoms 

20-60g Lurasidone 

vs placebo  

 

 

 

44.9±12.1 

69.38% 

189 (102 

Lurasidone, 87 

placebo) 

 

PBO = 15 –  

5 AE, 4 LoE, 6 

other         

LUR = 7 - 3 AE,  

2 LoE, 2 other 

MADRS 

PBO = - 13.0 ±1.0                    

LUR = -20.5±1.0 

Lurasidone significantly improved 

depressive symptoms and overall illness 

severity assessed by least squares mean 

change at week 6 in MADRS and CGI-S. 

Significant improvement in manic 

symptoms assess by YMRS was also 

observed. 
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Results of Quality Assessment 

Authorship selective 

bias 

study 

design 

confoun

ders 

blinding data 

collect 

withdra

wal 

interven

tion 

integrity 

analysis Global 

rating 

GLOBAL 

RATING 

Alvarez, Perez, Dragheim, Loft & 

Artigas, 2011 

1 1 1 1 1 1 1,1,2 Y 1 STRONG 

Baldwin, Loft & Dragheim, 2011 1 1 1 1 1 2 1,1,2 Y 1 STRONG 

Mahableshwarkar et al., 2013 1 1 1 1 1 1 1,3,3 Y 1 STRONG 

Henigsberg et al., 2012 2 1 1 1 1 1 1,3,2 Y 1 STRONG 

McIntyre, Lophaven & Olsen, 2014 1 1 1 1 1 1 1,1,2 Y 1 STRONG 

El-Mallakh et al., 2020 2 1 1 2 1 1 1,1,2 Y 1 STRONG 

Baldwin, Loft & Florea, 2012 1 1 1 2 1 2 1,1,3 Y 1 STRONG 

Loebel, Cucchiaro, Silva, Kroger, 

Hsu & Sarma, 2014 

1 1 1 2 1 1 1,1,2 Y 1 STRONG 

Bonaventure et al., 2012 1 1 1 2 1 1 1,1,2 Y 1 STRONG 
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Rothschild, Mahableshwarkar, 

Jacobsen, Yan & Sheehan, 2012 

1 1 1 2 1 1 1,3,3 Y 1 STRONG 

Mahableshwarkar et al., 2015 1 1 1 2 1 1 1,1,2 Y 1 STRONG 

Jacobsen, Mahableshwarkar, 

Serenko, Chan & Trivedi, 2014 

1 1 1 1 1 1 1,1,2 Y 1 STRONG 

Suppes, Silva, Cucchiaro, Mao, 

Targum, Streicher, Pikalov & 

Loebel, 2016  

1 1 1 1 1 1 1,1,2 Y 1 STRONG 
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Appendices for Chapter 3 

Pop-faces paradigm 

MATLAB script for fMRI preprocessing 

clear all; clc 
root = '/data/project/SIMBAphd/COPY/'; % define filepath and filename of the data 
cd(root) 
folders = dir('SIMBA*'); 
 
for i =  1:length (folders) % loop, to use the batch to do preprocessing in the same way 
repeatedly 
    tic 
   cd([root folders(i).name '/NIFTI/data/MPRAGE/'])  
    
   % map, choose the structral data T1 images  
   T1 = spm_select('FPList', pwd, '^00*.*_MPRAGE*.*_reo.nii')  
   
   % map, choose the functional data POPFACE scans  
      cd([root folders(i).name '/NIFTI/data/FACES/'])  
   func = spm_select('EXTFPList', pwd,'^00*.*_fMRI_POPFACES_*.*_reo.nii');   
    
   % read in the header information for the file 
   fmri = spm_vol(func); 
    
   % number of slices 3D dimentions 
   nslices = fmri(1).dim(3);  
    
   clear matlabbatch 
    matlabbatch{1}.spm.spatial.preproc.channel.vols = cellstr(T1) 
    matlabbatch{1}.spm.spatial.preproc.channel.biasreg = 0.001; 
    matlabbatch{1}.spm.spatial.preproc.channel.biasfwhm = 60; 
    matlabbatch{1}.spm.spatial.preproc.channel.write = [0 1]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(1).tpm = 
{'/nan/ceph/network/system/el7/spm/spm-12-20181114/tpm/TPM.nii,1'}; 
    matlabbatch{1}.spm.spatial.preproc.tissue(1).ngaus = 1; 
    matlabbatch{1}.spm.spatial.preproc.tissue(1).native = [1 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(1).warped = [0 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(2).tpm = 
{'/nan/ceph/network/system/el7/spm/spm-12-20181114/tpm/TPM.nii,2'}; 
    matlabbatch{1}.spm.spatial.preproc.tissue(2).ngaus = 1; 
    matlabbatch{1}.spm.spatial.preproc.tissue(2).native = [1 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(2).warped = [0 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(3).tpm = 
{'/nan/ceph/network/system/el7/spm/spm-12-20181114/tpm/TPM.nii,3'}; 
    matlabbatch{1}.spm.spatial.preproc.tissue(3).ngaus = 2; 
    matlabbatch{1}.spm.spatial.preproc.tissue(3).native = [1 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(3).warped = [0 0]; 
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    matlabbatch{1}.spm.spatial.preproc.tissue(4).tpm = 
{'/nan/ceph/network/system/el7/spm/spm-12-20181114/tpm/TPM.nii,4'}; 
    matlabbatch{1}.spm.spatial.preproc.tissue(4).ngaus = 3; 
    matlabbatch{1}.spm.spatial.preproc.tissue(4).native = [1 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(4).warped = [0 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(5).tpm = 
{'/nan/ceph/network/system/el7/spm/spm-12-20181114/tpm/TPM.nii,5'}; 
    matlabbatch{1}.spm.spatial.preproc.tissue(5).ngaus = 4; 
    matlabbatch{1}.spm.spatial.preproc.tissue(5).native = [1 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(5).warped = [0 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(6).tpm = 
{'/nan/ceph/network/system/el7/spm/spm-12-20181114/tpm/TPM.nii,6'}; 
    matlabbatch{1}.spm.spatial.preproc.tissue(6).ngaus = 2; 
    matlabbatch{1}.spm.spatial.preproc.tissue(6).native = [0 0]; 
    matlabbatch{1}.spm.spatial.preproc.tissue(6).warped = [0 0]; 
    matlabbatch{1}.spm.spatial.preproc.warp.mrf = 1; 
    matlabbatch{1}.spm.spatial.preproc.warp.cleanup = 1; 
    matlabbatch{1}.spm.spatial.preproc.warp.reg = [0 0.001 0.5 0.05 0.2]; 
    matlabbatch{1}.spm.spatial.preproc.warp.affreg = 'mni'; 
    matlabbatch{1}.spm.spatial.preproc.warp.fwhm = 0; 
    matlabbatch{1}.spm.spatial.preproc.warp.samp = 3; 
    matlabbatch{1}.spm.spatial.preproc.warp.write = [1 1]; 
    matlabbatch{2}.spm.spatial.realign.estwrite.data{1} = cellstr(func); 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.quality = 0.9; 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.sep = 4; 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.fwhm = 5; 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.rtm = 1; 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.interp = 2; 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.wrap = [0 0 0]; 
    matlabbatch{2}.spm.spatial.realign.estwrite.eoptions.weight = ''; 
    matlabbatch{2}.spm.spatial.realign.estwrite.roptions.which = [0 1]; 
    matlabbatch{2}.spm.spatial.realign.estwrite.roptions.interp = 4; 
    matlabbatch{2}.spm.spatial.realign.estwrite.roptions.wrap = [0 0 0]; 
    matlabbatch{2}.spm.spatial.realign.estwrite.roptions.mask = 1; 
    matlabbatch{2}.spm.spatial.realign.estwrite.roptions.prefix = 'r'; 
    matlabbatch{3}.spm.temporal.st.scans{1}(1) = cfg_dep('Realign: Estimate & Reslice: 
Realigned Images (Sess 1)', substruct('.','val', '{}',{2}, '.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', 
'{}',{1}), substruct('.','sess', '()',{1}, '.','cfiles')); 
    matlabbatch{3}.spm.temporal.st.nslices = nslices; 
    matlabbatch{3}.spm.temporal.st.tr = 2; 
    matlabbatch{3}.spm.temporal.st.ta = 2 - (2/nslices); 
    matlabbatch{3}.spm.temporal.st.so = nslices:-1:1; 
    matlabbatch{3}.spm.temporal.st.refslice = ceil(nslices/2); 
    matlabbatch{3}.spm.temporal.st.prefix = 'a'; 
    matlabbatch{4}.spm.spatial.coreg.estimate.ref(1) = cfg_dep('Segment: Bias Corrected (1)', 
substruct('.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', '{}',{1}), substruct('.','channel', '()',{1}, 
'.','biascorr', '()',{':'})); 
    matlabbatch{4}.spm.spatial.coreg.estimate.source(1) = cfg_dep('Realign: Estimate & 
Reslice: Mean Image', substruct('.','val', '{}',{2}, '.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', 
'{}',{1}), substruct('.','rmean')); 
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    matlabbatch{4}.spm.spatial.coreg.estimate.other(1) = cfg_dep('Slice Timing: Slice Timing 
Corr. Images (Sess 1)', substruct('.','val', '{}',{3}, '.','val', '{}',{1}, '.','val', '{}',{1}), 
substruct('()',{1}, '.','files')); 
    matlabbatch{4}.spm.spatial.coreg.estimate.eoptions.cost_fun = 'nmi'; 
    matlabbatch{4}.spm.spatial.coreg.estimate.eoptions.sep = [4 2]; 
    matlabbatch{4}.spm.spatial.coreg.estimate.eoptions.tol = [0.02 0.02 0.02 0.001 0.001 
0.001 0.01 0.01 0.01 0.001 0.001 0.001]; 
    matlabbatch{4}.spm.spatial.coreg.estimate.eoptions.fwhm = [7 7]; 
    matlabbatch{5}.spm.spatial.normalise.write.subj.def(1) = cfg_dep('Segment: Forward 
Deformations', substruct('.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', '{}',{1}), 
substruct('.','fordef', '()',{':'})); 
    matlabbatch{5}.spm.spatial.normalise.write.subj.resample(1) = cfg_dep('Coregister: 
Estimate: Coregistered Images', substruct('.','val', '{}',{4}, '.','val', '{}',{1}, '.','val', '{}',{1}, 
'.','val', '{}',{1}), substruct('.','cfiles')); 
    matlabbatch{5}.spm.spatial.normalise.write.woptions.bb = [-78 -112 -70 
                                                              78 76 85]; 
    matlabbatch{5}.spm.spatial.normalise.write.woptions.vox = [2 2 2]; 
    matlabbatch{5}.spm.spatial.normalise.write.woptions.interp = 4; 
    matlabbatch{5}.spm.spatial.normalise.write.woptions.prefix = 'w'; 
    matlabbatch{6}.spm.spatial.smooth.data(1) = cfg_dep('Normalise: Write: Normalised 
Images (Subj 1)', substruct('.','val', '{}',{5}, '.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', '{}',{1}), 
substruct('()',{1}, '.','files')); 
    matlabbatch{6}.spm.spatial.smooth.fwhm = [8 8 8]; 
    matlabbatch{6}.spm.spatial.smooth.dtype = 0; 
    matlabbatch{6}.spm.spatial.smooth.im = 0; 
    matlabbatch{6}.spm.spatial.smooth.prefix = 's'; 
    save preprocess_batch matlabbatch 
    spm_jobman('run', matlabbatch) 
    clear matlabbatch 
    toc 
end 
 
MATLAB scripts for fMRI First-level analysis 
 
clear all; clc 
root = '/data/project/SIMBAphd/COPY/'; 
onsets_folder = '/data/project/SIMBAphd/COPY/onsets/POPFACES' 
cd(root) 
task ='FACES' 
folders= dir('SIMBA*'); 
 
% i = 33 skipped, needs re-prepprocessing 
for i = 1: length(folders) 
targetdir= [root folders(i).name '/NIFTI/data/' task ]; 
cd(targetdir) 
fmri =spm_select('EXTFPList',pwd,['^swa0*.*' task '*.*_reo.nii']) 
rp = spm_select('FPList', pwd,'^rp_0*.*_reo.txt') 
mkdir analysis_block 
cd analysis_block 
analysis_dir = pwd 
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delete SPM.mat 
 
cd(onsets_folder) 
onset_file = dir(['onsets_Simba_*' folders(i).name '*.mat']) 
clear ons 
load(onset_file.name) 
ons{1}.missed = sort([ons{1}.neu_miss; ons{1}.fea_miss; ons{1}.hap_miss]) 
ons{1}.incorrect = sort([ons{1}.neu_incor; ons{1}.fea_incor; ons{1}.hap_incor]) 
 
matlabbatch{1}.spm.stats.fmri_spec.dir{1} = analysis_dir; 
matlabbatch{1}.spm.stats.fmri_spec.timing.units = 'secs'; 
matlabbatch{1}.spm.stats.fmri_spec.timing.RT = 2; 
matlabbatch{1}.spm.stats.fmri_spec.timing.fmri_t = 41; 
matlabbatch{1}.spm.stats.fmri_spec.timing.fmri_t0 = 21; 
%% 
matlabbatch{1}.spm.stats.fmri_spec.sess.scans = cellstr(fmri) 
 
%% 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).name = 'Neutral'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).onset = 
[ons{1}.neu_cor(1);ons{1}.neu_cor(1+find(diff(ons{1}.neu_cor)>20))] 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).duration = 17.5; % Perf{1}.neu_corr_rt: 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).orth = 1; 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).name = 'Happy'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).onset = 
[ons{1}.hap_cor(1);ons{1}.hap_cor(1+find(diff(ons{1}.hap_cor)>20))] 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).duration = 17.5; % Perf{1}.hap_corr_rt: 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).orth = 1; 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).name = 'Fearful'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).onset 
=[ons{1}.fea_cor(1);ons{1}.fea_cor(1+find(diff(ons{1}.fea_cor)>20))]; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).duration = 17.5; % Perf{1}.fea_corr_rt: 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).orth = 1; 
 
nCond  =3; 
 
if ~isempty(ons{1}.incorrect) 
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    nCond = nCond +1; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).name = 'incorrect responses'; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).onset = ons{1}.incorrect 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).duration = 1.75; % 
nanmean([Perf{1}.neu_incorr_rt; Perf{1}.fea_incorr_rt; Perf{1}.hap_incorr_rt]); 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).tmod = 0; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).pmod = struct('name', {}, 'param', 
{}, 'poly', {}); 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).orth = 1; 
end 
 
 
if ~isempty(ons{1}.missed) 
    nCond = nCond+1; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).name = 'misses'; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).onset = ons{1}.missed 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).duration = 1.75; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).tmod = 0; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).pmod = struct('name', {}, 'param', 
{}, 'poly', {}); 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).orth = 1; 
end 
 
if ~isempty(ons{1}.fp) 
    nCond = nCond +1; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).name = 'false positives'; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).onset = ons{1}.fp 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).duration = 1.75 %; 
Perf{1}.fp_mean_rt; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).tmod = 0; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).pmod = struct('name', {}, 'param', 
{}, 'poly', {}); 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(nCond).orth = 1; 
end 
 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.multi = {''}; 
matlabbatch{1}.spm.stats.fmri_spec.sess.regress = struct('name', {}, 'val', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.multi_reg = cellstr(rp) 
matlabbatch{1}.spm.stats.fmri_spec.sess.hpf = 128; 
matlabbatch{1}.spm.stats.fmri_spec.fact = struct('name', {}, 'levels', {}); 
matlabbatch{1}.spm.stats.fmri_spec.bases.hrf.derivs = [0 0]; 
matlabbatch{1}.spm.stats.fmri_spec.volt = 1; 
matlabbatch{1}.spm.stats.fmri_spec.global = 'None'; 
matlabbatch{1}.spm.stats.fmri_spec.mthresh = 0.8; 
matlabbatch{1}.spm.stats.fmri_spec.mask = {''}; 
matlabbatch{1}.spm.stats.fmri_spec.cvi = 'AR(1)'; 
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matlabbatch{2}.spm.stats.fmri_est.spmmat(1) = cfg_dep('fMRI model specification: 
SPM.mat File', substruct('.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', '{}',{1}), 
substruct('.','spmmat')); 
matlabbatch{2}.spm.stats.fmri_est.write_residuals = 0; 
matlabbatch{2}.spm.stats.fmri_est.method.Classical = 1; 
matlabbatch{3}.spm.stats.con.spmmat(1) = cfg_dep('Model estimation: SPM.mat File', 
substruct('.','val', '{}',{2}, '.','val', '{}',{1}, '.','val', '{}',{1}), substruct('.','spmmat')); 
 
matlabbatch{3}.spm.stats.con.consess{1}.tcon.name = 'Neutral'; 
matlabbatch{3}.spm.stats.con.consess{1}.tcon.weights = 1 
matlabbatch{3}.spm.stats.con.consess{1}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{2}.tcon.name = 'Happy'; 
matlabbatch{3}.spm.stats.con.consess{2}.tcon.weights = [0 1]; 
matlabbatch{3}.spm.stats.con.consess{2}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{3}.tcon.name = 'Fearful'; 
matlabbatch{3}.spm.stats.con.consess{3}.tcon.weights = [0 0 1]; 
matlabbatch{3}.spm.stats.con.consess{3}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{4}.tcon.name = 'Happy>Neutral'; 
matlabbatch{3}.spm.stats.con.consess{4}.tcon.weights = [-1 1]; 
matlabbatch{3}.spm.stats.con.consess{4}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{5}.tcon.name = 'Fearful>Neutral'; 
matlabbatch{3}.spm.stats.con.consess{5}.tcon.weights = [-1 0 1]; 
matlabbatch{3}.spm.stats.con.consess{5}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{6}.tcon.name = 'Fearful>Happy'; 
matlabbatch{3}.spm.stats.con.consess{6}.tcon.weights = [0 -1 1]; 
matlabbatch{3}.spm.stats.con.consess{6}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.delete = 0; 
cd(analysis_dir) 
save batch matlabbatch 
spm_jobman('run',matlabbatch) 
end 
 
added contrasts 
clear all; clc 
root = '/data/project/SIMBAphd/COPY/'; 
onsets_folder = '/data/project/SIMBAphd/COPY/onsets/POPFACES' 
cd(root) 
task ='FACES' 
folders= dir('SIMBA*'); 
 
 
for i = 1:length(folders) 
targetdir= [root folders(i).name '/NIFTI/data/' task '/analysis_block' ]; 
cd(targetdir) 
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mat_file = spm_select('FPList', pwd,'^SP*.*.mat') 
 
matlabbatch{1}.spm.stats.con.spmmat= cellstr(mat_file) 
 
matlabbatch{1}.spm.stats.con.consess{1}.tcon.name = 'allfaces'; 
matlabbatch{1}.spm.stats.con.consess{1}.tcon.weights = [1 1 1] 
matlabbatch{1}.spm.stats.con.consess{1}.tcon.sessrep = 'none'; 
matlabbatch{1}.spm.stats.con.delete = 0; 
save batch matlabbatch 
spm_jobman('run',matlabbatch) 
end  
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Appendices for Chapter 4 

N-back paradigm 

MATLAB scripts for fMRI First-level analysis 
 
clear all; clc 
root = '/data/project/SIMBAphd/COPY/'; 
onsets_folder = '/data/project/SIMBAphd/COPY/onsets/NBACK' 
cd(root) 
task ='NBACK' 
folders= dir('SIMBA*'); 
 
for i = 1: length (folders) 
targetdir= [root folders(i).name '/NIFTI/data/' task ]; 
cd(targetdir) 
fmri =spm_select('EXTFPList',pwd,['^swa0*.*' task '*.*_reo.nii']) 
rp = spm_select('FPList', pwd,'^rp_*.*.txt') 
mkdir analysis 
cd analysis  
analysis_dir = pwd 
delete SPM.mat 
 
cd(onsets_folder) 
onset_file = dir(['onsets_Simba_*' folders(i).name '*.mat']) 
clear ons 
load(onset_file.name) 
ons{1}.hits = sort([ons{1}.corr_Resp_B0 ons{1}.corr_Resp_B1 ons{1}.corr_Resp_B2 
ons{1}.corr_Resp_B3]) 
 
matlabbatch{1}.spm.stats.fmri_spec.dir{1} = analysis_dir; 
matlabbatch{1}.spm.stats.fmri_spec.timing.units = 'secs'; 
matlabbatch{1}.spm.stats.fmri_spec.timing.RT = 2; 
matlabbatch{1}.spm.stats.fmri_spec.timing.fmri_t = 41; 
matlabbatch{1}.spm.stats.fmri_spec.timing.fmri_t0 = 21; 
%% 
matlabbatch{1}.spm.stats.fmri_spec.sess.scans = cellstr(fmri) 
 
%% 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).name = 'Instruction'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).onset = ons{1}.Instruction 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).duration = 3; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(1).orth = 1; 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).name = 'zero back'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).onset = ons{1}.X; 
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matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).duration = 28; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(2).orth = 1; 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).name = 'one back'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).onset = ons{1}.B1; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).duration = 28; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(3).orth = 1; 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(4).name = 'two back'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(4).onset = ons{1}.B2 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(4).duration = 28; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(4).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(4).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(4).orth = 1; 
 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(5).name = 'three back'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(5).onset = ons{1}.B3 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(5).duration = 28; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(5).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(5).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(5).orth = 1; 
 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(6).name = 'hits'; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(6).onset = ons{1}.hits; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(6).duration = 2; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(6).tmod = 0; 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(6).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.cond(6).orth = 1; 
 
if ~isempty(ons{1}.missed) 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(7).name = 'misses'; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(7).onset = ons{1}.missed 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(7).duration = 2; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(7).tmod = 0; 
    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(7).pmod = struct('name', {}, 'param', {}, 
'poly', {}); 
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    matlabbatch{1}.spm.stats.fmri_spec.sess.cond(7).orth = 1; 
end 
 
matlabbatch{1}.spm.stats.fmri_spec.sess.multi = {''}; 
matlabbatch{1}.spm.stats.fmri_spec.sess.regress = struct('name', {}, 'val', {}); 
matlabbatch{1}.spm.stats.fmri_spec.sess.multi_reg = cellstr(rp) 
matlabbatch{1}.spm.stats.fmri_spec.sess.hpf = 128; 
matlabbatch{1}.spm.stats.fmri_spec.fact = struct('name', {}, 'levels', {}); 
matlabbatch{1}.spm.stats.fmri_spec.bases.hrf.derivs = [0 0]; 
matlabbatch{1}.spm.stats.fmri_spec.volt = 1; 
matlabbatch{1}.spm.stats.fmri_spec.global = 'None'; 
matlabbatch{1}.spm.stats.fmri_spec.mthresh = 0.8; 
matlabbatch{1}.spm.stats.fmri_spec.mask = {''}; 
matlabbatch{1}.spm.stats.fmri_spec.cvi = 'AR(1)'; 
matlabbatch{2}.spm.stats.fmri_est.spmmat(1) = cfg_dep('fMRI model specification: 
SPM.mat File', substruct('.','val', '{}',{1}, '.','val', '{}',{1}, '.','val', '{}',{1}), 
substruct('.','spmmat')); 
matlabbatch{2}.spm.stats.fmri_est.write_residuals = 0; 
matlabbatch{2}.spm.stats.fmri_est.method.Classical = 1; 
matlabbatch{3}.spm.stats.con.spmmat(1) = cfg_dep('Model estimation: SPM.mat File', 
substruct('.','val', '{}',{2}, '.','val', '{}',{1}, '.','val', '{}',{1}), substruct('.','spmmat')); 
 
matlabbatch{3}.spm.stats.con.consess{1}.tcon.name = 'AllBack>zeroBack'; 
matlabbatch{3}.spm.stats.con.consess{1}.tcon.weights = [0 -1 0.333333333333333 
0.333333333333333 0.333333333333333]; 
matlabbatch{3}.spm.stats.con.consess{1}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{2}.tcon.name = '1Back>0Back'; 
matlabbatch{3}.spm.stats.con.consess{2}.tcon.weights = [0 -1 1]; 
matlabbatch{3}.spm.stats.con.consess{2}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{3}.tcon.name = '2Back>0Back'; 
matlabbatch{3}.spm.stats.con.consess{3}.tcon.weights = [0 -1 0 1]; 
matlabbatch{3}.spm.stats.con.consess{3}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{4}.tcon.name = '3Back>0Back'; 
matlabbatch{3}.spm.stats.con.consess{4}.tcon.weights = [0 -1 0 0 1]; 
matlabbatch{3}.spm.stats.con.consess{4}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{5}.tcon.name = '2Back>1Back'; 
matlabbatch{3}.spm.stats.con.consess{5}.tcon.weights = [0 0 -1 1]; 
matlabbatch{3}.spm.stats.con.consess{5}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{6}.tcon.name = '3Back>1Back'; 
matlabbatch{3}.spm.stats.con.consess{6}.tcon.weights = [0 0 -1 0 1]; 
matlabbatch{3}.spm.stats.con.consess{6}.tcon.sessrep = 'none'; 
 
matlabbatch{3}.spm.stats.con.consess{7}.tcon.name = '3Back>2Back'; 
matlabbatch{3}.spm.stats.con.consess{7}.tcon.weights = [0 0 0 -1 1]; 
matlabbatch{3}.spm.stats.con.consess{7}.tcon.sessrep = 'none'; 
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matlabbatch{3}.spm.stats.con.delete = 0; 
cd(analysis_dir) 
save batch matlabbatch 
spm_jobman('run',matlabbatch) 
end 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 291 

Appendices for Chapter 5 

SPSS Syntax for brain age analysis 

* create dummy - who (groups)  
* gp3: 0 (HC), 1 (BD), 2 (LI) 
* change old variable (gp3) into a new variable (who1) 
* when old variable (gp3) = 0 (HC) 
* for the new variable (who1) = 1 (true). 
RECODE gp3 (0=1) (ELSE=0) INTO who1. 
VARIABLE LABELS  who1 'HC'. 
EXECUTE. 
 
* change old variable (gp3) into a new variable (who2) 
* when old variable (gp3) = 1 (BP) 
* for the new variable (who2) = 1 (true). 
RECODE gp3 (1=1) (ELSE=0) INTO who2. 
VARIABLE LABELS  who2 'BP'. 
EXECUTE. 
 
* change old variable (gp3) into a new variable (who3) 
* when old variable (gp3) = 2 (BPL) 
* for the new variable (who3) = 1 (true). 
RECODE gp3 (2=1) (ELSE=0) INTO who3. 
VARIABLE LABELS  who3 'BPL'. 
EXECUTE. 
 
* create dummy - which (study) 
* study: sty1 (bliss), sty2 (simba), sty3 (crib), sty4 (brcfmrs)  
* change old variable (study) into a new variable (which1) 
* when old variable (study) = 1 (bliss) 
* for the new variable (which1) = 1 (true). 
RECODE study (1=1) (ELSE=0) INTO which1. 
VARIABLE LABELS  which1 'bliss'. 
EXECUTE. 
 
* change old variable (study) into a new variable (which2) 
* when old variable (study) = 2 (simba) 
* for the new variable (which2) = 1 (true). 
RECODE study (2=1) (ELSE=0) INTO which2. 
VARIABLE LABELS  which2 'simba'. 
EXECUTE. 
 
* change old variable (study) into a new variable (which3) 
* when old variable (study) = 3 (crib) 
* for the new variable (which3) = 1 (true). 
RECODE study (3=1) (ELSE=0) INTO which3. 
VARIABLE LABELS  which3 'crib'. 
EXECUTE. 
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* change old variable (study) into a new variable (which4) 
* when old variable (study) = 4 (brcfmrs) 
* for the new variable (which4) = 1 (true). 
RECODE study (4=1) (ELSE=0) INTO which4. 
VARIABLE LABELS  which4 'brcfmrs'. 
EXECUTE. 
 
 
*logic check for grp2. 
CROSSTABS 
  /TABLES=who1 BY gp2 
  /FORMAT=AVALUE TABLES 
  /CELLS=COUNT 
  /COUNT ROUND CELL. 
 
*logic check for grp2. 
CROSSTABS 
  /TABLES=who2 BY gp2 
  /FORMAT=AVALUE TABLES 
  /CELLS=COUNT 
  /COUNT ROUND CELL. 
 
*logic check for grp2. 
CROSSTABS 
  /TABLES=who3 BY gp2 
  /FORMAT=AVALUE TABLES 
  /CELLS=COUNT 
  /COUNT ROUND CELL. 
 
 
* descriptive of study by 2 groups. 
* check how many HC vs BD (grp2) in each study. 
CROSSTABS 
  /TABLES=study BY gp2 
  /FORMAT=AVALUE TABLES 
  /CELLS=COUNT 
  /COUNT ROUND CELL. 
 
* descriptive of scanage by 2 groups. 
* check scanage of HC vs BD (grp2). 
EXAMINE VARIABLES=brainage scanage BY gp2 
  /COMPARE GROUPS 
  /STATISTICS DESCRIPTIVES 
  /CINTERVAL 95 
  /MISSING PAIRWISE 
  /NOTOTAL. 
 
*create variable study by university, 1= BLISS, 2=KCL. 
 
DATASET ACTIVATE DataSet1. 
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RECODE study (1=1) (2 thru 4=2) INTO study_u. 
VARIABLE LABELS  study_u 'study by university'. 
EXECUTE. 
 
* to see if there are correlations between brainage, scanage, and gap between brainage and 
scanage (bsgap1). 
CORRELATIONS 
  /VARIABLES=scanage brainage bsgap1 
  /PRINT=TWOTAIL NOSIG FULL 
  /MISSING=PAIRWISE. 
NONPAR CORR 
  /VARIABLES=scanage brainage bsgap1 
  /PRINT=SPEARMAN TWOTAIL NOSIG FULL 
  /MISSING=PAIRWISE. 
 
* to see if there are differences between two groups (BD & HC) by age, yedu, iqfull (t-test) 
and gender (chi square). 
T-TEST GROUPS=gp2(0 1) 
  /MISSING=ANALYSIS 
  /VARIABLES=scanage yedu iqfull 
  /ES DISPLAY(TRUE) 
  /CRITERIA=CI(.95). 
 
CROSSTABS 
  /TABLES=study_u BY gender 
  /FORMAT=AVALUE TABLES 
  /STATISTICS=CHISQ  
  /CELLS=COUNT 
  /COUNT ROUND CELL. 
 
* analysis1a - (using brain age) using regression to see if there is difference between 2 groups 
with all samples. 
* check if patient's brainage is older than healthy people's (BD vs HC). 
* regression for brainage with scanage, HC vs BD (grp2) in study 1 - 4. 
REGRESSION 
  /MISSING LISTWISE 
  /STATISTICS COEFF OUTS R ANOVA 
  /CRITERIA=PIN(.05) POUT(.10) 
  /NOORIGIN  
  /DEPENDENT brainage 
  /METHOD=ENTER scanage 
  /METHOD=ENTER which2 which3 which4  
  /METHOD=ENTER gp2. 
 
 
* analysis1b - (using age gap) - the gap between brainage and scanage with study 1-4 
samples. 
* create agegap variable. 
COMPUTE bsgap1=brainage - scanage. 
EXECUTE. 
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* descriptive of bsgap - check if there are negative values. 
DESCRIPTIVES VARIABLES= bsgap1 
  /STATISTICS=MEAN STDDEV MIN MAX SEMEAN. 
 
* see if there is difference between 2 groups in agegap1 (minus, bsgap1: HC & BD). 
T-TEST GROUPS=gp2(0 1) 
  /MISSING=ANALYSIS 
  /VARIABLES=bsgap1 
  /ES DISPLAY(TRUE) 
  /CRITERIA=CI(.95). 
* analysis2 - lithium effects - if brain age gap is larger in BD in 3 gps (BD > LI/HC), using 
study1 samples. 
* filter to focusing on study1. 
USE ALL. 
COMPUTE filter_$=(study=1). 
VARIABLE LABELS filter_$ 'study=1 (FILTER)'. 
VALUE LABELS filter_$ 0 'Not Selected' 1 'Selected'. 
FORMATS filter_$ (f1.0). 
FILTER BY filter_$. 
EXECUTE. 
 
* check data. 
DESCRIPTIVES VARIABLES=study 
  /STATISTICS=MEAN STDDEV MIN MAX. 
 
* using ANOVA to see if brain age gap is larger in BD in 3 groups (BD > LI/HC). 
* testing bsgap1. 
ONEWAY bsgap1 BY gp3 
  /STATISTICS DESCRIPTIVES HOMOGENEITY  
  /MISSING ANALYSIS 
  /CRITERIA=CILEVEL(0.95) 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
 
* analysis3a - to see what types of cognitive functions predict the gap between brainage and 
scanage. 
* regression to see the relationships between age gap1 (minus) and cognition. 
DATASET ACTIVATE DataSet1. 
CORRELATIONS 
  /VARIABLES=bsgap1 yedu iqfull pcat tmta 
  /PRINT=TWOTAIL NOSIG FULL 
  /STATISTICS DESCRIPTIVES 
  /MISSING=PAIRWISE. 
 
DATASET ACTIVATE DataSet1. 
REGRESSION 
  /DESCRIPTIVES MEAN STDDEV CORR SIG N 
  /MISSING LISTWISE 
  /STATISTICS COEFF OUTS CI(95) R ANOVA 
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  /CRITERIA=PIN(.05) POUT(.10) 
  /NOORIGIN  
  /DEPENDENT bsgap1 
  /METHOD=ENTER scanage who1 who2 who3 yedu iqfull tmta pcat. 
 
* remove filter. 
FILTER OFF. 
USE ALL. 
EXECUTE. 
 

 

 


