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Introduction:

Bipolar disorder is a mental illness that is defined by recurrent episodes of depression 
and elevated mood (i.e. hypomanic and manic episodes). The broad spectrum of bipolar 
disorder is defined in several categories, of which bipolar type I and type II are the most 
typical forms, together affecting about 1% of the general population (Merikangas et 
al. 2011). Bipolar disorder is along with other psychiatric disorders, the leading cause of 
disease burden (expressed as years lived with disability) worldwide (GBD 2016 DALYs and 
HALE Collaborators, 2017). Despite the large impact of bipolar disorder, the underlying 
pathophysiology and the mechanism through which existing pharmacological treatment is 
effective remains largely unknown. 
This thesis focuses on two topics:
	 1. �Psychotic symptoms in bipolar disorder to explore a potential psychotic subtype 

of the disorder.
	 2. Current and new developments in pharmacological treatment in bipolar disorder. 

In this chapter, the diagnostic criteria of bipolar disorder are described followed by a brief 
explanation of diagnostic heterogeneity within psychiatric disorders as an introduction of 
the first topic of this thesis. The second part describes the current status of pharmacological 
treatment of bipolar disorder.  

1a. Classification and diagnostic criteria of bipolar disorder:
The spectrum of bipolar disorder refers to a group of affective disorders, which together are 
characterized by depressive and manic or hypomanic episodes. The spectrum is broad and 
the bipolar phenotype is defined solely to clinical features.  The two main bipolar categories 
which are of interest for this thesis are bipolar disorder type I and type II. Bipolar disorder 
type I consists of manic episodes often alternated by depressive episodes. Bipolar disorder 
type II is distinguished from type I by the occurrence of (less severe) hypomanic instead 
of manic episodes.  A depressive or (hypo)manic episode is diagnosed by strict criteria 
described in the Diagnostic and Statistical Manual of Mental Disorders (DSM). 
Core symptoms of a (hypo)manic episode are a persistent elevated (euphoric) and 
expansive or irritable mood which at least lasts for a week. This change in mood is 
accompanied by symptoms like increased self-esteem, or grandiosity, decreased need for 
sleep, increased distractibility, psychomotor agitation and involvement in activities with 
painful consequences. Psychotic symptoms, consisting of hallucinations and delusions, can 
occur during a manic episode. By definition a hypomanic episode is not accompanied by 
psychotic symptoms and causes a lower level of distress or impairment in life compared to 
a manic episode. Bipolar disorder type I and Type II are best distinguished by the severity 
of manic symptoms. The majority of bipolar patients suffers the most from depressive 
episodes, which are more frequent and last longer than (hypo)manic episodes. A depressive 
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episode within the bipolar spectrum is not any different from an unipolar depression. Core 
symptoms are a persistent depressed mood and loss of interest, which lasts for more than 
two weeks and causes significant distress and impairment in life.  In addition, depression 
is accompanied by symptoms like change in appetite or weight, insomnia or hypersomnia, 
agitation or psychomotor retardation, fatigue, feelings of worthlessness, diminished ability 
to concentrate and recurrent thoughts of death. 
This thesis focuses on patients diagnosed with bipolar disorder type I and the diagnostic 
criteria of the Diagnostic and Statistical Manual of Mental Disorder IV are used. 

1b. Diagnostic heterogeneity:
Psychiatric disorders are considered separate diagnostic entities. Diagnostic heterogeneity 
is substantial in psychiatry and there is considerable overlap in symptoms indicating 
shared etiology. Bipolar disorder has a polygenic basis which is substantially shared with 
schizophrenia for instance (International Schizophrenia Consortium, 2009). In addition, 
psychotic and mood symptoms occur in bipolar disorder and schizophrenia patients and 
the presence of illness characteristics like cognitive impairment and childhood trauma 
are common in both disorders. Moreover, the mood and psychotic symptoms in both can 
respond to the same pharmaceutical treatment. The subcategories within the bipolar 
spectrum, bipolar disorder type I and type II, are very similar in symptom profile and these 
categories are mostly defined by the severity of symptoms. This can make it hard to classify 
and diagnose in clinical practice. Unravelling heterogeneity in diagnostics is important 
to make progress in detecting underlying biological mechanisms of psychiatric symptom 
groups. To date, the pathogenesis of bipolar disorder is poorly understood and reduction of 
the prevalence and burden of bipolar disorder is needed. Reducing heterogeneity by better 
characterizing the core clinical phenotype of bipolar disorder is essential to make progress 
in this search. 
The first part of this thesis focuses on heterogeneity within psychiatric diagnostics by 
investigating psychotic symptoms in bipolar disorder to explore a potential subtype of the 
disorder (chapter 2).

2. Pharmacological treatment
Pharmacological treatment is available for bipolar disorder, but more than a third of the 
patients does not or partly respond (Perlis & Ostacher 2006; Geddes & Miklowitz 2013). The 
current first choice of pharmacological treatment in bipolar disorder are mood stabilizers, 
of which the neurobiological mechanism remains largely unclear (Klein & Melton 1996; 
Williams et al. 2002). The high overlap in symptoms between psychiatric disorders has led to 
new developments in bipolar disorder treatment in the past decades, which mainly exist of 
repurposing drugs which are already registered for other psychiatric disorders. For instance, 
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antidepressants and antipsychotics can be added to a mood stabilizer depending on the 
state of mood (depressive or manic). The development of new pharmacological treatments 
for bipolar disorder depends mainly on identification of underlying biological mechanisms 
and by increasing the knowledge of the existing pharmacological treatment. 

The second part of this thesis focuses on three pharmacological topics in the treatment of 
bipolar disorder with the aim to enlarge the knowledge of current psychopharmacological 
treatment by:
	 1. �Investigating the effectiveness of lithium, a widely used mood stabilizer, in long-

term treatment, in particular after a period of discontinuation (Chapter 3).
	 2. �Reviewing the literature on cognitive effects of mood stabilizers and antipsychotics 

in addition to the development of new cognitive enhancing agents (Chapter 4). 
	 3. �Investigating epigenetic effects, a potential biological mechanism of action, of 

current available mood stabilizers, anti-psychotics and antidepressants (Chapter 5).  

Part I: Psychotic symptoms in bipolar disorder

Approximately 56-70% of the patients diagnosed with bipolar disorder type I report 
lifetime psychotic symptoms (Goodwin FK & Jamison KR 1990; Keck et al. 2003; Bora et 
al. 2010; Upthegrove et al. 2015). Psychotic symptoms include hallucinations, delusions, 
catatonic behavior (marked disturbances in psychomotor movements) and thought 
disorder. Psychotic symptoms in bipolar disorder may occur during mood episodes but are 
not present during euthymia. Psychosis is a severe mental illness, which is not specific to 
bipolar disorder. Psychosis is a key symptom of schizophrenia which is a complex syndrome 
defined primarily as a psychotic disorder. Besides recurrent psychotic episodes, features 
of schizophrenia are cognitive decline, lack of initiative, lack of energy, social withdrawal, 
emotional flattening and poverty of speech which are more chronic of nature. The presence 
of mood episodes is not a required diagnostic criterion for schizophrenia but does often 
occur. Generally, schizophrenia is associated with a lower level of global functioning than 
bipolar disorder (Green 2006; Bowie et al. 2010). Bipolar disorder patients with a lifetime 
history of psychotic symptoms have been associated with characteristics that resemble 
features of schizophrenia like symptom severity and worse psychosocial outcome compared 
to bipolar patients without psychotic symptoms (Levy et al. 2013; Özyildirim et al. 2010). 
Apart from this, psychotic symptoms in bipolar disorders have been associated with features 
that indicate a more severe disease course: an earlier age of disease onset (Upthegrove 
et al. 2015), a higher frequency of mood episodes and hospitalizations (Glahn et al. 2007; 
Özyildirim et al. 2010; Simonsen et al. 2011; Levy et al. 2013), more comorbidity (Coryell 
et al. 2001) and a lower response to lithium (Maj et al. 2002; Maj 2003). In addition to 
psychosis and mood symptoms, schizophrenia and bipolar disorder overlap in more clinical 
characteristics, such as cognitive impairment (Green 2006). Cognitive impairment is a core 
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feature of schizophrenia (Kahn & Keefe 2013) and is also present in bipolar disorder, also 
throughout the euthymic phase but less severe (Martínez-Arán et al. 2004; Robinson et al. 
2006; Arts et al. 2008; Bora et al. 2009; Vreeker et al. 2016). Some argue the existence of a 
psychosis continuum, which extends from bipolar disorder, to schizo-affective disorder and 
at the other end typical schizophrenia. It reflects an increasing level of severity including 
a decrease in level of global and cognitive functioning (van Os et al. 2000; Craddock et al. 
2005; Internation Schizophrenia Consortium 2009). Evidence suggests that psychosis might 
have a negative impact on cognitive functioning (Glahn et al. 2007; Bora et al. 2007). The 
largest meta-analysis study investigating a history of psychotic symptoms and cognitive 
functioning in bipolar disorder shows that a history of psychosis is associated with greater 
severity of cognitive deficits. However, this effect is modest and the findings do not suggest 
a categorical distinction between bipolar disorder with and without psychotic symptoms 
(Bora et al. 2010). 
An important risk factor of psychiatric disorders, psychosis specifically, is childhood trauma 
(Varese et al. 2012; Read et al. 2005). The presence of auditory hallucinations in particular 
have been associated with childhood trauma in psychotic patients (Daalman et al. 2012; 
Read et al. 1999). Whether this relation exists across diagnostic boundaries remains unclear. 
In bipolar disorder a relation between a history of hallucinations, mood congruent and 
abusive auditory hallucinations specifically, and childhood maltreatment was suggested in 
one study (Upthegrove et al. 2015). The study described in Chapter 2, provides data on 
demographical, clinical and neurocognitive characteristics in addition to the presence of 
childhood maltreatment in bipolar disorder type I patients. It is one of the largest and most 
comprehensive assessed bipolar type I samples (n=1,342) which gives the opportunity to 
investigate all these characteristics at once in relation to a history of psychotic symptoms. 

The hypothesis of Chapter 2 states that patients with a history of psychotic symptoms 
have a more severe illness course, lower level of global functioning, lower level of cognitive 
functioning and higher levels of childhood maltreatment compared to patients without the 
presence of a history of psychotic symptoms. 

Part II: Pharmacological treatment in bipolar disorder

Treatment in bipolar disorder focuses on acute stabilization or maintenance therapy. In 
the acute phase the goal is to bring a patient with mania or depression to a symptomatic 
recovery with euthymic mood. The goals in the maintenance phase are relapse prevention, 
reduction of subthreshold symptoms, and enhanced social and occupational functioning. 
Pharmacotherapy is an essential part of treatment in bipolar disorder in each of these phases. 
Mood stabilizers are the first choice of treatment, but a wider range of drugs are effective 
in bipolar disorder treatment. For instance, acute mania is best treated by antipsychotics 
and bipolar depression can be treated by augmentation of antidepressants to a mood 
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stabilizer (Scherk et al. 2007; Sidor et al. 2011). In the STEP-BD cohort, 58% of patients with 
bipolar disorder type I and type II achieved recovery after pharmacological treatment. The 
STEP-BD cohort study was a multicenter study designed to evaluate longitudinal outcomes 
in 1469 bipolar disorder patients. Despite the currently available medication, 49% of the 
patients had recurrences in a 2-year interval. Twice as many of these recurrences were of 
depressive polarity rather than manic polarity (Perlis & Ostacher 2006). After initial onset, 
patients with bipolar disorder frequently have residual depressive symptoms (Judd et al. 
2002). This highly contributes to impaired functioning and compromised quality of life in 
bipolar patients (Judd et al. 2005). Thereto, the side effects of pharmacological treatments 
can be wearing or even life threatening. Moreover, cognitive deficits in bipolar disorder are 
debated to be a possible side effect which adversely affects functional outcome in patients 
(Green 2006). Overall, success of the current pharmacological treatment is limited and there 
is still a lot to be achieved in treatment of bipolar disorder. Reducing the relapse rate and 
developing better treatment options for residual symptoms and cognitive dysfunction is the 
challenge for the future to improve the quality of life of bipolar patients. True advances in 
pharmacological treatment have been limited in the past decades due to the consequent 
absence of validated pharmacological targets of currently available medication in addition 
to the scarce knowledge of basic disease mechanisms.
First a general introduction of lithium treatment (1) is provided, which is followed by an 
introduction of the cognitive effects (2) and epigenetic effects (3) of psychotropic drugs.

1. Lithium:
Lithium, introduced by John Cade in 1949, remains the best established long-term treatment 
for bipolar disorder (Cade 1982). A meta-analysis of 770 bipolar disorder patients treated 
with lithium shows a decrease of a manic relapse by 38% and a decrease of a depressive 
relapse by 28% (Geddes et al. 2004). Treatment discontinuation is one of the most important 
predictor of relapse and poor outcome in bipolar patients (Maj 2000). Rapid discontinuation 
of lithium treatment specifically is associated with even a higher risk of relapse, also after 
many years of clinical stability (Baastrup et al. 1970; Klein et al. 1981; Mander & Loudon 1988; 
Mander 1986; Faedda et al. 1993; Baldessarini et al. 1997). This risk is not fully accounted 
for by the natural history of the disease. The nature of this withdrawal syndrome is unclear. 
Several studies suggest a decreased responsiveness for lithium after discontinuation in 
patients with an initial good response (Suppes et al. 1993; Klein et al. 1981). Whether this 
decrease in response really exists, is still largely questioned. 
This decreased responsiveness for lithium is called lithium-discontinuation-induced 
refractoriness. Lithium response may dissipate by a tolerance process. The exact 
neurobiological mechanism through which lithium exerts its therapeutic effects remains 
unclear (Williams et al. 2002; Klein & Melton 1996). The neuroprotective and neurotrophic 
effects of lithium maintenance therapy are suggested to play a part in lithium-induced 
refractoriness, that are deteriorated when lithium is discontinued and reinstituted (Post 
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2012; Cakir et al. 2017). If a decreased effectiveness of lithium treatment after interruption 
exists than this may have serious clinical implications, because of the long-term effects on 
the subsequent course of illness. 
The study in chapter 3 reviews the literature on this topic and pools relevant data to conduct 
a meta-analysis investigating if response to lithium is reduced, when reinstituted after a 
period of discontinuation.

The hypothesis of this study states that for an unselected group of bipolar patients lithium-
discontinuation-induced refractoriness does not exist, which is consistent with clinical 
experience where high frequency of discontinuation and successful reinstitution of lithium is 
general practice.  

2. Cognitive dysfunction and psychopharmacological treatment:
Cognitive function is impaired in bipolar disorder and schizophrenia independent of clinical 
state (Martínez-Arán et al. 2004; Kahn & Keefe 2013). In this thesis, cognition is described and 
investigated as a measure of cognitive performance such as memory, attention, acquisition 
of knowledge, processing speed, reasoning and executive function (Kahn & Keefe 2013). 
Current pharmacological treatment targets mainly mood stability in bipolar disorder and 
primarily psychotic symptoms in schizophrenia. It is important to investigate and elaborate 
potential cognitive enhancing pharmacological treatment, because cognitive dysfunction 
is associated with worse social and occupational functioning and a more severe course of 
illness (Zubieta et al. 2001; Martínez-Arán et al. 2004; Green 2006). In order to develop 
cognitive treatment, it is essential to investigate the nature of cognitive dysfunction and 
which factors contribute to cognitive decline in patients. Psychotic symptoms, independent 
of diagnosis, have been associated with worse cognitive impairment (Krabbendam et al. 
2005). In schizophrenia, cognitive dysfunction develops already years before the onset of 
the illness, which is marked by the appearance of psychotic symptoms (Kahn & Keefe 2013). 
In bipolar disorder cognitive decline is described only after disease onset and appears to be 
less severe than in schizophrenia. 
The reason for the cognitive decline in schizophrenia and bipolar disorder patients remains 
unknown. Several factors may influence cognitive decline in bipolar disorder, such as a 
history of psychosis (as mentioned in part I of this thesis) and severity of illness course. In 
addition, the side effects of drug treatment are debated as a cause of cognitive decline in 
bipolar disorder (Ferrier et al. 1999; Clark et al. 2002). In schizophrenia, cognitive dysfunction 
is assumed as a core feature of the illness and research is more directed towards the 
development of cognitive enhancing medication. Chapter 4 provides an overview of studies 
on cognitive enhancing medication in schizophrenia. In addition, the indefinite cognitive 
effects of mood stabilizers and antipsychotics in patients with bipolar disorder are discussed.
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The hypothesis of this study states that there is evidence to develop medication for cognition 
with cognitive enhancing effects. 

3. Epigenetic effects of psychopharmacological treatment: 
Bipolar disorder and schizophrenia are psychiatric disorders that are caused by complex 
interactions between biological and environmental factors. Not all disease risk can be 
explained by genetic variation (Cardno et al. 1999; O’Donovan et al. 2009; Craddock & 
Sklar 2013). This indicates that the environment plays an important role as well (Caspi & 
Moffitt 2006). For instance, it is known that childhood trauma increases the risk for several 
psychiatric disorders and children of mothers exposed to famine during pregnancy have 
been reported to have a higher incidence of schizophrenia (Brown & Susser 2008). Linking 
environmental risk factors to development of psychiatric disorders might be explained by a 
variety of biological processes named ‘epigenetics’ by Waddington in the early 20th century 
(Waddington 1942). Epigenetic mechanisms together form a stable heritable phenotype 
resulting from changes in a chromosome without alterations in the DNA sequence. Altering 
the DNA packaging influences the gene expression and ultimately the translation of DNA to 
proteins and molecules. DNA methylation is one of the epigenetic mechanisms and involves 
the addition of a methyl group to a DNA base (for review see Schubeler et al. (2015)) (See 
figure 1). The only DNA base known to be highly methylated in mammals is cytosine. The 
classical view is that methylated DNA represses gene activity (Irizarry et al. 2009). It appears 
now that hyper and hypomethylation can increase and decrease gene activity (van Eijk et al. 
2012; Wagner et al. 2014).
There are several studies which demonstrate that environmental factors result in etiological 
changes in DNA methylation. Environmental factors like childhood trauma (Labonté et al. 
2012; Vinkers et al. 2015) affect DNA methylation in the epigenome. Several studies on DNA 
methylation in psychotic disorders showed differences in brain tissue of psychotic patients 
compared to healthy controls. These differences consisted of epigenetic differentiated loci 
that are linked to genes of schizophrenia and early developmental processes (Jaffe et al. 2016; 
Melka et al. 2014; Mill et al. 2008; Pidsley et al. 2014). In utero exposure to stress showed 
the highest influence on changes in the epigenome with a long-lasting effect (Waterland & 
Michels 2007; Reik et al. 2001). Besides environmental factors such as childhood trauma or 
stress, psychotropic drugs like clozapine (antipsychotic medication) and valproic acid (mood 
stabilizer) also show the ability to change DNA methylation levels (Dong et al. 2016; Boks 
et al. 2012). Psychotropic medication can affect DNA methylation by altering the activity of 
DNA methyltransferases for instance, which are essential for initiating and maintaining DNA 
methylation (Bird 2002; Grayson & Guidotti 2013) during development and in adulthood 
(Roth & Sweatt 2009). At the moment it is too early to distinguish treatment effects from 
disease-related differences in DNA methylation and practical application is still far away. 
For a better understanding it is important to identify which factors are associated with 
epigenetic mechanisms and in addition to investigate how these factors influence these 
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epigenetic processes. The study described in Chapter 5 investigates the influence of several 
types of psychotropic drugs (antipsychotics, moodstabilizers and antidepressants) on DNA 
methylation in bipolar disorder patients, as these patients use a wide variety of psychotropic 
medication.

The hypothesis of this study states that psychopharmacological agents cause alterations in 
DNA methylation signatures. 

Figure 1. Epigenetic mechanisms 
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Outline 
This thesis focuses on two topics in bipolar disorder patients. The first topic (chapter 2) 
of this thesis investigates demographical, neurocognitive and clinical characteristics of 
psychotic symptoms in bipolar disorder to explore a potential subtype of the disorder. The 
second topic of this thesis is pharmacological treatment in bipolar disorder (chapter 3, 4 
and 5). Three topics are investigated:

	 • �The effectiveness of the main and widely used mood stabilizer lithium after a 
period of discontinuation. 

	 • �The cognitive effects of current pharmacological agents and potential new 
psychotropic medication targeting enhancement of cognitive function in 
schizophrenia and bipolar disorder patients. 

	 • �The epigenetic effects of pharmacological agents in bipolar disorder patients as a 
potential new target treatment. 

In summary this thesis consists of: 

Part I:
The study described in chapter 2 investigates demographic, clinical and neurocognitive 
characteristics of bipolar disorder with the presence of lifetime psychotic symptoms within 
a large cohort of bipolar disorder type I. 

Part II:
The study described in chapter 3 reviews the literature on the phenomenon described as 
lithium-discontinuation-induced refractoriness and pools relevant data to conduct a meta-
analysis. 

The study described in chapter 4 reviews the literature on cognitive enhancing medication 
in schizophrenia and in addition discusses the cognitive effects of currently available mood 
stabilizers and antipsychotics in patients with bipolar disorder.

The study described in chapter 5 investigates the influence of several types of psychotropic 
medication (antipsychotics, moodstabilizers and antidepressants) on genome wide DNA 
methylation levels in bipolar disorder patients. 

Chapter 6 is a general discussion on the findings of chapters 2 to 5.  
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Abstract 

Background: 
In a large and comprehensively assessed sample of patients with bipolar disorder type I 
(BDI), we investigated the prevalence of psychotic features and their relationship with life 
course, demographic, clinical, and cognitive characteristics. We hypothesized that groups 
of psychotic symptoms (Schneiderian, mood incongruent, thought disorder, delusions, and 
hallucinations) have distinct relations to risk factors.

Methods: 
In a cross-sectional study of 1342 BDI patients, comprehensive demographical and clinical 
characteristics were assessed using the Structured Clinical Interview for DSM-IV (SCID-I) 
interview. In addition, levels of childhood maltreatment and intelligence quotient (IQ) were 
assessed. The relationships between these characteristics and psychotic symptoms were 
analyzed using multiple general linear models.

Results: 
A lifetime history of psychotic symptoms was present in 73.8% of BDI patients and included 
delusions in 68.9% of patients and hallucinations in 42.6%. Patients with psychotic symptoms 
showed a significant younger age of disease onset (β = −0.09, t = −3.38, p = 0.001) and a 
higher number of hospitalizations for manic episodes (F(11,338) = 56.53, p < 0.001). Total IQ 
was comparable between groups. Patients with hallucinations had significant higher levels 
of childhood maltreatment (β = 0.09, t = 3.04, p = 0.002).

Conclusions: 
In this large cohort of BDI patients, the vast majority of patients had experienced psychotic 
symptoms. Psychotic symptoms in BDI were associated with an earlier disease onset and 
more frequent hospitalizations particularly for manic episodes. The study emphasizes the 
strength of the relation between childhood maltreatment and hallucinations but did not 
identify distinct subgroups based on psychotic features and instead reported of a large 
heterogeneity of psychotic symptoms in BD.

Key words: 
childhood trauma, cognitive functioning, delusions, formal thought disorder, hallucinations, 
mood incongruent symptoms, psychosis, Schneiderian symptoms
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Introduction

The debate on overlap of psychotic symptomatology in schizophrenia and bipolar disorder 
(BD) from the perspective that these disorders may pose a diagnostic continuum with 
shared etiology (van Os and Reininghaus, 2016) is ongoing. Some argue that the psychosis 
continuum extends from BD, to schizoaffective disorder and at the other end typical 
schizophrenia, and reflect increasing level of severity (van Os et al., 2000; Craddock et 
al., 2005; The International Schizophrenia Consortium et al., 2009). Overlapping illness 
characteristics between these disorders are the presence of childhood trauma, high level 
of distress and cognitive impairment (Read et al., 2005; Green, 2006; Bora et al., 2010). 
Cognitive impairment in BD is reported during mania and depression and persists during 
the euthymic phase of the disorder (Martínez-Arán et al., 2004), however less severe than 
in schizophrenia (Krabbendam et al., 2005). The factors that are of influence on cognitive 
function in BD are still unclear but may inform of the relevance of intelligence quotient (IQ) 
in a psychosis continuum (Zammit et al., 2004; Robinson et al., 2006; Jabben et al., 2010). 
Particularly since cognitive impairment in schizophrenia is often considered a core feature 
of the illness that remains present in the absence of psychotic symptoms (Kahn and Keefe, 
2013). Therefore, the question is whether BD patients with psychotic symptoms display 
similar cognitive deficits. Within the bipolar spectrum, a history of psychotic symptoms has 
been associated with several demographical and clinical characteristics including symptom 
severity, worse psychosocial outcome, lower response to lithium (Maj et al., 2002; Maj, 
2003), more comorbidity (Coryell et al., 2001), earlier age of disease onset (Upthegrove et 
al., 2015), higher frequency of mood episodes, hospitalizations, and more severe cognitive 
impairment (Glahn et al., 2007; Özyildirim et al., 2010; Simonsen et al., 2011; Levy et 
al., 2013). Some of these characteristics resemble characteristics of schizophrenia and 
therefore feed the debate whether BD is part of a psychosis continuum and whether BD 
with psychotic symptoms may represent a distinct subtype of BD in level of severity (Potash 
et al., 2003). To answer this question, it is relevant to investigate how BD patients with 
psychosis differ from those without psychotic symptoms in cognitive and global functioning, 
disease course, and etiological factors such as history of childhood maltreatment. However, 
as the distinction psychosis v. nonpsychosis is broad, further investigation of types of 
psychotic symptoms (hallucinations, delusions, mood incongruent symptoms, Schneiderian 
symptoms, and formal thought disorder) could inform this debate from the perspective that 
these subgroups of psychotic symptoms may have distinct etiology (Upthegrove et al., 2015; 
Allardyce et al., 2018). Previous studies already showed the relevance of psychosis in BD 
type I (BDI). High frequencies of a lifetime history of psychotic symptoms were reported 
in BDI patients, ranging between 56% and 70% (Goodwin and Jamison, 1990; Keck et al., 
2003; Bora et al., 2010; Upthegrove et al., 2015). Schneiderian symptoms (which include 
hallucinations of one’s thoughts being spoken aloud, arguing or running commentary, and 
delusions of thought withdrawal, insertion, or broadcasting) may have some specificity 
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for schizophrenia according to some studies (Tandon and Greden,1987; O’Grady, 1990). 
Schneiderian symptoms have been reported in BD up to 20% and are associated with 
worse outcomes (Tohen et al., 1992; Carlson et al., 2012). In addition, mood incongruent 
symptoms in BD occur in the same frequency range of 20% (Fennig et al., 1996; Keck et al., 
2003) and were associated with higher relapse risk, worse outcome (Tohen et al., 1992) and 
more frequent comorbid anxiety disorders (Keck et al., 2003). Formal thought disorder is 
not specific to schizophrenia either; thought disorder is common in mania with an average 
prevalence of 19% (Goodwin and Jamison, 1990) and rates are comparable to the rate in 
schizophrenia (McElroy et al., 1996; Dunayevich and Keck, 2000). Another point of interest 
are the determinants of these psychotic features in BD. Childhood trauma, regardless of 
its type, is known to increase the risk of schizophrenia and psychosis in general (Varese et 
al., 2012). One study suggests that childhood abuse is associated specifically with auditory 
hallucinations, but not with delusions, in BD (Upthegrove et al., 2015). But the relationship 
between childhood adversity and psychosis in BD is as yet inconclusive (Upthegrove et al., 
2015). The current study is the most comprehensively characterized large sample of BDI 
patients (N = 1342) to date and provides a detailed description of psychotic symptoms 
subdivided into delusions, hallucinations, mood incongruent symptoms, Schneiderian 
symptoms, and formal thought disorder. The relationship of psychotic features with 
measures of disease course, neurocognitive functioning, and childhood maltreatment was 
analyzed. We hypothesize that patients with a history of psychotic symptoms have a more 
severe illness course (reflected by more comorbid psychiatric disorders, a higher number 
of episodes and hospitalizations, and younger age at disease onset), lower level of global 
functioning (reflected by marital and employment status, socioeconomic status, and general 
scale of global functioning), lower level of cognitive functioning (reflected by measures of 
IQ, premorbid IQ, and educational level), and higher levels of childhood maltreatment. In 
addition, we hypothesize that patients with Schneiderian and mood incongruent psychotic 
symptoms would have the most severe illness course if the hypothesis that BD with (specific) 
psychotic symptoms is part of a psychosis continuum with schizophrenia were to be true.

Methods

Study design and participants
Data were collected by the Dutch Bipolar Cohort (DBC) Study from June 2011 until April 
2015. DBC is a National Institute of Mental Health funded collaborative study of the 
University of California Los Angeles (UCLA) and University Medical Center Utrecht (UMCU). 
The DBC investigated genetic and phenotypic information of patients with BDI, first-degree 
relatives, and controls. Patients were recruited in collaboration with several Dutch health 
care institutes: Altrecht Institute for Mental Health Care, GGZ InGeest, University Medical 
Center Groningen, Delta Center for Mental Health Care, Dimence, Parnassia Group (PsyQ), 
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and Reinier van Arkel. Inclusion criteria for all participants were: (1) age 18 years or older; 
(2) at least three Dutch-born grandparents; (3) a good understanding of Dutch language. 
Patients with a somatic illness that could have influenced the diagnosis of BD were excluded. 
The study was approved by the medical ethical committee of the UMCU and all participants 
gave written informed consent. Patients were recruited via clinicians (19.2%), the Dutch BD 
patient association (15.8%), pharmacies (33.6%), advertisements (6.9%), self-referral (5%), 
participated in previous studies of the UMCU (4.5%), or from miscellaneous undocumented 
resources (15.0%). More information on this cohort is provided in the study of Vreeker et al., 
(2016). For this study, a total of 3364 potential BDI patients were contacted and screened via 
a short interview by telephone. Clinical assessments were completed in 1575 patients. After 
exclusion of 23 patients with schizoaffective disorder, 86 patients with BD type II, 25 patients 
with recurrent depression, 11 patients with BD not otherwise specified, and 59 bipolar type I 
patients with incomplete data on lifetime psychotic symptoms, the total sample for analysis 
consisted of 1342 BDI patients. Sample characteristics are presented in Table 1.

Clinical assessments
The complete assessment consisted of a standardized clinical interview, neurocognitive 
tasks, and an Internet questionnaire. BDI diagnosis was assessed using the Structured Clinical 
Interview for DSM-IV (SCID-I) (First et al., 1997). The assessments were administered by one 
group of researchers of the UMCU. The team was supervised by two clinical psychiatrists 
(MB and AvB). All members were at least bachelor-level psychology or medical students. 
Training of the team consisted of a SCID-I and Wechsler Adult Intelligence Scale-III (WAIS-
III) (Wechsler, 1997) training. ‘Digit Symbol Coding’, and ‘Arithmetic’ (Wechsler, 1997). The 
correlation of this combination of subtests with full-scale IQ has been shown to be high 
for both schizophrenia patients (R2 = 0.90) and controls (R2 = 0.86) (Blyler et al., 2000). 
The average test–retest reliability is 0.95–0.97 (Spreen et al., 1998). The National Adult 
Reading Test (NART Dutch version) was used to estimate the premorbid IQ level (Schmand 
et al., 1991; Bright et al., 2002). The NART is a single word, oral reading test consisting of 
50 words testing previously obtained word knowledge. Reliability, test–retest reliability, and 
inter-rater reliability estimates of the NART are respectively 0.90, 0.92, and 0.88 (Spreen 
et al., 1998). The presence of traumatic experiences and maltreatment in childhood was 
assessed by the Childhood Trauma Questionnaire (CTQ) measuring emotional, physical and 
sexual abuse, and emotional and physical neglect (Bernstein et al., 1997). CTQ is a validated 
and widely used self-report instrument for both clinical and non-clinical populations. 
Correlations with therapists ratings of abuse were reported to be statistically significant 
ranging from 0.36 to 0.75 (Spreen et al.,1998). Although the CTQ is prone to recall bias 
(Lewinsohn and Rosenbaum, 1987), the validity of the 25 clinical CTQ items, including a 
Dutch translation, has been demonstrated in clinical and population samples (Bernstein et 
al., 2003; Thombs et al., 2009; Fergusson et al., 2011). In fact, there is also evidence that the 
retrospective assessment of childhood maltreatment tends to underestimate rather than
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over-report real incidence rates (Schreier et al., 2009). Childhood maltreatment was also 
investigated in relation to gender differences and the risk for psychotic symptoms. The inter-
rater reliability of the global assessment of functioning ranges from 0.53 to 0.95 (Rey et al., 
1995; Startup et al., 2002).

Demographic characteristics
Marital and employment status was provided by the SCID-I. Socio-economical status was 
assessed by an Internet questionnaire based on the Family Affluence Scale (Currie et al., 
2008). Information on educational performance was gathered by asking the participants their 
highest completed level of education based on the Dutch education system which consists 
of primary (4–12 years of age), secondary (low, intermediate, high preparatory vocational, 
and pre-university), and tertiary education (intermediate professional education, higher 
professional education, and university). Educational level was categorized in seven levels 
with university as highest level as previously reported (Vreeker et al., 2016). In addition, 
Global Assessment of Functioning was assessed using the SCID-I.

Clinical course
Information on clinical course was obtained by the self-report section B of the Questionnaire 
of Bipolar Disorders providing information on the number of manic and depressive episodes, 
number of hospitalizations for manic and depressive episodes and age at disease onset 
(Leverich et al., 2001). The number of hospitalizations for hypomanic and manic episodes 
or manic or hypomanic episodes were considered together, because the distinction is 
difficult to make in a retrospective assessment. Age of disease onset was defined as the age 
of first pharmacological treatment. This definition was chosen given the insidious onset of 
BDI and the high probability of recall bias in the retrospective assessment of first reported 
symptoms (Leverich et al., 2001; Suppes et al., 2001). Suicidal behavior, categorized if a 
person attempted to commit suicide ever (once or more) or never, was assessed using the 
suicide questions of the CASH (Andreasen et al., 1992).

Substance and medication use
Information on current cannabis use was derived from an online Cannabis Use Inventory 
questionnaire to asses current and last 2 years cannabis use (Schubart et al., 2011). Alcohol 
use was defined by the maximum total amount of glasses of alcohol per week in the past 
12 months provided by the Composite International Diagnostic Interview (CIDI) (Robins 
et al., 1988), section B. Data on lifetime substance abuse and dependence were provided 
by sections J and L of the CIDI. The presence of a lifetime comorbid anxiety disorders 
was assessed by the SCID-I, section F. Information on current and lifetime use of mood 
stabilizers, antipsychotics, and antidepressants was assessed using a questionnaire on the 
use of psychotropic medication. Data on current and lifetime psychotropic medication use 
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were available in, respectively, 1240 and 922 BDI patients. In addition, current lithium use 
(n = 1342) was assessed using a lithium satisfactory questionnaire.

Statistical analyses
Differences between patients with and without lifetime psychotic symptoms were 
investigated for all selected demographical and clinical variables using logistic or linear 
regression with the presence of psychosis as a main indicator. In case of categorical 
measures, χ2 tests were performed. Correlated outcome measures, including WAIS subtasks 
and number of episodes and hospitalizations, were analyzed with a multivariate analysis of 
co-variance (MANCOVA) including post hoc analysis of co-variance. Analyses of all variables 
were adjusted for age and gender. Confounding analyses were conducted for comorbid 
anxiety disorder and socioeconomic status in the total set, and alcohol use, cannabis use 
and drug abuse and dependence in the available subset. Confounding was operationalized 
as those measures that have a significant association (all correlations above 0.7) with the 
main indicator and the outcome (psychotic symptoms) and that lead to a larger than 10% 
change in the β of the main indicator (Lee, 2014). All variables that matched this criterion 
were included as covariate. Unadjusted results are reported in online Supplementary Tables 
S1, S2A and B. Analyses of IQ measures were adjusted for premorbid IQ and a sensitivity 
analysis was conducted to investigate the role of missing values. To explore the nature of 
the psychotic symptoms, groups of symptoms (the presence of delusions, hallucinations, 
disorganized speech, Schneiderian, and mood incongruent symptoms) were used as 
indicators in one single model simultaneously in order to adjust for their dependencies. 
Assumptions were tested for all statistical analyses. In case of logistic regression, assumptions 
of multicollinearity were not violated in any of the analysis [all correlations <0.43 and 
variance inflation factor (VIF) <1.3]. In addition, the Hosmer–Lemeshow test for goodness of 
fit was violated not at the p < 0.001 level except in the case of employment status for which 
we performed a χ2 test. For linear regression analysis, no multicollinearity was present as 
determined by VIF and normality of residuals was established by the Shapiro–Wilk test. 
Socio-economic status was transformed in Z score and CTQ total score was log transformed 
to reach approximately normal distributions of all dependent variables. An ordinal 
regression was performed in case of educational level. The assumption of proportional 
odds was violated but outcomes were confirmed by six additional logistic regression 
analyses, with increasing level of education as split. For MANCOVA analysis homogeneity 
of covariance matrices was analyzed by the Box’s M test with the threshold set at p < 0.01 
and was violated for the childhood adversity scales and therefore the Hotelling’s Trace is 
reported to provide a more robust type I error estimate. Standardized βs were obtained of 
six most relevant risk factors to allow comparisons of the effect size per psychotic symptom 
group as presented in Fig. 2. In an additional analysis to investigate which combination of 
risk factors provides the best classification of the psychosis v. nonpsychosis distinction, a 
forward stepwise logistic regression as implemented in SPSS was conducted with psychosis 
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as outcome and all demographical characteristics, number of episodes, age of disease 
onset, presence of comorbid anxiety disorder, level of premorbid IQ, total IQ, and childhood 
maltreatment as potential indicators. SPSS implements an algorithm whereby addition of 
each variable to the model is based on the likelihood ratio statistic, prioritizing the most 
statistically significant improvement of the fit (the cut-off point being 0.05). Subsequently, a 
logistic regression was performed to investigate the interaction with gender with childhood 
maltreatment on the outcome of psychotic symptoms (hallucinations). The differences in 
psychotropic medication use between BDI patients with and without psychotic symptoms 
were analyzed by a χ2 test. Bonferroni correction for the 17 statistical tests was applied, 
setting the threshold for statistical significance at p < 0.0029. Missing values were handled 
using multiple imputation (He, 2010) except for variables with over 15% missing such as in 
case of: alcohol use (n = 807), substance abuse (n = 976) and dependence (n = 1029), suicide 
attempt (n = 991), and IQ (n = 1066). These data were analyzed in the subset of complete 
data after establishing representativeness for the entire cohort. Finally, the results for IQ 
(WAIS) were checked for possible confounding of a current mood episode. Data analysis was 
performed in SPSS, version 22.

Results

Psychotic symptoms in BD
A total of 990 (73.8%) of the 1342 BDI patients had experienced psychotic symptoms at 
least once during their lifespan. All demographic and clinical variables and test statistics are 
listed in Table 1. The group of patients with a history of psychotic symptoms (BD P+) was 
significantly different to the group without a history of psychosis with respect to: a younger 
age, an earlier age of onset, more frequent hospitalizations for a manic episode, and a higher 
mean level of education. Additional analysis using six logistic regressions with increasing 
levels of educations as split yielded very similar results (data not shown). Total IQ did not 
differ significantly between the groups. The sensitivity analysis showed that participants 
with incomplete WAIS data had significantly lower educational level [t(402) = −3.30, p = 
0.001], global functioning [t(490) = −10.9, p < 0.001], and premorbid IQ [t(399) = −3.10, p 
= 0.003] as compared with participants with complete data. In addition, participants with 
incomplete data were less frequently employed [χ2(1) = 35.71, p < 0.001] and married [χ2(1) 
= 16.52, p < 0.001] but did not differ in the prevalence of psychotic symptoms [χ2(1) = 0.14, 
p = 0.713]. A current mood episode was not related to the WAIS results. Total childhood 
maltreatment level was not significantly different between the two groups, nor were the 
levels of the five maltreatment subtypes. The optimal logistic regression to classify lifetime 
psychotic symptoms as outcome showed that a higher level of educational performance 
[B = 0.14, p = 0.002, OR 1.15 (1.05– 1.26)], less frequent depressive episodes [B = −0.12, 
p < 0.001, OR 0.89 (0.83–0.95)], being female [B = −0.32, p = 0.025, OR 0.72 (0.54–0.96)], 
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and a lower age of disease onset [B = −0.04, p < 0.001, OR = 0.96 (0.95–0.97)] significantly 
contributed to the classification. The Nagelkerke R2 of the optimal model was 0.09.

Prevalence of delusions and hallucinations
In the BD P+ group, 916 patients (92.5%) had experienced delusions. Within this group, 
61.7% had a history of delusions of grandiosity, 61.5% delusions of reference, and 38.5% 
persecutory delusions. Other delusions, including somatic, erotomanic delusions, and 
delusions of jealousy and guilt, occurred in 39.9% of the psychotic patients. A history of 
hallucinations occurred in 58.0% of the BD P+ patients, of which 33.4% had a history of 
auditory hallucinations and 39.0% visual hallucinations, 20.9% of the BD P+ had both. Table 
2 provides the rates of all reported psychotic symptoms and a comparison to other studies. A 
history of delusions and hallucinations occurred isolated in, respectively, 411 (42.0%) and 62 
(6.3%) of the BD P+ group. The combination of a history of hallucinations and delusions was 
present in 505 (51.6%) of the BD P+ group. The bipolar patients with a history of delusions 
only (n = 411) reported delusions of grandiosity in 60.6% of the cases, delusions of reference 
also in 60.6%, and persecutory delusions in 35.0% of the patients compared with: delusions 
of grandiosity in 70.1%, delusions of reference in 69.5%, persecutory delusions in 46.1% in 
patients with both hallucinations and delusions [delusions of grandiosity: χ2(1) = 8.37, p = 
0.004, delusions of reference: χ2(1) = 8.02, p = 0.005, persecutory delusions: χ2(1) = 11.64, 
p = 0.001]. The overlap of all five psychotic symptom groups is displayed in Fig. 1.

Table 2: Comparison of rates of psychotic symptoms between this study and others  

BD Sample 
(N= 1342)

Literature 

Psychotic symptoms 73.8% 58%-70% (Goodwin &Jamison, 1990; Upthegrove et al., 2015)

Delusions
Delusions of grandiosity
Delusions of persecutory

68.9%
61.7%
38.5%

65% (Upthegrove et al., 2015)
35-60% (Dunayevic& Keck, 2000)
18-65% (Dunayevic&Keck, 2000)

Hallucinations
Auditory hallucinations
Visual hallucinations

42.7%
24.6%
28.6%

23% (Upthegrove et al., 2015)
14% (Upthegrove et al., 2015)

Mood incongruent symptoms 30.1% 20% (Fennig et al., 1996; Keck et al., 2003)

Schneiderian symptoms 21.2%
9-34% (Tohen et al., 1992; Carlson et al., 2012; Goodwin & Jamison, 
1990; Keck et al., 2003)

Formal thought disorder 59.7% 9-84%(Goodwin & Jamison, 1990; Keck et al., 2003)
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Figure 1. Venn diagram of overlap of patients with delusions/hallucinations/mood incongruent symptoms/
Schneiderian symptoms/disorganized speech, N=1,155

Determinants of delusions and hallucinations
Delusions
Patients with a history of delusions (n = 916, 68.9%) were significantly younger and had a 
significantly higher mean level of education and premorbid IQ compared with the overall 
BDI group. In addition, the presence of a history of delusions was significantly associated 
with more frequent hospitalizations for a (hypo)manic episode. Table 3 provides a complete 
overview of the clinical and demographic and neurocognitive features of delusions in BDI.

Hallucinations
A history of hallucinations was present in 567 (42.7%) patients. Patients with a history of 
hallucinations were more often female, suffered significantly more manic episodes, and 
childhood maltreatment. Particularly, auditory hallucinations were significantly associated 
with higher levels of childhood maltreatment (β = 0.08, t = 2.66, p = 0.008), in contrast to 
visual hallucinations (β = 0.04, t = 0.02, p = 0.255). Women reported significantly higher 
levels of childhood maltreatment (t = 2.46, p = 0.014) but no interaction between gender 
and childhood maltreatment on the risk for hallucinations was present (gender x childhood 
maltreatment W= 0.08, B = 0.00, p = 0.782). See Table 3 for a complete overview of the clinical, 
demographic, and neurocognitive features of BDI patients with lifetime hallucinations. 
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Determinants of mood incongruent symptoms, Schneiderian symptoms, and 
disorganized speech
The prevalence of a history of mood incongruent symptoms, Schneiderian symptoms, and 
disorganized speech in this BDI cohort was respectively 404 (30.1%), 284 (21.2%), and 
801 (59.7%). Patients with a history of mood incongruent symptoms scored significantly 
higher on total IQ and patients with a history of disorganized speech had more frequent 
manic episodes. The presence of a history of Schneiderian symptoms showed no significant 
associations with any of the investigated variables. See Table 4 for a complete overview 
of the clinical, demographic, and neurocognitive features of BDI patients with a history of 
mood incongruent symptoms, Schneiderian symptoms, and disorganized speech. To provide 
an overview of the relationship between psychotic symptoms and the selected risk factors, 
we presented the standardized effect size (β) of the six most important risk factors for 
psychotic symptoms in Fig. 2.

Medication use
No significant differences between patients with or without psychosis was found for current 
use of antidepressants [χ2(1) = 2.2, p = 0.138], mood stabilizers [χ2(1) = 1.9, p = 0.166], 
antipsychotics [χ2(1) = 4.6, p = 0.060] nor for a history of antidepressant [χ2(1) = 2.2, p 
= 0.073] and mood stabilizers [χ2(1) = 1.5, p = 0.221]. Also, current lithium use was not 
significantly different either between the groups [χ2(2) = 0.59, p = 0.751]. As to be expected, 
lifetime use of antipsychotics in BDI patients with a history of psychotic symptoms was 
significantly more frequent [χ2(1) = 45.8, p < 0.001].

Comorbid anxiety disorders and socio-economic status
All analyses of psychotic symptoms were adjusted for comorbid anxiety disorders and/or 
socio-economic status, based on our definition of potential confounding.

Substance use
In the subset (N = 922) with data on substance use, alcohol use, lifetime substance abuse, or 
dependence were not confounding the reported relations with lifetime psychotic symptoms. 
Similarly, alcohol and substance use did not confound the relations with delusions, 
hallucinations, mood incongruent symptoms, Schneiderian symptoms, and disorganized 
speech (all correlations below 0.7 and changes in β after inclusion as covariate <10%).
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Figure 2A: Relationship between psychotic symptoms and age at onset, number of episodes, global functioning, 
IQ and childhood maltreatment. 

(*Significantly associated with psychotic symptoms, p<0.0029, for graphical purposes standardized betas were 
obtained from separate binary logistic regressions)
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Figure 2B: Relationship between delusions/hallucinations/mood incongruent symptoms/Schneiderian 
symptoms/ disorganized speech and age at onset, number of episodes, global functioning, IQ and childhood 
maltreatment. 

(*Significantly associated with psychotic symptoms, p<0.0029, for graphical purposes standardized betas were 
obtained from separate binary logistic regressions)
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Discussion

In a large comprehensively characterized sample of 1342 BDI patients, we observed a high 
frequency of lifetime psychotic symptoms (73.8%) including delusions (68.9%), hallucinations 
(42.7%), mood incongruent symptoms (30.1%), Schneiderian symptoms (21.2%), and formal 
thought disorder (59.7%). Psychotic symptoms were associated with a more severe illness 
course, an earlier onset of disease, and more frequent hospitalizations. The characteristics 
of patients with different types of psychotic symptoms were considerably overlapping but 
were significantly different with respect to the level of childhood maltreatment. Auditory 
hallucinations stood out as the psychotic feature that was associated with higher levels 
of childhood maltreatment. Women were significantly more likely to have a history of 
hallucinations as compared with men.

Prevalences of (specific) psychotic symptoms
The reported prevalences in this study are in line with previous studies reporting on a 
history of psychotic symptoms (Goodwin and Jamison, 1990; Keck et al., 2003; Bora et al., 
2010; Upthegrove et al., 2015) and the frequency of specific psychotic symptoms, including 
delusions (Dunayevich and Keck, 2000; Upthegrove et al., 2015), mood incongruent 
symptoms (Fennig et al., 1996; Keck et al., 2003), Schneiderian symptoms (Goodwin and 
Jamison, 1990; Keck et al., 2003; Carlson et al., 2012), and formal thought disorder (Goodwin 
and Jamison, 1990; Keck et al., 2003) (see Table 2). However, the observed frequency of 
visual hallucinations (28.6%) is much higher than the 14% for visual hallucinations reported 
by Upthegrove et al. (2015). This difference in frequency may reflect differences between the 
study populations or differences in the assessment of the hallucinations between studies. 
The reported rate of visual hallucinations in this BDI sample are comparable to those in 
schizophrenia (Bauer et al., 2011). In contrast to the prevalences of auditory hallucinations, 
Schneiderian symptoms and mood incongruent symptoms in our study are low compared 
with the rates reported in schizophrenia (Mueser et al., 1990; Baethge et al., 2005).

Demographic characteristics and life course
We found that woman were more likely to suffer from hallucinations compared with men 
[OR 1.54 (1.18-1.99)] in contrast to equivalent gender rates reported in several smaller 
studies (Keck et al., 2003; Bora et al., 2010; Özyildirim et al., 2010). However, the largest 
study by Upthegrove et al. (n = 2019) also reported more woman in the psychosis group 
(Upthegrove et al., 2015). Of note is that sex ratios in BD are nearly equal (Weissman et al., 
1996; Hendrick et al., 2000) but for schizophrenia an excess of males that have a more severe 
disease course is reported (Aleman et al., 2003). In our study, the patients with a history of 
hallucinations (being more frequently female) suffer a more severe disease course, reflected 
by a more (hypo) manic episodes. This raises the question whether a misclassification has 
occurred whereby women with psychotic symptoms are diagnosed with BD rather than with 
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schizophrenia. Another potential explanation for the gender differences may be found in the 
association with childhood maltreatment. In general and also in this study, women report 
higher level of childhood maltreatment. The relation of childhood trauma with the risk for 
psychosis in affective disorders may be specific for women (Fisher et al., 2009). Our data did 
not support this explanation as no significant interaction between gender and childhood 
maltreatment on risk to develop psychotic symptoms was found. The association of 
childhood maltreatment with a history of auditory hallucinations in BDI is in agreement with 
previous studies that reported an association of hallucinations with early life events in BD 
(Hammersley et al., 2003; Upthegrove et al., 2015). This study replicates these reports and 
further provides evidence that the relationship between childhood adversity and psychosis 
in BD is particularly strong for auditory hallucinations. Such a relationship is reported in 
schizophrenia as well, unrelated to specific type of childhood adversity (Read et al., 2005; 
Varese et al., 2012), suggesting the relation is present across diagnostic boundaries of 
psychiatric disorders. 

Clinical characteristics
Our study adds support for a more manic disease profile (as defined by more frequent 
hospitalizations for manic episodes) (Özyildirim et al., 2010) as characteristic of BDI patients 
with psychosis. The presence of psychosis is also accompanied by an earlier disease onset 
(Bora et al., 2010; Upthegrove et al., 2015), more frequent hospital admissions, mood 
episodes (Bora et al., 2010; Özyildirim et al., 2010; Upthegrove et al., 2015), and higher 
symptom severity (Coryell et al., 2001; Özyildirim et al., 2010). Of note is that the most 
recent genome wide association study (GWAS) of over 100 000 bipolar and schizophrenia 
patients conducted by the Bipolar Disorder and Schizophrenia Working Group of the 
Psychiatric Genomics Consortium (PGC) (Bipolar Disorder and schizophrenia Working Group 
of the Psychiatric Genomics Consortium, 2018) demonstrated that bipolar patients with 
psychotic features have significantly higher schizophrenia polygenic risk scores than bipolar 
patients without psychotic features. Moreover, they showed that higher polygenic risk 
scores for schizophrenia in bipolar patients are associated with a more severe illness course 
reflected by more frequent hospitalizations and an earlier onset of the disease (Bipolar 
Disorder and schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018). 
This is consistent with our finding that BD patients with a history of psychotic symptoms 
have an earlier disease onset and more hospitalizations for a manic episode v. patients 
without psychotic symptoms. Together, this suggests that within the bipolar spectrum, a 
(genetic) differentiation may be present that clinically presents with psychotic features and 
a more severe disease course. In contrast to the association of psychosis to a manic and 
more severe disease profile, patients with mood incongruent and Schneiderian symptoms 
did not show differences in disease profile. Particularly, previous reports of more depressive 
episodes in BDI patients with mood incongruent symptoms (Tohen et al., 1992; Toni et al., 
2001) could not be replicated. However, these were relatively small studies (n ⩽ 155) and 
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the other large study (Upthegrove et al., 2015) did not report on clinical characteristics  in 
relation to a history of mood incongruent symptoms.

Neurocognitive characteristics
The relationship between cognitive function and psychotic symptoms was ambiguous. 
A higher educational performance in the psychosis group but the absence of significant 
differences in IQ are in contrast to most studies that reported no differences between BD 
with or without psychotic symptoms for these measures (Glahn et al., 2006, 2007; Savitz 
et al., 2009; Simonsen et al., 2011; Aminoff et al., 2013). However, one previous study also 
showed a higher level of premorbid functioning BDI patients with a history of psychotic 
symptoms (Selva et al., 2007). The largest study to date on cognitive function in 774 bipolar 
patients showed greater severity of cognitive deficits in those with psychotic symptoms 
(Bora et al., 2010) in accordance with similar findings in schizophrenia (MacCabe, 2008; 
Kahn and Keefe, 2013). An explanation of these discrepancies may be found in previous 
reports of increased educational performance in BD patients particularly in those with a 
tendency toward manic episodes (MacCabe et al., 2010; Vreeker et al., 2016). There also 
may be influence of the presence of an academic environment or pressure for academic 
achievement, which the current study did not take into account. Sampling bias provides a 
likely explanation, particularly considering the bias in this study for drop out in participating 
in the IQ measurements for those with low educational level.

Limitations
Strength of our study lies in the very comprehensive assessment in a large sample of BDI 
patients although the retrospective and the cross-sectional data collection poses an inherent 
limitation. A further limitation is that the measures of reliability of all used psychometric 
tests were limited to reporting general reliability statistics. However, all instruments are 
widely used, have a longstanding record of validity, and were used by one team of well-
trained collaborators in one single university hospital. Despite the fact that we cannot 
rule out rater variability, there is also no reason to assume this variation is systematic and 
has led to bias. The self-report online assessment in our study, consisting of the CTQ and 
medical questionnaire, is reported to be fairly equivalent to paper–pencil versions (Prescott 
et al., 2000; Vallejo et al., 2007; Vleeschouwer et al., 2014). Despite multivariate analysis, 
residual confounding may remain as we did not adjust for several unmeasured potentially 
confounding factors, such as the number of psychotic episodes, the age of onset of psychosis, 
and comorbid disorders other than anxiety disorders. Also, whereas the current selection 
of clinical characteristics is comprehensive and constitutes the most relevant items, it is by 
no means exhaustive and other measures may have additional value for identifying distinct 
subgroups of patients. Multiple testing was handled by using a Bonferroni correction avoiding 
type I error inflation and report more reliable findings albeit at the expense of power. Finally, 
despite our large sample, we cannot be sure that our population is representative although 
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there also is no reason to assume bias, particularly considering the predominantly non-
clinical recruitment.

Summary
Overall, we showed in a large well-characterized sample of 1342 bipolar type I patients 
that 73.8% of the patients presented a history of psychotic symptoms including delusions, 
hallucinations, formal thought disorder, mood incongruent, and Schneiderian symptoms. 
The uniqueness of this study is the comprehensive data collection, including demographic, 
clinical, and neurocognitive characteristics in a large cohort of bipolar type I patients. This 
study is the most comprehensive analysis of determinants and characteristics of psychotic 
symptoms in BD to date. Overall, our findings suggest that psychotic symptoms in BD are 
associated with a more severe, predominantly manic illness course. BDI patients suffering 
from distinct psychotic symptoms (including hallucinations, delusions, formal thought 
disorder, mood incongruent and Schneiderian symptoms) showed interesting difference 
in disease course and history of childhood maltreatment. Hallucinations stood out by its 
association with a history of childhood maltreatment. Nevertheless, the overlap between 
patients with a particular symptom type was large as can also be seen in the Venn diagram 
(Fig. 1). Moreover, a classifier built from all characteristics could accurately predict just 
about 8% of the cases showing that the current set of risk factors does not provide a good 
distinction between the psychosis and non-psychosis group. In summary, our results do not 
point to a clear categorical distinct psychotic subtype but do support a differentiation in 
severity within BDI based on psychosis vulnerability (Bipolar Disorder and schizophrenia 
Working Group of the Psychiatric Genomics Consortium, 2018). In future research, the role 
of distinct risk factors such as trauma in relation to specific psychotic symptoms could be 
better investigated by prospective studies across psychiatric diagnostic boundaries. This 
combined with recent genetic insight may provide a lead in further unravelling the etiology 
of psychosis across psychiatric disorders.
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Suplemental material

Supplemental Table S1 : Demographical and clinical characteristics of BD with (BD P+) and without psychotic 
symptoms (BD P-), unadjusted results

Statistics

Age Mean (sd) Beta=0.17, t=-6.46, p<0.001*

Gender male n (%) B=0.37, p=0.003, OR=1.45[1.13-1.85] 

Marital Status n (%) B=-0.21, p=0.095, OR=0.81 [0.63-1.04]

Employment status  n (%) c2(1)=0.68, p=0.391

Global functioning Mean (sd) Beta=-0.03, t=-1.01, p=0.312

Socio economic status mean (sd) Beta=0.10, t=3.62, p<0.001*

Mean level of education  (sd) W c2(1)=12.87, p<0.001, OR=0.67[0.54-0.84]*

Premorbid IQ Mean (sd) Beta=0.06, t=2.14, p=0.033, 

Anxiety disorder (%) W= 0.05, B=-0.03, p =0.318, OR=0.97[0.74-1.28]

Age at onset  Mean (sd) Beta=-0.18, t=-6.40, p<0.001* 

Nr.  of episodes MANCOVA F(2,1339)=5.11, p=0.007, Partial η2=0.01

Nr. of depressive episodes Mean (sd) F(1,1340)=5.56, p=0.023, Partial η2<0.01

Nr. of manic episodes Mean(sd) F(1,1340)=0.31, p=0.588, Partial η2<0.01

Nr. of hospitalizations MANCOVA F(2,1339)=22.24, p<0.001, Partial η2=0.03*

Nr. of hospitalizations for depressive episodes Mean (sd) F(1,1340)=0.07, p=0.821, Partial η2<0.01

Nr. of hospitalizations for manic episodes Mean (sd) F(1,1340)=40.69, p<0.001, Partial η2=0.03*

Suïcide attempts (n=991) (%) B=0.28, p =0.083, OR=1.32[0.96-1.82]

Total IQ Mean (sd) (n=1060) Beta=0.05, t=1.55, p=0.120

WAIS MANCOVA (n=1060) F(4,1061)=3.56, p=0.007, Partial η2=0.01

 WAIS – Information Mean (sd) F(1,1064)=4.46, p=0.035, Partial η2<0.01

 WAIS – Block Design Mean (sd) F(1,1064)=1.74, p=0.186, Partial η2<0.01

 WAIS – Arithmetic Mean (sd) F(1,1064)=1.11, p=0.293, Partial η2<0.01

 WAIS – Digit Symbol Mean (sd) F(1,1064)=2.77, p=0.096, Partial η2<0.01

Childhood trauma  Total score  Mean (sd) Beta=0.04, t= 1.24, p=0.214

Trauma subtypes  MANCOVA F(5,1336)=1.57, p**=0.179, Partial η2<0.01

Sexual abuse Mean (sd) F(1,1340)=3.53, p=0.068, Partial η2<0.01

Physical abuse Mean (sd) F(1,1340)=0.05, p=0.844, Partial η2<0.01

Emotional abuse Mean (sd) F(1,1340)=2.81, p=0.104, Partial η2<0.01

Physical neglect Mean (sd) F(1,1340)=0.11, p=0.766, Partial η2<0.01

Emotional neglect Mean (sd) F(1,1340)=0,01, p=0.949, Partial η2<0.01

*Significant between-group difference (p<0.0029)

** Hotelling’s trace
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Abstract

Objectives: 
We sought to determine whether the risk of relapse in patients with bipolar disorder is 
higher after discontinuation and restart of lithium treatment as compared to continuous 
lithium treatment in these same patients.

Methods: 
We conducted literature searches in the Pubmed, Embase, Cochrane, and PsycINFO 
databases with cross-reference checks. Relevant data were extracted and pooled for meta-
analysis.

Results: 
Five relevant studies were included for review, of which three studies qualified for the 
meta-analysis and included a total of 212 analyzed cases. Two studies found lithium to 
be less effective after discontinuation and reintroduction and three studies found no 
decreased effectiveness. The pooled odds ratio for the occurrence of one or more relapses 
after interruption of lithium treatment compared to continuous treatment was 1.40 (95% 
confidence interval: 0.85–2.31; p = 0.19).

Conclusions: 
Although studies are scarce, review and meta-analysis of the available literature does not 
provide convincing evidence that lithium is less effective when treatment is discontinued 
and restarted, compared to uninterrupted treatment.

Key words: 
bipolar disorder, discontinuation, effectiveness, lithium, refractoriness, restarting
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Introduction

In 1949, the efficacy of lithium salts for the treatment of mania was first described by Cade 
(Cade 1982). The prophylactic effect of lithium has also been known for decades and lithium 
is still the preferred treatment for bipolar disorder in treatment guidelines today (Chou 2004). 
It is considered the best evaluated and most effective prophylactic maintenance treatment 
(Fountoulakis 2010; Maj 2000; Baldessarini & Tondo 2000). Although many patients 
continue lithium treatment for years, there are various reasons for lithium discontinuation. 
Some patients wish to stop taking medication and some forget or refuse their medication 
(Murray 1994), and pregnancy or side effects such as cognitive impairment, weight gain, 
dermatologic reactions, and renal or thyroid dysfunction are valid reasons to consider the 
discontinuation of lithium (Suppes et al. 1993). 
However, discontinuation of lithium treatment is associated with a higher risk of relapse, 
even after many years of clinical stability (Baastrup et al. 1970; Klein et al. 1981; Mander 
& Loudon 1988; Mander 1986; Faedda et al. 1993). According to Suppes et al. (Suppes et 
al. 1993), who reviewed the literature on this subject, this risk is not fully accounted for 
by the natural history of the illness. Furthermore, recurrences increased soon after rapid 
discontinuation, but were delayed or limited if lithium was slowly tapered (Baldessarini et al. 
1997). The nature of this withdrawal syndrome is unclear and the evidence of its existence 
remains inconclusive due to a lack of studies with appropriate methodology (Schou 1993). 
A second problem can occur when lithium is reinstituted after a relapse. This phenomenon 
was first described by Garver et al. (1984) in 1984 in schizophrenia patients treated with 
lithium. Although the majority of patients will respond to renewed treatment with lithium 
(Baastrup & Mogens 1967; Coryell et al. 1998; Grof & Müller-Oerlinghausen 2009), there 
are several reports of patients who fail to respond once lithium is restarted. In 1992, Post 
et al. (1992) described four patients who were successfully treated with lithium for 6–15 
years but developed refractoriness to lithium after discontinuing and restarting treatment. 
Bauer (1994) also reported a patient who discontinued lithium after 12 years of successful 
treatment. Six months later the patient relapsed and treatment was restarted, but the 
patient remained unresponsive to lithium, carbamazepine, and a combination of these 
medications. More case reports on lithium-discontinuation-induced refractoriness (Post et 
al. 1992) followed, including three cases described by Oostervink et al. (2000)  and one by 
Appleby et al. (2006).
These reports of decreased effectiveness of lithium treatment after interruption may 
have serious clinical implications, since they suggest that discontinuation may have long-
term effects on the subsequent course of illness. Recently, Post (2012) discussed several 
explanations for this phenomenon, one of which was that the occurrence of a new episode 
in the absence of lithium may be more damaging to the brain than previous episodes, and 
thus cause refractoriness. Other hypotheses are that lithium may be neuroprotective or that 
the mere occurrence of a new episode may change the course of illness. 
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However, several recent studies that examined discontinuation-induced refractoriness 
presented contradictory results. The aim of this study was therefore to investigate the 
effectiveness of restarted lithium treatment in patients with bipolar disorder compared to 
previous continuous treatment in these same patients. A literature search was conducted to 
collect the best available evidence for review and meta-analysis. 
With regard to long-term lithium treatment, four distinct periods can be distinguished. 
The first period is the pre-lithium phase, in which patients suffer from episodes, but 
lithium treatment has not yet been initiated. The second period, initial lithium treatment, 
begins when lithium is started, and ends with its discontinuation. The third period, the 
discontinuation period, lasts until lithium is restarted. Finally, the fourth period, the 
reintroduction period, begins after restarting lithium treatment (see Supplementary Fig. 1). 
Discontinuation-induced refractoriness is the phenomenon that lithium is less effective in 
the reintroduction period compared to the second period when lithium was first introduced.

Methods

Search strategy and selection 
The PubMed, Embase, Cochrane library, and PsycINFO databases were searched in order 
to identify relevant published articles in scientific journals. The search terms were bipolar, 
mania, manic, manic-depressive, manic-depression, and lithium, along with restarted, restart, 
restarting, interrupted, interrupting, interrupt, resumed, resume, resuming, resumption, 
discontinuation, discontinuing, discontinue, discontinued, discontinuous, discontinuation-
induced, continuous, continue, continued, continuously, continuing, temporary, temporarily, 
on and off, reinstituted, reinstituting, reinstitute, reinstitution, or lithium-discontinuation-
induced. The search field was set at title and/or abstract. The titles and abstracts of the 
papers were screened and inclusion criteria included: (i) relevance in terms of the domain 
and determinant of the research question and (ii) human studies including subjects >18 
years of age. Case reports or case series, opinion papers, and reviews were excluded. 
Subsequently, the full text of the remaining articles was screened, using the same inclusion 
and exclusion criteria. In addition, the references of relevant papers were screened for 
informative publications and authors were contacted if potentially useful data had been 
recorded but not published. Screening was performed by two authors. Supplementary 
Figure 2 shows the process of selection of relevant papers. A baseline summary of the 
selected studies is given in Table 1.
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Table 1: Study characteristics

Study N Design
Duration second 
period 

Duration fourth period 
In favor of 
hypothesis

Baldessarini 
(1999)

130 Prospective cohort Mean 4.2 SD=3.9 yrs Mean 4.0 yrs SD=3.7 no

Coryell 
(1998)

28 Prospective cohort ≥ 6 mo no

Koukopoulos 
(1995)

89 Prospective cohort Mean 12.2 range: 
4-24.6 yrs

Mean 13.5 yrs yes

Maj 
(1995)

54 Prospective cohort Mean 5.9  SD=3.7 yrs ≤ 1 yr yes

Tondo 
(1997)

86 Prospective cohort Mean 4.6 SD=3.7 yrs Mean 4.5 yrs no

SD = standard deviation 

Meta-analysis
The second (initial treatment) and fourth (reintroduction) treatment periods were compared, 
using all relevant data regarding the occurrence of one or more relapses in these periods, 
as extracted from the selected papers. These data were pooled using Comprehensive Meta-
Analysis© version 2 (Biostat, Englewood, NJ, USA). Odds ratios were calculated, including 
95% confidence intervals, and the level of significance was set at p < 0.05.

Results

After the initial search on 15 December 2011, 1,703 articles were retrieved. After screening, 
five papers qualified for review (Table 1) (Coryell et al. 1998; Baldessarini et al. 1999; 
Koukopoulos et al. 1995; Maj et al. 1995; Tondo et al. 1997). A reference cross-check was 
performed and no further relevant papers were identified.

Results per study
Tondo et al. (1997) evaluated 86 patients with bipolar I or II disorder, diagnosed according to 
the DSM-IV criteria, who discontinued and restarted lithium treatment. In a review focusing 
on the risks and implications of discontinuation of lithium treatment, Baldessarini et al. 
(1999) presented reanalyzed and updated data from this study. A total of 130 patients were 
included, unselected for the response to lithium in the initial treatment period (the second 
period). Morbidity was rated according to the number of episodes of mania or depression 
per year, the number of hospitalizations per year, and the percentage of time ill in affective 
episodes. In the initial lithium treatment period, lasting on average 4.6 years, an average 
of 0.90 events per year were recorded [standard deviation (SD) = 1.17], compared to an 
average of 2.25 (SD = 2.91) in the first (pre-lithium) period. The duration of the reintroduction 
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period averaged 4.1 years, in which 0.94 episodes per year (SD = 1.25) were recorded. The 
average time in an episode was 4.5% greater in the reintroduction period compared to the 
initial lithium treatment period (23.1 versus 18.6%, respectively; p = 0.089); the time with 
depression increased significantly (by 4.5%; p = 0.024). In the reintroduction period, fewer 
participants experienced no relapses (28.5 versus 20.0% in the second period). The likelihood 
of receiving short-term (<3 months) supplemental antipsychotic or antidepressant drugs 
was similar in the two periods (51.5 versus 42.9%, respectively; c2= 1.70, not significant). 
Finally, neither the severity of pre-lithium morbidity nor the rapidity of discontinuing lithium 
showed significant relationships to morbidity. Coryell et al. (1998) reported 28 patients with 
bipolar disorder who recovered from an episode after initial lithium treatment, relapsed 
after discontinuation of lithium (third period), and subsequently restarted their medication 
(fourth period). To assess the effectiveness of lithium, Kaplan–Meier survival curves were 
constructed, which began at the ninth week after the reintroduction of lithium, i.e., the first 
week after the eight weeks defined as the recovery period. The endpoint was recurrence of 
another affective episode. After reintroduction, 27 subjects recovered while taking lithium. 
The recurrence rate after two years in the second period was 45.0%; after reintroduction it 
was 32.9%. Furthermore, the pre- and post-discontinuation episodes did not differ in the 
likelihood that additional medications were used, nor did the mean values for available 
lithium levels differ significantly. Koukopoulos et al. (Koukopoulos et al. 1995) described 
375 patients with bipolar I or II disorder, or unipolar depression, who were treated with 
prophylactic treatments for at least five years. Of these patients, 110 discontinued lithium 
once or more because they felt well, or because of pregnancy or minor side effects; 89 
relapsed and lithium was restarted. Subsequently, 13 patients showed refractoriness to 
lithium, ranging from two to seven years (mean 4.2 years). In eight cases, the refractoriness 
continued after seven years. Furthermore, it was not limited to lithium treatment only 
in some patients, but included all anti-manic and anti-depressive treatments, including 
electroconvulsive therapy. Additional information about the effect of lithium treatment 
could not be retrieved from this article. Maj et al. (1995) reported 54 patients with bipolar I 
disorder. All showed a complete response to lithium during initial treatment, defined as the 
absence of manic or major depressive episodes during at least two years of treatment. All 
patients temporarily discontinued lithium treatment, for reasons other than recurrence of 
the illness or the occurrence of serious side effects. Lithium prophylaxis was reintroduced 
after one or more affective episodes following discontinuation. During the initial treatment 
period, all 54 patients were complete responders to lithium and experienced no relapses. 
After reintroduction, 10 of the 54 patients experienced at least one relapse. The only 
significant baseline difference compared to the 44 others was the duration of lithium 
treatment before discontinuation (mean 8.4 years, SD = 4.9 versus mean 5.4 years, SD = 3.1, 
respectively; p < 0.05).
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Meta-analysis
The participants in the Tondo et al. study (Tondo et al. (1997) are included in the population 
of the Baldessarini et al. study (Baldessarini et al. (1999), and therefore only the latter was 
included for meta-analysis. Koukopoulos et al. (1995) did not publish the rate of relapse in the 
second and fourth periods; therefore, this study did not qualify for meta-analysis. Because of 
the different study methods, only the crude measure of one or more relapses could be used 
for meta-analysis. In the study of Baldessarini et al. (1999), 93 subjects (71.5%) experienced 
one or more relapses during the initial treatment, versus 104 (80.0%) after reintroduction. 
In the study of Coryell et al. (1998), 13 subjects (45.0%) experienced one or more relapses 
during initial treatment and nine subjects (32.9%) experienced one or more relapses after 
reintroduction. Maj et al. (1995) found that, of the 54 patients who experienced no relapses 
during initial treatment, 10 (18.5%) experienced at least one relapse after reintroduction. 
The results of the meta-analysis are shown in Table 2 and Figure 1. The pooled fixed odds 
ratio for the occurrence of one or more relapses after interruption of lithium treatment was 
1.40 (95% confidence interval: 0.85–2.31; p = 0.19).

Table 2: Meta-analysis; results for each study 

Study                                        Statistics for each study 

Odds ratio
[95% CI]

p-value Second period*  Fourth period*

Baldessarini (1999)
1,591

[0.896-2.286]
0,113 93/130 104/130

Coryell (1998)
0,557

[0.194-1.719]
0,323 13/28 9/27

Maj (1995)
25,719

[1.466-451.138]
0,026 0/54 10/54

Pooled 
1,400

[0.849-2.309]
0,188 - -

CI = confidence interval

*Amount of persons with the occurrence of one or more relapses in the second (initial) and fourth 

(reintroduction) treatment periods.
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Odds ratio and 95% Cl

  

0,01          0,1            1              10           100

Figure 1: Meta-analysis of the pooled results. 

CI = confidence interval 

Discussion

The literature on the effectiveness of lithium after discontinuation and reintroduction of 
maintenance treatment presents conflicting results. In several case reports, a total of 23 
cases of lithium-discontinuation- induced refractoriness were described. However, in studies 
that presented methodologically superior data, a significantly increased risk of relapse after 
interruption of lithium treatment was found only in one of three studies. After pooling of 
the data for these studies, which included a total of 212 cases, the risk of relapse was found 
to be not significantly increased after lithium was restarted. 
Two studies (Coryell et al. 1998; Baldessarini et al. 1999) included subjects who were 
unselected for their initial response to lithium treatment, while one study (Maj et al. 1995) 
was stricter and only selected patients who experienced no relapses at all in their first period 
of lithium treatment. This selection towards lithium responders increases the likelihood of 
finding reduced efficacy after discontinuation; due to the extreme first outcome, regression 
to the mean is likely to occur on the second measurement. Therefore, there is reason to 
assume that the effects of discontinuation are smaller in an unselected group of bipolar 
disorder patients. Moreover, publication bias is likely to play a role in the case reports and 
positive studies on discontinuation- induced refractoriness. 
Our review is limited by the paucity of studies on this subject and the crude measure used to 
establish discontinuation, in which the lengths of the treatment and discontinuation periods 
are not taken into account. The information on concomitant medications and the blood 
levels of lithium were not available in all the selected studies. Another limitation of the 
review is the heterogeneity of the included studies, although all studies were conducted 
in the western world: two of three cohorts were from Europe and one from the USA. It is 
therefore difficult to draw firm conclusions. Nevertheless, review and meta-analysis of the 
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available literature do not provide convincing evidence that lithium is less effective when 
treatment is discontinued and subsequently restarted, compared to continuous treatment. 
Our findings do not rule out the possibility of the existence of discontinuation refractoriness 
in selected subgroups and it may be of interest to investigate the characteristics of these 
subgroups. Larger prospective studies are needed in order to correctly inform patients who 
consider discontinuing lithium treatment and to make evidence-based recommendations 
about the duration of lithium prophylaxis.
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Abstract

Cognitive dysfunction is a core feature of schizophrenia and is also present in bipolar disorder 
(BD). Whereas decreased intelligence precedes the onset of psychosis in schizophrenia 
and remains relatively stable thereafter; high intelligence is a risk factor for bipolar illness 
but cognitive function decreases after onset of symptoms. While in schizophrenia, many 
studies have been conducted on the development of cognitive enhancing agents; in BD such 
studies are almost non-existent. This review focuses on the pharmacological agents with 
putative effects on cognition in both schizophrenia and bipolar illness; specifically agents 
targeting the dopaminergic, cholinergic and glutamatergic neurotransmitter pathways in 
schizophrenia and the cognitive effects of lithium, anticonvulsants and antipsychotics in 
BD. In the final analysis we conclude that cognitive enhancing agents have not yet been 
produced convincingly for schizophrenia and have hardly been studied in BD. Importantly, 
studies should focus on other phases of the illness. To be able to treat cognitive deficits 
effectively in schizophrenia, patients in the very early stages of the illness, or even before – 
in the ultra-high risk stages – should be targeted. In contrast, cognitive deficits occur later in 
BD, and therefore drugs should be tested in BD after the onset of illness. Hopefully, we will 
then find effective drugs for the incapacitating effects of cognitive deficits in these patients.

Key words: 
schizophrenia, bipolar disorder, cognition, cognitive impairment, pharmacology, drug 
development
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Introduction

Cognitive dysfunction is a core feature of schizophrenia; in fact schizophrenia may arguably 
be considered a cognitive disorder (Kahn and Keefe, 2013). Indeed, cognitive decline 
precedes the onset of psychosis by almost a decade (Maccabe et al., 2008; Elvevag and 
Goldberg, 2000; van Oel et al., 2002; Reichenberg et al., 2010); after the onset of psychosis 
cognitive deficits remain present and may even progress further (Hedman et al., 2013). 
Cognitive dysfunction has a clear detrimental influence on socio-vocational outcome in 
schizophrenia patients (Green, 1996; Green et al., 2000), making cognitive enhancement an 
important target for treatment.
Bipolar disorder (BD), classified as mood disorder, has several clinical characteristics 
with schizophrenia in common and both disorders partly share a genetic background 
(International Schizophrenia Consortium, 2009; Owen and Craddock, 2009). However, in 
stark contrast with schizophrenia, premorbid BD patients demonstrate normal or even 
higher premorbid cognitive functioning compared to controls (Zammit et al., 2004; Gale 
et al., 2013; MacCabe et al., 2010). Yet, cognitive dysfunction does occur after the onset 
of illness in many BD patients (Trotta et al., 2014). Accumulating evidence suggests that 
cognitive dysfunction is also found in euthymic BD patients (Martinez-Aran et al., 2004b; 
McIntosh et al., 2005; Toulopoulou et al., 2006). The reason for the apparent cognitive 
decline in BD remains elusive.
An extensive number of agents have been examined in schizophrenia patients targeting 
several neurotransmitter pathways associated with cognitive function. To date, cognitive 
enhancing agents have hardly been studied in BD; research focuses on the indefinite 
cognitive effects of mood-stabilizing agents in these patients.  

In this review, we will focus on two topics:
1. �The cognitive effects of pharmacological agents targeting the dopaminergic, cholinergic 

and glutamatergic neurotransmitter pathways with a concise overview of the cognitive 
effects of other agents in schizophrenia.

2. �The effects of lithium, anticonvulsants and antipsychotics on cognitive function in BD.
In the context of this review the term cognitive function means any measure of cognitive 
performance such as memory, attention, acquisition of knowledge, processing speed, 
reasoning and executive function (Kahn and Keefe, 2013).

Schizophrenia

Antipsychotics
Most of the currently used antipsychotic agents are antagonists of the dopamine D2 
receptor. The cognitive effects of antipsychotic drugs, both first generation and second 
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generation, have been unclear (Mishara and Goldberg, 2004; Woodward et al., 2005; 
Carpenter and Gold, 2002) since findings have been mostly based on small samples. Two 
more recent and larger studies suggest that antipsychotics do not have a material effect on 
cognitive dysfunction in schizophrenia, assessed by extensive cognitive test batteries (Keefe 
et al., 2007; Davidson et al., 2009). The first trial (CATIE) included 817 chronic schizophrenia 
patients randomly assigned to treatment by pherphenazine, olanzapine, quetiapine, 
ziprasidone and risperidone. The cognitive enhancing effect was modest in all five treatment 
groups (z-score range: 0.12–0.26), with no significant difference between the groups (Keefe 
et al., 2007). Subsequently, the EUFEST trial investigated the cognitive effects of haloperidol, 
zisprasidone, quetiapine, amisulpride and olanzapine in 286 first-episode schizophrenia or 
schizophreniform disorder patients. At the 6 month follow-up period cognitive test scores 
improved with an effect size ranging from 0.33 to 0.56 in all five treatment groups, with no 
significant difference between the groups (Davidson et al., 2009). Interestingly, although in 
both studies cognitive improvement was related to reduction in (psychotic) symptoms, this 
explained less than 4% of the variance in cognitive change in each of the studies (Davidson 
et al., 2009; Keefe et al., 2007). Thus, although dopamine antagonists enhance cognitive 
function in both first-episode and chronic schizophrenia patients the effect size is limited 
and much smaller than their antipsychotic effect (Leucht et al., 2013). Moreover, the often 
claimed superiority of second generation over first generation antipsychotics (Woodward 
et al., 2005; Mishara and Goldberg, 2004) does not hold up in larger trials (Davidson et al., 
2009; Keefe et al., 2007). Table 1 demonstrates detailed information on the reported trials.

Dopamine agonists
The revised dopamine hypothesis suggests that decreased dopamine D(1) activity in the 
prefrontal cortex – clinically expressed as negative symptoms and cognitive dysfunction – 
leads to increased activity of dopamine at D2 receptors in the mesolimbic system – clinically 
expressed as psychosis (Davis et al., 1991). Indeed, decreased D1 receptor signaling in 
the prefrontal cortex has been linked to cognitive deficits in schizophrenia (Goldman-
Rakic et al., 2004). Thus, it would make sense to enhance D1 function in schizophrenia 
patients. Surprisingly only two D1 receptor agonists have been studied in schizophrenia 
patients, SKF-38939 and dihydrexidine. Both agents were tested in randomized double-
blind placebo-controlled trials, but showed no beneficial cognitive effect in schizophrenia 
patients (respectively N=10, N=20) (see Table 1) (Davidson et al., 1990; George et al., 2007). 
Interestingly, in a randomized double-blind placebo-controlled study in 16 patients with 
a schizotypal personality disorder dihydrexidine was reported to improve verbal, but not 
visual working memory (Rosell et al., 2014).
Another way to increase the release of dopamine is by the administration of dopamine 
agonists (psychostimulants). Two randomized double-blind placebo-controlled add-on 
trials investigated the cognitive effects of D-amphetamine in chronic schizophrenia or 
schizoaffective patients using an extensive cognitive test battery (see Table 1). Significant 
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improvements were found in speed of processing (Pietrzak et al., 2010), spatial working 
memory, language production, executive function, visual attention and vigilance (Barch and 
Carter, 2005; Pietrzak et al., 2010).
In conclusion, antipsychotics, the most widely studied drugs in schizophrenia but not 
developed to enhance cognition, have a small, generally positive, effect on cognitive function 
in schizophrenia. Dopamine agonists, hypothesized to increase prefrontal dopamine function 
and through that cognitive dysfunction, have only been tested in a few small studies and 
effects are unclear at this stage. Theoretically at least, there still is a good case to be made 
for the development of these agents in the treatment of cognitive deficits in schizophrenia.

Glutamatergic drugs
The finding that the anesthetic Phencyclidine (PCP) mimics schizophrenia by causing 
positive as well as negative symptoms and cognitive deficits in healthy individuals, indicates 
the relevance of the N-methyl-D-aspartate (NMDA) glutamate system in schizophrenia 
(Javitt and Zukin, 1991; Javitt, 2007). More specifically, data from animal and human studies 
suggest that NMDA receptor hypofunction may underlie the negative symptoms and 
cognitive deficits of schizophrenia (Kahn and Sommer, 2014; Anticevic et al., 2012; Javitt, 
1999).
The NMDA receptor requires simultaneous co-activation of two ligands; glutamate 
and either glycine or D-serine. The glycine site agonists that have been investigated in 
schizophrenia patients are glycine, D-serine, D-alanine and D-cycloserine (Lane et al., 2005; 
Lane et al., 2010; Heresco-Levy et al., 2004; Tsai et al., 2004; Tsai et al., 2006; Heresco-Levy 
et al., 2005; Tuominen et al., 2005). The first pilot studies on the effects of glycine were 
promising, as the agent was associated with beneficial effects on both negative symptoms 
and cognitive impairments (Heresco-Levy et al., 1996; Heresco-Levy et al., 1999; Javitt et al., 
1994). However, a major limitation of all these studies is the cognitive assessment through 
the Positive and Negative Symptom Scale (PANSS), which is an observational rating scale 
that in fact does not measure cognitive function. The CONSIST study was the first and the 
largest randomized double-blind, placebo-controlled add-on trial that used a standardized 
cognitive test battery to investigate the cognitive effects of glycine site agonists in 157 
chronic schizophrenia patients; no positive cognitive effects for glycine and D-cycloserine 
were found (see Table 1) (Buchanan et al., 2007). In addition, no cognitive effects were 
shown in two double-blind placebo-controlled add-on trials of D-cycloserine obtained by 
standardized cognitive test batteries in chronic schizophrenia patients (see Table 1) (Goff 
et al., 1999; Goff et al.,2005). For D-serine, contrasting findings have been reported. 
Whereas a large randomized placebo-controlled add-on trial in 195 chronic schizophrenia 
or schizoaffective disorder patients showed no cognitive enhancing effects (Weiser et al., 
2012), a smaller open-label three dose-level add-on study in 42 chronic schizophrenia 
or schizoaffective patients found a beneficial effect on composite cognitive score for the 
glycine site agonist, but only at high dose (Kantrowitz et al., 2010). In both D-serine studies 
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(Weiser et al., 2012; Kantrowitz et al., 2010) cognitive function was assessed by a cognitive 
test battery as specified by the National Institute of Mental Health on Measurement and 
Treatment Research to Improve Cognition in Schizophrenia (MATRICS). The test battery 
assesses seven cognitive domains consisting of attention/vigilance, reasoning and problem 
solving, speed of processing, social cognition, verbal learning and memory, visual learning 
and memory, and working memory (Buchanan et al., 2005).
Another way to stimulate the NMDA receptor is to increase availability of glycine by a 
glycine reuptake inhibitor, which inhibits the glycine transporter-1 (Gly-1). The current Gly-
1 inhibitors are sarcosine and bitopterin. The cognitive effect of sarcosine has only been 
studied in clinical trials using PANNS as cognitive measure and therefore difficult to interpret 
(Tsai et al., 2004; Lane et al., 2010). In a randomized placebo-controlled add-on trial of 
bitopterin in 231 chronic schizophrenia patients, bitopterin did not enhance cognitive 
function measured by a computerized test battery (see Table 1) (Umbricht et al., 2014a). 
Memantine, an uncompetitive antagonist of the NMDA receptor, has been registered for 
cognitive enhancement in Alzheimerʼs disease. Three add-on trials, the largest including 
138 chronic schizophrenia patients (Lieberman et al., 2009), reported no beneficial cognitive 
effect for memantine in chronic schizophrenia patients (see Table 1) (Lieberman et al., 2009; 
Lee et al., 2012; Krivoy et al., 2008).
A novel approach to enhance the NMDA receptor function is by administration of a D-amino 
acid oxidase (DAAO) inhibitor. DAAO is an enzyme in the central nervous system and is 
responsible for degrading D-serine, the endogenous co-agonist of the NMDA receptor. It 
is suggested that expression and activity of the enzyme DAAO is increased in schizophrenia 
patients (Madeira et al., 2008; Verall et al., 2010; Boks et al., 2007). Through inhibiting DAAO 
activity D-serine levels increase, which may be effective in enhancing the NMDA receptor 
function. Recently, the first randomized double-blind placebo-controlled add-on trial on the 
cognitive effect of a DAAO inhibitor, sodium benzoate, in 52 chronic schizophrenia patients, 
reported significant improvement on the composite cognitive score of the MATRICS test 
battery (Lane et al., 2013).
Two other relevant glutamatergic agents are ampakine and lamotrigine. Ampakine is an 
AMPA receptor modulator that enhances NMDA channel opening. The only and relatively 
large (n=105) randomized placebo-controlled add-on trial on the cognitive effect of 
ampakine in chronic schizophrenia patients reported no cognitive improvement after 
eight weeks measured by a standardized cognitive test battery (see Table 1) (Goff et al., 
2008). Lamotrigine, an anticonvulsant, is a frequently used mood stabilizer that inhibits 
glutamate release through different mechanisms (Anand et al., 2000; Large et al., 2005). 
Two randomized double-blind placebo-controlled add-on trials in schizophrenia patients 
(study 1 N=217; study 2 N=212) reported no beneficial effects for lamotrigine on executive 
functions, verbal fluency, attention, verbal memory, working memory, and motor speed 
measured by the Brief Assessment of Cognition in Schizophrenia (Goff et al., 2007).
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In conclusion, the cognitive effects of glutamatergic agents are equivocal and all conducted 
trials were limited by targeting chronic schizophrenia patients only. Since cognitive decline 
in schizophrenia precedes the first psychotic episode, patients in the very early stages of the 
illness should be targeted in future research.

Cholinergic drugs
The cholinergic system is an important target of research on cognitive enhancing drugs 
due to its role in attention, memory and processing speed (Furey et al., 2000; Wallace and 
Bertrand, 2013). Acetylcholine, a neurotransmitter of the cholinergic system, exerts its 
effect on two receptor classes: the nicotinic and muscarinic receptor sites. It is suggested 
that the pathophysiology in schizophrenia results from impaired expression and function of 
the nicotinic and muscarinic receptors (Breese et al., 2000; Crook et al., 2001).
Part of the research on cognitive enhancing cholinergic agents focuses on the alpha 4 and 
7 subtypes of the nicotinic acetylcholine receptors (nAChRs). Post-mortem brain studies in 
schizophrenia showed decreased alpha 7 receptor expression in the inhibitory interneurons 
of the hippocampus (Freedman et al., 1995). In addition, nicotine is heavily abused in 
schizophrenia patients; approximately 40-80% of the patients smokes (Kuman and Postma, 
2005) and they extract more nicotine than other smokers (Olincy et al., 1997). In healthy 
individuals nicotine has been reported to improve attention, learning and memory (Ernst 
et al., 2001; Lawrence et al., 2002; Levin et al., 2006). This effect is limited by tachyphylaxis 
(Harris et al., 2004) and therefore treatment effects of nicotinic agents in schizophrenia 
patients are influenced by smoking. A recent review by D’Souza and Markou (2012) suggests 
that placebo-controlled nicotine administration in chronic schizophrenia patients via nasal 
spray, gum or transdermal patch is associated with improvements in working memory 
(Sacco et al., 2005; Smith et al., 2006), attention and novelty detection (Barr et al., 2008; 
Harris et al., 2004; Jubelt et al., 2008; Sacco et al., 2005; Smith et al., 2006) (see Table 1). 
Both patients using tobacco (Sacco et al., 2005; Smith et al., 2006; Harris et al., 2004) and 
non-tobacco using patients (Barr et al., 2008; Harris et al., 2004; Jubelt et al., 2008) were 
studied; nevertheless all trials reported improvement in cognitive function of nicotine 
versus placebo. Another nicotinic agent is DMXB-A, which is an alpha 4 and 7 partial agonist. 
Two randomized double-blind placebo-controlled cross-over add-on trials were conducted 
to the cognitive effect of DMXB-A in chronic schizophrenia patients. The first trial (N=12) 
reported a significant improvement on composite score of the Repeatable Battery for the 
Assessment of Neuropsychological Status (RBANS), which assesses immediate and delayed 
memory, attention, language, and visuospatial skills (Olincy et al., 2006). However, the 
second trial (N=31) reported no beneficial cognitive effect of DMXB-A, this time assessed by 
the MATRICS test battery (see Table 1) (Freedman et al., 2008). Other recently investigated 
alpha 7 agonists are tropisetron, TC-5619 and RG-3487. A randomized double-blind 
placebo-controlled add-on trial in 33 chronic schizophrenia patients reported a significant 
beneficial effect of tropisetron on sustained visual attention in non-tobacco using patients 
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only. However, the cognitive domain of simultaneous and delayed perceptual matching 
was significantly improved in the placebo group, which consisted of tobacco using and 
non-tobacco using patients (Shiina et al., 2010). In this study cognitive function, memory, 
attention and executive function was assessed by the Cambridge Neuropsychological 
Test Automated Battery (CANTAB). In addition, TC-5619 showed promising results in a 
randomized placebo-controlled add-on trial in 185 chronic schizophrenia patients; the 
composite score of the Groton Maze Learning Test, which tests executive functioning, was 
significantly improved. Secondary analysis of tobacco using schizophrenia patients revealed 
a significant enhancement in favor of TC-5619 in working memory tested by the Cogstate 
Schizophrenia Battery (CSSB) (Lieberman et al., 2013). Finally, the alpha 7 nicotinic agent 
RG-3487 did not have a beneficial effect on cognitive function assessed by the MATRICS 
test battery in a randomized placebo-controlled add-on trial in 215 chronic schizophrenia 
patients (Umbricht et al., 2014b).
A relatively newly developing field concerns cholinesterase inhibitors. Several of these 
drugs, such as rivastigmine and donepezil, are effective in treating cognitive deficits in mild 
Alzheimerʼs dementia. Cholinesterase inhibitors act by blocking the acetylcholinesterase 
enzymes, which metabolize acetylcholine. The first randomized placebo-controlled add-on 
trials (Sharma et al., 2006; Chouinard et al., 2007; Freudenreich et al., 2005; Friedman et al., 
2002; Tugal et al., 2004; Fagerlund et al., 2007) and an open-label add-on trial (Buchanan 
et al., 2003) conducted to examine the cognitive effect of cholinesterase inhibitors included 
relatively small samples (n≤40) and reported negative findings (see Table 1). Also, the 
largest randomized double-blind placebo-controlled add-on trial in 245 chronic patients 
with schizophrenia or schizoaffective disorder showed no cognitive enhancing effect for 
donepezil, measured by an extensive cognitive battery (see Table 1) (Keefe et al., 2008). 
Furthermore, four clinical trials have been conducted to the cognitive effect of galantamine 
in schizophrenia patients. Galantamine is a non-selective cholinesterase inhibitor and a 
modulator of the nicotinic receptor. Three randomized double-blind placebo-controlled 
add-on trials reported significant beneficial effects on different subdomains of cognitive 
function, involving delayed memory and attention (Schubert et al., 2006), visual recognition 
(Lee et al., 2007), processing speed and verbal memory (Buchanan et al., 2008) in chronic 
schizophrenia patients. However, the fourth randomized double-blind placebo-controlled 
add-on study did not find a beneficial cognitive effect of galantamine in 32 chronic 
schizophrenia or schizoaffective disorder patients (Lindenmayer and Khan, 2011). In all four 
trials cognitive function was assessed by an extensive cognitive test battery (see Table 1). 
In conclusion, galantamine may be a promising cognitive enhancing agent, as the reported 
studies showed cognitive enhancing effects on several subdomains in chronic schizophrenia 
patients. Considering that the cognitive effects of galantamine have not been investigated 
in first-episode schizophrenia patients, it could be expected that the agent exerts more 
pronounced effects on cognitive function in an earlier phase of the illness.
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The muscarinic receptor is the second receptor, which is part of the cholinergic system. The 
muscarinic receptor has five subtypes. The M1 subtype is highly expressed in the cortex, 
striatum and hippocampus; brain regions responsible for learning, cognition and memory 
(Melancon et al., 2013). One muscarinic agent, xanomelanine, has been tested in chronic 
schizophrenia patients. This type 1 and 4 muscarinic agonist had a significant positive effect 
on short-term memory function and verbal learning in a randomized placebo-controlled 
add-on trial in 20 chronic patients with schizophrenia or schizoaffective disorder (Shekhar 
et al., 2008). The reported beneficial cognitive effects of xanomelanine have never been 
replicated in a sample of schizophrenia patients.

Other agents
Research in the field of cognitive enhancing drugs has focused mainly on the above 
described neurotransmitter pathways. Other receptors that have been studied are GABA, 
noradrenergic, serotergic, histamanergic and the cannaboid receptor.
MK-0777, a GABA alpha 2 and 3 agonist, has failed to show a beneficial cognitive effect 
compared to placebo in a double-blind, randomized add-on trial in 60 chronic schizophrenia 
patients, measured by the MATRICS test battery (Buchanan et al., 2011). A randomized 
placebo-controlled add-on study in 73 chronic schizophrenia patients revealed no cognitive 
enhancing effect for the partial 5HT1a agonist buspiron after six months measured by 
an extensive cognitive test battery (see Table 1) (Sumiyoshi et al., 2007). Additionally, 
tandospirone, a serotonin-5-HT1a partial agonist, has been shown to improve verbal 
memory and executive function in 26 chronic schizophrenia patients in a randomized 
placebo-controlled open-label add-on trial assessing executive function and verbal memory 
(Sumiyoshi et al., 2001). Finally mianserine, tested in a randomized placebo-controlled 
double-blind add-on trial in 24 chronic schizophrenia patients, had a beneficial effect on the 
memory subtest of the Automated Neuropsychological Assessment Metrics, which assesses 
learning, memory and sustained attention, but not on executive function measured by the 
Wisconsin Card Sorting Test (WCST) (Poyurovsky et al., 2003). Furthermore, ABT-288, a 
histamanergic type 3 (H3) antagonist, and MK-0249, an H3 inverse antagonist, are agents 
that modulate the histamanergic receptor. ABT-288 and MK-0249 did not have a significant 
cognitive effect in randomized placebo-controlled add-on trials in 214 and 55 chronic 
schizophrenia patients, respectively (Haig et al., 2014; Egan et al., 2013). In addition, the 
noradrenergic agents atomoxetine, a selective norepinephrine reuptake inhibitor, (Friedman 
et al., 2008; Kelly et al., 2009), and guanfacine, an alpha-2 noradrenergic agonist (Friedman 
et al., 2001), did not have a beneficial effect on cognitive measures in randomized double-
blind placebo-controlled add-on trials in chronic schizophrenia patients either (see Table 
1). One randomized double-blind placebo-controlled add-on trial investigated the cognitive 
effect of the cannaboïd receptor modulating agent rimonibant in 14 schizophrenia patients 
and reported no beneficial influence on cognition assessed by the RBANS (Boggs et al., 
2012).
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Pregnenolone and modafinil are agents with an uncertain mechanism. Pregnenolone is an 
endogenous neurosteroid, which positively modulates NMDA receptors (Bowlby, 1993 and 
Wu et al., 1991). A double-blind placebo-controlled add-on trial showed that pregnenolone 
improved visual and sustained attention and executive functions measured by the CANTAB 
in 60 recent-onset schizophrenia or schizoaffective disorder patients (Kreinin et al., 2014). 
Two other randomized double-blind placebo-controlled add-on trials in respectively 18 and 
120 chronic schizophrenia patients found that pregnenolone was not associated with a 
beneficial cognitive effect measured by the MATRICS test battery (Marx et al., 2009; Marx 
et al., 2014).
Modafinil is a novel stimulant that inhibits dopamine and norepinephrine transporters, 
leading to increased dopamine and norepinephrine efflux in cortical and other brain regions 
(Minzenberg and Carter, 2008). Modafinil is associated with significant cognitive enhancing 
effects in healthy subjects (Turner et al., 2003). However, the majority of randomized 
placebo-controlled add-on trials conducted in schizophrenia patients reported no benefit 
on cognitive function (see Table 1) (Turner et al., 2004; Sevy et al., 2005; Freudenreich et 
al., 2009; Kane et al., 2010; Bobo et al., 2011). Interestingly, one randomized double-blind 
placebo-controlled cross-over add-on trial reported improved verbal and spatial working 
memory with modafinil treatment in 40 patients with a first psychotic episode compared to 
placebo (Scoriels et al., 2012).

Anti-inflammatory drugs
New findings suggest a role of the immune system in the etiology of schizophrenia (Fineberg 
and Ellman, 2013; Drexhage et al., 2011; Chew et al., 2013; Schizophrenia Working Group 
of the Psychiatric Genomics Consortium, 2014; Sommer et al., 2014). It has been suggested 
that anti-inflammatory drugs may be effective in symptom reduction in schizophrenia. 
Although indeed, several studies indicate that anti-inflammatory drugs, such as aspirin and 
N-acetylcysteine, reduce (some of the) symptoms in schizophrenia (Laan et al., 2010; Berk et 
al., 2008) this effect does not extend to cognition (see Table 1) (Laan et al., 2010; Javitt et al., 
2012; Chaudhry et al., 2012; Sommer et al., 2014). However, a recent randomized double-
blind placebo-controlled minocycline add-on trial reported a slight enhancing effect in the 
attention subdomain measured by the MATRICS test battery in 92 early stage schizophrenia 
patients (Liu et al., 2014).

Bipolar disorder

Lithium
Lithium is the first mood-stabilizing agent used for treatment of BD (Hartigan, 1963). It is 
particularly effective in both long-term maintenance (Young and Hammond, 2007; BALANCE 
Investigators and collaborators et al., 2010; Baldessarini and Tondo, 2000) as well as in the 
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treatment of acute mania (Stokes et al., 1971). Yet, the mechanisms underlying the mood-
stabilizing effects remain poorly understood.
Multiple studies have investigated the cognitive effect of lithium, but findings have been 
equivocal. The first longitudinal study assessing the effect of lithium treatment on memory 
in patients with affective disorders (n=53) reported increased immediate and delayed 
memory scores after 12 months of prophylactic lithium use (Smigan and Perris, 1983). 
Another longitudinal study in 18 BD patients found no significant effect of lithium on memory 
function assessed by the Wechsler Memory Scale (WMS) and the Benton Visual retention 
Test after 6 years (Engelsmann et al., 1988). A cross-sectional study showed lower verbal and 
visual–verbal memory for both 20 BD patients on lithium and 20 medication-free BD patients 
compared with 20 healthy controls (see Table 2) (Lopez-Jaramillo et al., 2010). In addition, 
a longitudinal study examined BD patients (of whom 33 used lithium at any given moment) 
at two-month interval over a period of two years. Lithium use at baseline and duration 
of lithium use were both positively associated with motor speed. Negative (short-term) 
effects of lithium on basic information processing were also found. However, in general, no 
significant cognitive effects of lithium were reported (see Table 2 for detailed information) 
(Arts et al., 2011). In a cross-sectional study in 119 elderly euthymic BD patients, lithium use 
was not associated with impaired cognitive function when controlled for risk factors like age 
and cardiovascular disease (see Table 2) (Schouws et al., 2010). In addition, another study 
reported Alzheimerʼs disease in 5% of lithium-treated BD patients as opposed to 33% in 
BD patients, which were not treated with lithium (Nunes et al., 2007). Although the above 
mentioned studies suggest a mild, positive cognitive effect of lithium in BD, there have also 
been findings suggesting that lithium has subtle negative cognitive effects (Wingo et al., 
2009; Pachet and Wisniewski, 2003). A meta-analysis of 12 studies showed that lithium 
use was associated with small impairments in immediate verbal learning and memory and 
creativity in euthymic patients with an affective disorder and healthy volunteers. The other 
investigated cognitive domains, delayed verbal memory, visual memory, attention, executive 
function, processing speed and psychomotor performance, were not affected. Additionally, 
long-term lithium use was associated with moderate impairments in psychomotor 
performance in patients with an affective disorder. It was suggested that negative cognitive 
effects of lithium were a function of duration of treatment and appear to be minor (Wingo et 
al., 2009). A cross-sectional study in 230 individuals with varying psychiatric disorders from 
47 families found that treatment with lithium and antipsychotic medication was related to 
lower executive and verbal recognition memory (see Table 2 for the cognitive test battery 
and sample information) (Savitz et al., 2008). Another cross-sectional study found that 33 
BD patients on lithium or valproic acid had greater response latency in affective processing 
and impaired sustained attention compared to both 32 unmedicated BD patients and 52 
healthy controls (Holmes et al., 2008).
The inconsistent findings regarding the cognitive effects of lithium are partly the result 
of methodological flaws. Pachet and Wisniewski (2003) addressed these methodological 
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flaws in their review and concluded that lithium is associated with mild impairments in 
psychomotor speed and verbal memory. Interestingly, a subgroup of lithium-using patients 
may not suffer from these cognitive impairments. A recent cross-sectional study showed 
that 13 excellent lithium responders had similar cognitive function as 60 matched healthy 
controls measured by the CANTAB (Rybakowski and Suwalska, 2010). Patients in which the 
effect of lithium was not optimal (n=47) scored lower on the subtests of the CANTAB as 
compared with controls. These findings are supported by another cross-sectional study in 
BD patients that found lower executive functioning measured by the WCST for lithium non-
responders (n=7) but not for lithium responders (n=23) compared with matched controls 
(n=30) (Rybakowski et al., 2009). In conclusion, findings on the cognitive effects of lithium 
are contradictory, but tend to be mildly negative, at least in patients who do not have an 
optimal lithium response. Studies conducted so far included relatively small samples and 
mostly cross-sectional designs. Therefore, longitudinal studies on the cognitive effects of 
lithium in larger BD samples are sorely warranted.

Anticonvulsants
Anticonvulsant drugs have become important adjunctive and alternative treatments 
to lithium in BD (Okuma et al., 1981) but the cognitive effects are unclear. Some studies 
reported similar cognitive function for BD patients on either anticonvulsant or lithium 
treatment (see Table 2) (Senturk et al., 2007; Joffe et al., 1988). However, there appears 
variability in the cognitive effect of different types of anticonvulsants and lithium. A cross-
sectional study in 159 BD patients on five types of anticonvulsants or lithium found that 
patients on lamotrigine and oxcarbazepine exerted the best scores on an extensive cognitive 
test battery, followed by patients on lithium. Patients on valproic acid, carbamazepine and 
topiramate had the lowest scores (see Table 2) (Gualtieri and Johnson, 2006). Another 
cross-sectional study showed that BD patients treated with lamotrigine (n=15) had better 
phonemic verbal fluency, but did not significantly differ on immediate verbal memory, 
executive functions, attention and working memory compared with patients treated with 
other anticonvulsants (n=18) ( Daban et al., 2006). Also, several open-label studies showed 
that lamotrigine positively affects self-reported cognitive function ( Khan et al., 2004; Kaye 
et al., 2007) (see Table 2).
The paucity of studies, the lack of prospective randomized controlled trials and the 
contradictory results make it impossible to draw conclusions on the cognitive effects of 
anticonvulsants in BD patients.

Antipsychotics
Few studies have investigated the cognitive effect of antipsychotic agents in BD patients, but 
the findings generally suggest that antipsychotics negatively influence cognitive function. 
The previously mentioned study by Arts et al. (2011) showed that use of second generation 
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antipsychotics had negative effects on motor speed and basic information processing in 24 
BD patients (Arts et al., 2011).

Two cross-sectional studies (respectively N=43 and N=40 BD patients) found that 
antipsychotic treatment was associated with significant underperformance on IQ, general 
memory and working memory (Donaldson et al., 2003), psychomotor function, verbal 
fluency, verbal learning, memory and recognition memory, executive function and attention 
(see Table 2) (Jamrozinski et al., 2009).
One cross-sectional study specifically focused on the cognitive effects of subtypes of 
antipsychotics in BD patients. BD patients on risperidone (n=30), quetiapine (n=12), 
olanzapine (n=26), unmedicated BD patients (n=16) and healthy controls (n=35) were 
compared on executive functioning, attention/concentration, mental tracking, verbal 
learning and verbal memory. BD patients treated with atypical antipsychotics demonstrated 
significantly lower cognitive function compared with unmedicated BD patients and controls 
(see Table 2) (Torrent et al., 2011). Few randomized controlled trials have been conducted 
on the cognitive effect of adding antipsychotics to treatment as usual in BD patients. Pooled 
data of two 3-week randomized controlled trials in 249 patients with acute mania (trial 1 
N=139; trial 2 N=110) showed that olanzapine significantly improved cognitive function, 
but measured this with the PANSS (Shi et al., 2004). In addition, cognitive improvement 
was highly associated with improvement in manic symptoms. Another small randomized 
placebo-controlled trial showed that adding quetiapine to mood stabilizers did not improve 
cognitive function measured by an extensive cognitive test battery in euthymic BD patients 
(n=5), whereas placebo did (n=9) (see Table 2) (Rakofsky et al., 2014).
In summary, studies on the cognitive effects of antipsychotics in BD patients have been 
carried out in relatively small samples and predominantly conducted in cross-sectional 
designs, but point to a negative cognitive effect. Notably, the presence of psychotic 
symptoms may act as a confounding factor in these studies, since a history of psychotic 
symptoms may be associated with reduced cognitive function in BD patients (Toulopoulou 
et al., 2006; Martinez-Aran et al., 2004a). Prospective randomized studies are needed to 
resolve this issue.

Conclusion

Despite extensive efforts on the development of cognitive enhancing drugs, to date no putative 
agents with such properties have been produced for schizophrenia. Antipsychotics appear 
to mildly improve cognitive function in schizophrenia patients (more in first episode than 
in chronic patients), but these agents do not improve cognitive function to any meaningful 
degree. Also, cognitive enhancing effects by dopamine agonists and glutamatergic drugs 
have been reported. However, results are inconclusive and at best suggest an improvement 
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in cognitive subdomains. Cholinergic agents, in particular galantamine and nicotine, appear 
to have the most promising cognitive enhancing effects in schizophrenia patients.
Whereas in schizophrenia the goal of research is to develop new putative cognitive enhancing 
agents, BD research still focuses on the cognitive effects of current available mood-stabilizers 
and antipsychotics. Cognitive enhancing agents in BD have not been proposed so far. There 
are some indications that lithium may act as a cognitive enhancing agent in a subgroup 
of BD patients with an excellent lithium response. However, the research methodology in 
BD so far is flawed using, as it does, mostly cross-sectional designs. Clearly, prospective 
randomized (placebo-)controlled trials are necessary to investigate the cognitive effects of 
medication in BD. In fact, the study of cognitive dysfunction (and its treatment) in BD is 
severely underdeveloped despite the relevance of cognitive dysfunction in the later stage 
of the illness.
In schizophrenia, the majority of clinical trials testing the efficacy of putative cognitive 
enhancing agents have focused on chronic patients. As cognitive decline precedes the 
first psychotic episode by many years, these studies may have barked up the wrong tree. 
Therefore, the focus of research should be on patients in an earlier phase of the illness, 
preferably when the first cognitive deficits appear. Since it is difficult to identify the first 
cognitive problems in the general population, targeting a population with increased 
vulnerability for schizophrenia may be more appropriate. Monitoring an ultrahigh risk 
population provides the opportunity to administer cognitive enhancing agents if the first 
cognitive deficits appear. In contrast, studies examining putative cognitive enhancing 
agents in BD patients should focus on the illness stage that occurs after the onset of (mood) 
symptoms, since cognitive function in BD decreases after the onset of illness. Hopefully, 
these recommendations will accelerate the development of cognitive-enhancing drugs for 
schizophrenia and bipolar disorder patients. They are sorely needed.
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Abstract

Aim: 
In view of the potential effects of psychiatric drugs on DNA methylation, we investigated 
whether medication use in bipolar disorder is associated with DNA methylation signatures. 

Patients and methods: 
Blood-based DNA methylation patterns of six frequently used psychotropic drugs were 
examined in 172 bipolar disorder patients. After adjustment for cell type composition, 
we investigated gene networks, principal components, hypothesis-driven genes and 
epigenome-wide individual loci.  

Results: 
Valproic acid and quetiapine were significantly associated with altered methylation 
signatures after adjustment for drug-related changes on cell type composition. 

Conclusions: 
Psychiatric drugs influence DNA methylation patterns over and above cell type composition 
in bipolar disorder. Drug-related changes in DNA methylation are therefore not only an 
important confounder in psychiatric epigenetics but may also inform on the biological 
mechanisms underlying drug efficacy. 

Keywords: 
DNA methylation, bipolar, antipsychotics, mood stabilizer, antidepressant, medication, cell 
type.
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Introduction

Epigenetic mechanisms are important in the development of the central nervous system and 
brain plasticity throughout life by influencing gene expression (Flavell et al. 2008; Tsankova 
et al. 2007). A growing body of evidence suggests that the epigenome also contributes to 
the pathogenesis of several psychiatric disorders (Mill et al. 2008; Dempster et al. 2011; 
Wong et al. 2014).  Among numerous epigenetic mechanisms, DNA methylation is the 
most frequently studied epigenetic mark (Reik 2007; Suzuki & Bird 2008). In this process 
a methyl group is attached to 5’-cytosine residues at cytosine-guanine sequences (CpG) in 
the DNA (Bird 1986).  The majority of the CpG sequences are heavily methylated, resulting 
in a relatively stable repression of gene activity (Klose & Bird 2006). However, the CpG 
sequences that cluster at promoter regions of genes, called CpG islands, generally display 
relatively low levels of DNA methylation (Bird 2002). Although a large proportion of DNA 
methylation programming is stable and genetically regulated (Boks et al. 2009; van Eijk 
et al. 2012; Schübeler 2015; Kim et al. 2009), environmental factors such as nutrition and 
medication can influence this process (Kofink et al. 2013; Rutten & Mill 2009). For instance, 
prenatal exposure to famine is associated with hypo-methylation at the Insulin-like Growth 
Factor 2 (IGF-2) gene in humans (Heijmans et al. 2008). Such changes in methylation 
status of promoter CpGs can occur across the life span in a small but significant part of the 
genome (Rutten & Mill 2009; Bjornsson et al. 2008).  In cancer the possibility to influence 
DNA methylation has already lead to therapeutic pharmaceutical applications (Minucci & 
Pelicci 2006). With regard to psychotropic medication, compelling evidence emerges from 
several preclinical and in vitro studies indicating that a variety of psychotropic medication 
show epigenetic effects as well including alterations in DNA methylation (For review see 
Boks et al. (2012)). Psychotropic medication can affect DNA methylation by altering activity 
of DNA methyltransferases (DNMTs) that are essential in initiating and maintaining DNA 
methylation (Bird 2002; Grayson & Guidotti 2013) during development and in adulthood 
(Roth & Sweatt 2009). 
In order to investigate the epigenetic effects of psychotropic medication, Bipolar Disorder 
(BD) patients are of particular interest because the treatment of both mood and psychotic 
symptoms require a wide variety of pharmaceutical compounds, including anti-psychotics 
and mood stabilizers (Kowatch et al. 2005; Goodwin 2009). This in contrast to schizophrenia 
patients who are generally all on the same class of drugs. An example of a drug that we 
are able to study in BD patients is valproic acid; a mood stabilizer that acts as an histone-
deacetylase (HDAC) inhibitor (Gottlicher 2004) and indirectly counteracts hypermethylation 
of GABA promoters by inhibiting DNMT1 in prenatal stressed mice (Tremolizzo et al. 2005; 
Matrisciano et al. 2013). In human studies valproic acid use is associated with altered DNMT1 
expression in the frontal cortex of patients with Schizophrenia (SCZ) and Bipolar Disorder 
with psychosis (Guidotti et al. 2009; Veldic et al. 2007). There are many more examples of 
psychotropic drugs that alter epigenetic marks in candidate gene studies in mice as well as 
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post-mortem brains of schizophrenia patients (Li et al. 2004; Matrisciano et al. 2011; Dong 
et al. 2009; Dong et al. 2008; Yasuda et al. 2009) (For review see Boks et al. (2012)). 

Even though several preclinical and in vitro studies have reported medication-related 
changes in DNA methylation, it is unknown whether such changes are truly present in 
psychiatric patients. Therefore, we examined the DNA methylation signatures of psychotropic 
medication in the blood of 172 bipolar disorder patients. These patients used a variety of 
mood stabilizing and antipsychotic drugs (Kowatch et al. 2005; Goodwin 2009) that allowed 
the study of DNA methylation signatures of the mood stabilizers lithium, valproic acid, 
carbamazepine and lamotrigine, as well as the antipsychotics olanzapine and quetiapine. 
Because of the known association between cell type composition and medication, this study 
carefully addressed possible confounding effects of cell type composition (Sun et al. 2010; 
Lam et al. 2012).

Experimental procedures

Participants
Participants were eligible for participation if they had three or more Dutch grandparents and 
met criteria for diagnosis of  BD. Data was collected in two waves at the Utrecht Medical 
Center; the first wave from 2009 to 2011 included 122 participants whereas in the second 
wave 50 participants were included between  December 2011 and May 2013. The study was 
approved by the Utrecht Medical Center ethical review board and performed according to 
the ICH guidelines for Good Clinical Practice and the latest amendments of the Declaration 
of Helsinki. All participants gave their written informed consent prior to their inclusion in the 
study and were financially compensated.

Procedures:
General
Participants were invited to the UMC Utrecht for the assessment that included a blood 
draw and interview. The interview was conducted by at least one well-trained independent 
rater. Clinical characteristics including mood and psychotic symptoms, comorbid psychiatric 
diagnosis, number of manic and depressive episodes, and age of disease onset were 
established with the Comprehensive Assessment of Symptoms and History (CASH)  
(Andreasen et al. 1992). Participants of the second wave were assessed with the Structured 
Clinical Interview for DSM-IV (SCID) (First et al. 2002). Current use of psychoactive 
substances was determined with the CASH in the first wave and a self-report questionnaire 
in the second wave. All participants reporting psychiatric medication use (antidepressants, 
benzodiazepines, anticonvulsants and antipsychotics), were on a stable (at least one month) 
dosing schedule. If participants smoked daily, they were defined as a smoker. 
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DNA methylation analyses
Whole blood DNA was extracted using Gentra Puregene Kit (Qiagen, Valencia, CA, USA). DNA 
concentration was assessed using riboGreen, and integrity using BioAnalyser. Bisulphite 
conversion was conducted using Zimo kits (ZYMO Research, Orange, CA, USA) using standard 
procedures. Genome-wide DNA methylation levels were assessed using Illumina Infinium 
HumanMethylation27K BeadChip (Illumina) arrays in the first wave (n=122) and Illumina 
Infinium HumanMethylation450K BeadChip (Illumina) arrays in the second wave (n=50). 
Samples were equally distributed over the 24 arrays balancing gender and age on each 
of them to reduce any batch effects to the minimum.  Intensity read outs, quality control 
parameters and methylation measures were obtained from the genome studio software. 
DNA methylation measures were excluded based on a detection p-value larger than 0.001. 
Probes with failed detection in more than 1% of the participants or less than 5 beads in 5 
percent of samples were excluded as were samples with more than 1% of probes failed 
(Schalkwyk et al. 2013). X chromosome, y chromosome or non-specific probes were removed 
(Chen et al. 2013). Probes with SNPs of Minor Allele Frequency larger than 5 percent within 
1 base pairs of the primer were also removed after constructing ancestry estimates based 
on their principal components as proposed by Barfield et al (Barfield et al. 2014). After this 
step the 27k and 450k data were combined, selecting the probes surviving quality control 
and present on both arrays (22988 probes). The combined set was subsequently quantile 
normalized using the lumi package to remove technical variation between individuals.
Batch effects were analyzed by investigating the association of the principal component of 
the methylation levels with plate, sentrix array and position using correlation and visual 
inspection of heat maps (see supplemental material 1 figure 1). The Combat procedure as 
implemented in the sva package was used to remove batch effects for sentrix array. In this 
way we also remove any differences that may have occurred by using the two types of 
arrays in different experiments. After this procedure no batches for array, plate or sentrix 
were apparent (Johnson et al. 2007) (see supplemental material 1 figure 2). Finally cell type 
composition was calculated based on the methylation values for the 27k data using the 
Houseman algorithm (Houseman et al. 2012), while the calculation for the 450k data was 
based on relating the methylation values to data derived from FACS sorted methylation 
data using the Houseman algorithm as implemented in a minfi based procedure (Aryee 
et al. 2014). In short, we used DNA methylation data from the arrays to analyze several 
differentially methylated regions (DMRs) that are markers of immune cell identity. To 
estimate sample-specific cell proportion in our whole blood samples, we applied a 
statistical algorithm (Houseman et al. 2012) based on cell specific methylation profiles of 
an independent reference dataset of flow sorted cell types (Monocytes, CD4+ and CD8+ T 
cells, Granulocytes, B cells, natural killer cells) (Reinius et al. 2012). Cell type composition 
was investigated as a potential confounder (see figure 1, supplemental material 1 figure 2 
and the results section cell type composition).  
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Statistical analyses
All statistical analyses were carried out using R version 3.1.2 (R Core Team & R Foundation For 
Statistical Computing 2014). For regression modeling, the Limma package was used (Smyth 
2004). Outliers were detected using Cook’s Distance with a cut-off value of 1. If more than ten 
participants reported taking a specific type of medication, this medication type was added as a 
covariate to the linear model (see table 1 and supplemental material 1 table 1). Following this 
criterion olanzapine, quetiapine, lithium, carbamazepine, valproic acid and lamotrigine were 
included as specific medication types in all models. For methylation, beta values were used 
for graphical display, but analyses were carried out using M-values (log2 ratio of methylation 
probe intensity) which has better statistical validity (Du et al. 2010). Because methylation may 
vary with age, sex and smoking (Boks et al. 2009), these were included as covariates in all 
analyses. To investigate population stratification, ancestry was estimated from methylation-
based principal components as proposed in the Barfield study (Barfield et al. 2014). Population 
stratification did not play a role (see supplemental material 1 figure 1-3) and methylation-
based population principal components were not included in the models. First, the potential 
confounding effects of cell type composition was investigated by analyzing the association 
of medication with cell type composition. To account for  confounding due to cell type 
composition,  the cell-count variances were regressed out while protecting for the association 
between medication and methylation all other analyses (see supplemental material 1 figure 3) 
as implemented in the sva package (Johnson et al. 2007). Finally,  in accordance with WGCNA 
default pre-processing steps (Langfelder & Horvath 2008), we checked for any obvious outliers 
in our sample with an average linkage hierarchical cluster analysis of the DNA methylation 
levels as implemented in the hclust function of the stat package in R  (R Core Team & R 
Foundation For Statistical Computing 2014; Langfelder & Horvath 2012). No outliers were 
identified and all analyses were performed on 172 subjects.

Cell type composition of whole blood
We investigated whether the differences in DNA methylation between medication groups 
were due to differences in cell type composition of the samples (i.e. whether changes in 
cell counts were a mediator of the relationship between medication, global methylation 
levels and blood cell counts). First, to determine for which medication types there was an 
association with cell type composition a multivariate analysis of variance was performed 
with the five cell types (natural killer (NK), Bcell, CD8T, CD4T and monocytes) as outcome 
and the six medication types (olanzapine, quetiapine, lithium, carbamazepine, valproic acid 
and lamotrigine), sex, age and smoking status as determinants. Then principal components 
for methylation were calculated as a measure for global methylation and mediator analyses 
were performed with the mediation package in R (Tingley et al. 2014). In the mediator 
analyses the first five principal components were the outcome measures, the biggest cell 
fraction the possible mediator and the dependent measure was the medication type that 
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had the highest correlation with the selected cell type in the multivariate analysis. The other 
cell types, sex, age and smoking were added to the model as covariates. 

Network analysis
Weighted gene co-expression network analysis was performed with the WGCNA package in 
R to identify and characterize methylation clusters (Langfelder & Horvath 2012; Langfelder 
& Horvath 2008)  based on their relationship with medication, the principal components 
and biological processes (using GO-term analysis). The association of the medication types 
with the identified methylation clusters was investigated using in a linear model including 
age, sex and smoking status as covariates. Results were reported only for models with a 
good fit (p value < 0.05). 
The principal components were calculated for all 22988 loci and based on the screeplot we 
used the first five principal components (PC) for analyses (see supplementary info 1 figure 
10, proportion explained variance per principal component was: PC1=0.055; PC2=0.046; 
PC3=0.028; PC4=0.024; PC5=0.018, Cumulative proportion=0.17). First, the association 
between each principal component and the selected medication types was tested in a linear 
regression model with smoking status, age and sex as covariates. Second, the correlation 
between the identified methylation clusters and principal components was explored by 
correlating the WGCNA methylation cluster module score to the principal component scores. 
Finally, to investigate enrichment for biological processes  with the GOstat package (Falcon 
& Gentleman 2007), we tested the GO-terms of the probes in the identified methylation 
clusters against all GO-terms of the probes surviving quality control. We only reported 
biological enrichment if the GO-term is significant (p<0.05) after applying bonferroni 
correction for all GO-terms tested.

Epigenome-wide association study
The association between all 22988 loci and the six selected medication types was tested in 
one overall linear model with age, sex and smoking status as covariates. From this model 
coefficients per medication type (adjusted for the other medication types) were extracted 
and the distribution of p-values was investigated by QQ-plotting and calculation of the 
genomic inflation factor. Only if the genomic inflation factor and visual inspection of the QQ 
plot indicated an acceptable distribution of p values (see supplemental material 1 Figure 
4-9), did we include the analysis results for the top 1000 probes in supplemental material 2. 
Epigenome-wide significant results were loci with a p-value lower than 0.05 after applying 
false discovery rate (FDR) correction.
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Detailed analysis of candidate genes
Based on previous DNA methylation studies we selected the following candidate genes: RELN 
(Matrisciano et al. 2011; Mitchell et al. 2005; Dong et al. 2007), SLC1A2 (Perisic et al. 2010),  
MTNR1A (Kim et al. 2008), IGF2 (Popkie et al. 2010; Leng et al. 2008), H19 (Popkie et al. 2010; 
Leng et al. 2008), BDNF (Yasuda et al. 2009; Fukuchi et al. 2009), SLC6A4 (Perisic et al. 2010) and 
GAD1 (Matrisciano et al. 2011). We interrogated all the probes on these selected candidate 
genes for their association with our six selected medication types in one overall linear model 
with age, sex and smoking status as covariates. Per medication type the p-values were adjusted 
for multiple testing by applying false discovery rate (FDR) correction (alpha=0.05). 

Results

Baseline characteristics
A summary of the sample characteristics can be found in table 1. Six medication types 
were used by more than 10 patients, in order of number of users lithium (65%), followed 
by valproic acid (19%), quetiapine (17%), olanzapine (16%), carbamazepine (9%) and 
lamotrigine (8%). All other medication types were randomly distributed over these six main 
medication types (see supplemental material 1 table 1). Diagnoses were: 169 patients with 
Bipolar type I disorder and 3 patients with Bipolar type II disorder.  

Table 1 Sample characteristics (n=172). 

Variabele n(%) or mean (range)

Age, yrs (mean,range) 43 (19-77)

Female sex (%) ) 94 (55%)

Smoking (%) 74 (43%)

Age at onset, yrs (mean, range) 26 (7-60)

Number of episodes (mean, range) 9.3 (1-27)

Lithium 112 (65%)

Olanzapine 27 (16%)

Quetiapine 29 (17%)

Valproic acid 33 (19%)

Carbamazepine 15 (9%)

Lamotrigine 14 (8%)

Association between cell type composition and medication
There was a significant association between the five cell types and quetiapine (see 
figure 1 Pillai’s trace=0.13, F(5,158)=4.9, p=0.0003) and valproic acid (Pillai’s trace =0.07, 
F(5,158)=2.4, p=0.04), but not for lamotrigine (Pillai’s trace =0.06, F(5,158)= 2.3, p=0.05), 



DNA METHYLATION AND PSYCHIATRIC MEDICATION IN BIPOLAR DISORDER	 135

5

olanzapine (Pillai’s trace =0.05, F(5,158)=1.9, p=0.10), lithium (Pillai’s trace =0.03, 
F(5,158)=1.0, p=0.41) and carbamazepine (Pillai’s trace =0.02, F(5,158)=0.9, p=0.50) (also 
see figure 1 for correlation plot). The biggest cell fraction in our sample is CD4T and in 
the follow up ANOVA the strongest association with CD4T was present in quetiapine users 
(F(1,162)=16.7, p=6.7e-05). However, we found no evidence that the effect of quetiapine 
on global methylation, expressed as principal components (pc) one till five, was mediated 
by CD4T (Proportion mediated for pc1 0.007,p=0.78; pc2 0.003,p=0.85; pc3 -0.008,p=0.89 
;pc4 -0.009,p=0.91; pc5 0.004,p=0.81). To correct for any possible confounding due to cell 
type composition all other analyses were performed on methylation data with the cell type 
composition effects regressed out while conserving the association with DNA methylation.  

Figure 1 Heatmap depicting the correlation between medication and cellcounts. 

Significant values are denoted by * p<0.05, ** p<0.001, ***p<0.0001. Abbreviations: CD8T= CD8 T, CD4T=CD4 T 
cell, cell NK=Natural Killer, Mono=Monocytes, Gran=Granulocytes.
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Association between medication and network analysis of the methylation levels 
We investigated DNA methylation levels represented in  WGCNA modules and principal 
components. We derived 7 modules based on the intercorrelation patterns among probes 
of which the blue (F(9,162)=2.74, p=0.005), the red (F(9,162)=3.06, p=0.002), the yellow 
(F(9,162)=3.56, p<0.001) and, the green (F(9,162)=5.97, p<0.001) modules showed a 
good (significant) fit. The grey module contained 14,208 remaining probes that were not 
correlated to any of the 6 modules.  Figure 2 shows that several of the medication types were 
related to a WGCNA module. The strongest finding is the association of the blue module 
(containing 2103 probes) with valproic acid use (B=0.040, p=0.009), this module was related 
to the response to wounding GO-term GO:0009611 (see supplemental material 3). In the 
yellow module (1450 probes, enriched for stimulus and detection-related GO-terms see 
supplemental material 3) with valproic acid (B=-0.032, p=0.028) and lamotrigine (B=0.045, 
p=0.038). In the red module (254 probes, enriched for immune-related GO-terms see 
supplemental material 3) with quetiapine (B=0.033, p=0.040) and valproic acid (B=-0.053, 
p=0.0005). Finally the green module (974 probes, enriched for neurogenesis, embryonic 
and regulatory GO-terms see supplemental material 3) was associated with quetiapine (B=-
0.031, p=0.036). Supplemental material 3 shows the full results of the modules and their 
enrichment. 

Valproic acid was also significantly related to higher values of the second principal 
component of methylation levels, while olanzapine and lithium were associated with lower 
values on this principal component (see figure 3 and correlation plot in supplemental 
material 1 figure 3) (model fit: F(9,162)=2.28, p=0.02 , olanzapine B=-0.43 , t=-2.0, p=0.05, 
lithium B=-0.33 , t=-2.0, p=0.05,; valproic acid B=0.47, t=2.3, p=0.02). Consistently; the 
blue module (related to valproic acid use), was highly correlated to pc2 (Blue: r= -0.81, p 
=3.1x10 e -42).  Furthermore, lamotrigine was related to lower values of the fourth principal 
component (model fit: F(9,162)=7.83, p<0.001 , lamotrigine B=-0.67 , t=-2.6, p=0.009). 
Finally, lamotrigine users scored higher whereas quetiapine users scored lower on the fifth 
principal component (model fit: F(9,162)=2.08, p=0.03 , lamotrigine B=-0.43 , t=-2.0, p=0.05, 
quetiapine B=-0.43 , t=-2.0, p=0.04).

Genome wide association between medication and DNA methylation levels 
The distribution of p values was acceptable for olanzapine, lithium and carbamazepine 
(respective genomic inflation factors: 1.011, 1.075 and 0.974, see supplemental material 1 
figure 5-10 for qqplots and supplemental material 2 for the top 1000 probes). None of the 
associations between probes and these three medication types were significant after FDR 
correction, but for carbamazepine the highest ranking probe (cg24523000) is located on the 
GABRA1 gene (logFC=0.18, p=0.205). 
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Figure 2 Heatmap for the relationship between the different WGCNA modules and the six selected medication 
types. 

In each cell the top value corresponds to the model t value, whereas the bottom value between brackets denotes 
the p value for this particular covariate.
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Figure 3 Barplot depicting the association between the six selected medication types and global DNA methylation 
measures principal component (pc) one till five. 

To enable comparison of the impact of the association between the five principal components and the six 

selected medication types the beta from a standardized model are used in this graph •: p<0.10; *:p<0.05; 

**:p<0.01;***p<0.001.

Association between medication and methylation on candidate genes
The results for the methylation probes for specific candidate genes (RELN, SLC1A2, MTNR1A, 
IGF2, H19, BDNF, SLC6A4 and GAD1) are presented in supplemental material 1 table 2, but 
overall the association between specific medication types and methylation status of the loci 
did not provide any replication for these candidate genes after FDR correction.

Discussion 

This study explored the influence of six psychotropic drugs on blood-based DNA methylation 
levels by analyzing networks, principal components, hypothesis driven candidate genes 
and epigenome-wide association in bipolar disorder patients. The network and principal 
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components analyses study global DNA methylation changes, whereas the candidate gene 
and epigenome-wide techniques evaluate individual methylation sites. The main findings 
of this study suggest that, after adjustment for cell type composition in whole blood, 
psychotropic medication use remains associated with alterations in DNA methylation levels 
at least in methylation networks and potentially at individual loci. Our study shows that 
DNA methylation based co-expression networks and principal components are linked to 
several medication types. The network modules indicate that immune and neurogenesis-
related processes are involved. In the candidate- and epigenome-wide analysis no specific 
differentially methylated CpG site survived multiple testing correction, but qq plot analysis 
and trend level results suggest that this is most likely the result of limited power. Overall 
both network and single locus analyses implicate biologically plausible mechanisms for 
future epigenetic studies of psychotropic drug action. However, the cross-sectional design 
of the current study prevents a direct causal inference from the methylation differences and 
should be interpreted with caution.

The gene weighted correlation network analysis is an unbiased and data driven method 
which has a high stability across tissue (van Eijk et al. 2012). Four methylation networks 
were related to the use of valproic acid, quetiapine or lamotrigine. Valproic acid showed the 
strongest associations and was linked to three different co-expression modules, consistent 
with valproic acid’s documented relation with DNA methylation and neurotrophic actions 
such as promoting neurite growth and cell survival enhancing neuronal function (Yuan et al. 
2001; Hao 2004). In terms of methylation co-expression networks, valproic acid as well as 
lamotrigine use were associated to a network characterized by the go term detection stimuli, 
but the strongest connection between any medication type and a methylation network was 
for valproic acid and an immune-related methylation network. Altered immune system 
responses and increased inflammation are frequently linked to psychiatric disorders (for 
review see Réus et al. (2015)). Interestingly valproic acid can reduce immune cell signaling by 
inactivating several enzymes involved in inflammation (Watkins et al. 2014).  Quetiapine use 
was also related to the same immune-related methylation network and anti-inflammatory 
properties (Bian et al. 2008; Jaehne et al. 2015).  Thus, the immune-related methylation 
network could reflect the inflammation-reducing properties of valproic acid and quetiapine 
(Watkins et al. 2014; Bian et al. 2008; Jaehne et al. 2015). More importantly quetiapine use 
was linked to a methylation network with the highest enrichment for neurogenesis, which 
could correspond with the neurogenesis enhancing properties of quetiapine (Luo et al. 
2005). Reinstating adult neurogenesis is another potential treatment target for psychiatric 
disorders (Borsini et al. 2015; Miller & Hen 2015) and the current findings could provide new 
leads to study the mechanism of action of psychotropic drugs such as quetiapine. 
Another reflection of the relevance of medication use for DNA methylation is the association 
of the principal components of methylation with medication. Particularly, the second 
principal component of DNA methylation was associated with several medication types 
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including valproic acid, olanzapine and lithium use (see figure 3). Although the explained 
variance of this second principal component was modest (4.6 percent), it could indicate that 
different types of medication may affect similar methylation in a similar way. 
One approach to explore DNA methylation levels per individual locus was to perform a 
genome wide association study of all six medication types. Although after adjustment for 
multiple testing the associations rendered non-significant, the highest ranking probe for 
carbamazepine was on the GABRA1 gene, which encodes for one of the subunits of GABA-A 
receptor in the GABA neurotransmitter system. Interestingly, the GABRA1 gene has been 
proposed in the literature as a possible candidate gene for BD (Serretti & Mandelli 2008; 
Horiuchi et al. 2004).  These findings suggest potential local effects on methylation of specific 
genes by psychotropic medications. Although the shapes of the QQ plots suggest a signal, 
limited sample size may have led to insufficient power to provide evidence. Limited power 
may also explain the inability to replicate several hypothesis driven analyses of previously 
associated candidate genes.

All analyses performed, were adjusted for whole blood cell type composition (for review 
see  Houseman et al. (2015)). That such adjustments are important is underscored by 
the profound influence of psychotropic medication on cell count of a variety of cell types 
reported here. Psychotropic medication in almost all classes has been reported to cause 
changes in cell type composition. Mechanisms include direct toxic effects upon the 
bone marrow, the formation of antibodies against haematopoietic precursors or involve 
peripheral destruction of cells (Flanagan & Dunk 2008; O. et al. 1999; Vasudev et al. 2010; 
Shankar 2007; Huynh et al. 2005). Valproic acid may exhibit cell type composition alterations 
through immunosuppressive effects by activating apoptosis of activated lymphocytes and 
by weakening the cytotoxic effects of NK cells as well as the function of macrophages and 
monocytes but the underlying mechanisms need further investigation (Chen et al. 2011). 
In our data particularly quetiapine and valproic acid use exerted a notable influence on 
cell type composition reaffirming this known effect of medication on cell type composition 
and underscore the need to adjust for this confounding effect in studies of whole blood. 
However, the reported DNA methylation differences were not mediated by the cell type 
differences and DNA methylation differences remained after elaborate adjustment for cell 
type and using network analysis that are more robust to tissue type influences.

Caution is required when interpreting results of this explorative cross-sectional DNA 
methylation study. The main limitations lie in the cross-sectional observational study design. 
In absence of randomization, blinding, placebo control groups and a longitudinal set up, 
there remains a risk of selection bias, confounding by indication and the inability to infer 
causality. Inherent to the study design is the presence of potential residual confounding, 
such as genotype, nutrition, other medical conditions or concomitant non-psychotropic 
medication use. Finally, since participants often use several medication types at the same 
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time, it is not possible to fully disentangle selective effects of each medication type. 
Regarding the effects of polypharmacy (i.e. patients taking other types of medications), in our 
population the use of other psychotropic medication is low and randomly distributed across 
the six main medication types. Even though we cannot completely exclude the influence 
of other medication types on our results, this suggests that psychiatric polypharmacy is 
probably not of large influence. The use of blood also poses a limitation considering that 
most effects of psychotropic medication are in the brain. Several studies have now pointed 
out that although there are vast differences between tissue types, particularly blood and 
brain (Davies et al. 2012; Walton et al. 2016), the differences between exposed and non-
exposed individuals are often reflected in multiple tissues, with larger effect sizes for the 
differences between individuals than for differences between tissues (Davies et al. 2012; 
Illingworth et al. 2015). Moreover, because blood cells are also exposed to these drugs and 
many of the lymphocytes, such as B-, T- and NK-cells, express similar receptors (e.g. BDNF, 
dopamine, GABA) as neuronal cells (Gladkevich et al. 2004) the results are likely to be of 
use. For instance haloperidol administration in mice is associated with correlated changes 
in blood and brain methylation in more than 65% of the affected methylation sites (Aberg 
et al. 2013).

Overall the current study found a profound influence of psychotropic medication on cell-
counts, but also presents evidence for an association between psychotropic medication and 
DNA methylation levels over and above altered cell type composition. Nevertheless, the 
precise nature of this association remains to be established in longitudinal studies.

Future Perspective:

Our understanding of the interaction between environmental exposure, such as psychotropic 
medication, and DNA methylation is in its early stages. Studies in cancer have succeeded in 
developing compounds that are essentially epigenetic drugs. 
Considering the importance of epigenetic mechanisms in brain development and plasticity, 
manipulation of these epigenetic mechanisms may be a new target for treatment of 
psychiatric disorders. Indeed our study underscores the potential of psychiatric drugs to 
alter DNA methylation signatures and therefore highlights the need to further investigate 
and develop epigenetic treatments of psychiatric disorders. A challenge remains to extend 
the current study of the epigenome by including other relevant epigenetic mechanisms. 
Subsequently the molecular relevance of such epigenetic changes needs to be established. 
Ultimately the goal should be to establish clinical epigenetic therapy for psychiatric disorders 
in the future. 
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Executive summary
Aims & methods:
•  �Cross sectional observational study of methylation signatures of psychotropic medication 

in whole blood DNA of 172 patients with Bipolar Disorder focusing on: 
    →  Weighted gene co-expression networks
    →  Principal component analysis
    →  Epigenome-wide association analysis (EWAS)
    →  Hypothesis-driven gene analysis 
Conclusions:
•  �Psychotropic medication has a profound influence on blood cell type composition. 
•  �Over and above altered cell type composition this study provides evidence that 

psychotropic medication exerts an effect on DNA methylation levels of individual loci and 
networks. 

Recommendations:
•  �The influence of psychotropic medication is currently underestimated in epigenetic 

research and should be taken into account as an important confounder.
•  �Further exploration of the epigenetic effects of psychotropic medication can inform 

about potential drug mechanisms and facilitate the development of epigenetic drugs for 
psychiatric disorders.
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Supplemental information 

Supplemental material 3.1 
Extra graphics and tables for quality control and sample description

Quality control
Below are correlation plots for medication, methylation potential confounders for three 
stages of quality control. First before any batch correction was applied, second after 
correction for sentrix array and position on the sentrix array and third after also regressing 
out the effects of cellcount while protecting for possible medication effects.

Figure S3.1 Correlation between medication, methylation and potential confounders before batch correction. 

Significant values are denoted by * p<0.05, ** p<0.001, ***p<0.0001. Abbreviations: olan=olanzapine, quet= 
quetiapine, lith=lithium, carb=carbamazepine, depa=depakine, lamo=lamotrigine, Smok=smoking, CD8T= CD8 T, 
CD4T=CD4 T cell, cell NK=Natural Killer, Mono=Monocytes,Gran=Granulocytes, Bar= ancestry estimates calculated 
according to Barfield et al, arra=27k array, plat=plate,posi=position on sentrix, sent=sentrix, PC= principal 
component.
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Figure S3.2 Correlation between medication, methylation and potential confounders after batch correction for 
sentrix and position. 

Significant values are denoted by * p<0.05, ** p<0.001, ***p<0.0001. Abbreviations: olan=olanzapine, quet= 
quetiapine, lith=lithium, carb=carbamazepine, Valp=valproic acid, lamo=lamotrigine, Smok=smoking, CD8T= 
CD8 T, CD4T=CD4 T cell, cell NK=Natural Killer, Mono=Monocytes,Gran=Granulocytes, Bar= ancestry estimates 
calculated according to Barfield et al, arra=27k array, plat=plate,posi=position on sentrix, sent=sentrix, PC= 
principal component.
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Figure S3.3 Correlation between medication, methylation and potential confounders after batch correction for 
sentrix and position and regressing out cellcount while protecting for possible medication effects. 

Significant values are denoted by * p<0.05, ** p<0.001, ***p<0.0001. Abbreviations: olan=olanzapine, quet= 
quetiapine, lith=lithium, carb=carbamazepine, valp=valproic acid, lamo=lamotrigine, Smok=smoking, CD8T= 
CD8 T, CD4T=CD4 T cell, cell NK=Natural Killer, Mono=Monocytes,Gran=Granulocytes, Bar= ancestry estimates 
calculated according to Barfield et al, arra=27k array, plat=plate,posi=position on sentrix, sent=sentrix, PC= 
principal component.



DNA METHYLATION AND PSYCHIATRIC MEDICATION IN BIPOLAR DISORDER	 153

5

Sample description

Table S3.1 Frequencies for all medication types in the sample.

Medication group Medication  
type 

Entire  
sample  
(n=172)

Olanzapine  
users 
(n=27)

Quetiapine  
users 
(n=29)

Lithium  
users 
(n=112)

Carbamazepine  
users  
(n=15)

Valproic  
acid users  
(n=33)

Lamotrigine  
users  
(n=14)

Antipsychotic Olanzapine 27 - 1 19 2 5 6

Quetiapine 29 1 - 14 1 8 5

Haloperidol 4 0 0 2 1 0 1

Cisordinal 8 1 0 5 2 0 0

Risperidon 6 0 0 3 0 3 0

Clozapine 4 0 0 2 0 0 0

Broomperidol 1 0 0 1 0 0 0

Pimozide 2 0 1 1 0 0 0

Pipamperon 1 0 0 1 0 0 1

Mood stabiliziers Lithium 112 19 14 - 10 12 8

Carbamazepine 15 2 1 10 - 0 0

Valproic acid 33 5 8 12 0 - 2

Lamotrigine 14 6 5 8 0 2 -

Gabapentine 1 0 1 1 0 0 0

Topiramaat 1 0 0 1 0 0 0

Antidepressant Tranylcypromine 1 0 0 1 0 0 0

Clomipramine 1 0 0 1 0 0 1

Venlafaxine 9 1 4 6 1 2 0

Paroxetine 3 0 0 2 1 0 0

Sertraline 4 0 2 0 1 3 0

Citalopram 5 0 0 5 0 0 0

Escitalopram 2 1 1 1 0 0 1

Fluvoxamine 1 0 0 1 0 0 0

Mirtazapine 1 0 0 1 0 0 0

Fluoxetine 1 0 1 0 0 0 1

Trazodon 1 0 0 0 0 1 0

ADHD Methylfenidaat 2 1 1 1 0 0 0

Anxiolytic Zolpidem 2 0 1 0 0 0 1

Zopiclon 4 2 0 4 0 0 2

Buspiron 1 0 0 1 0 0 0

Lorazepam 2 1 0 2 0 0 0

Oxazepam 5 1 3 4 0 0 2

Temazepam 4 1 0 3 0 1 1
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QQ plots for the genome-wide association analysis
Model:
Methylation probe ~ Olanzapine + Quetiapine + Lithium + Carbamazepine + Valproic acid + 
Lamotrigine + age + sex + Smoking status

Figure S3.4 QQplot displaying the distribution of actual p values compared to the expected distribution (red line) 
for olanzapine. 

The genomic inflation factor lambda is calculated and displayed above the graph.
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Figure S3.5 QQplot displaying the distribution of actual p values compared to the expected distribution (red line) 
for quetiapine. 

The genomic inflation factor lambda is calculated and displayed above the graph.
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Figure S3.6 QQplot displaying the distribution of actual p values compared to the expected distribution (red line) 
for lithium. 

The genomic inflation factor lambda is calculated and displayed above the graph.
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5

Figure S3.7 QQplot displaying the distribution of actual p values compared to the expected distribution (red line) 
for carbamazepine. 

The genomic inflation factor lambda is calculated and displayed above the graph.
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Figure S3.8 QQplot displaying the distribution of actual p values compared to the expected distribution (red line) 
for valproic acid. 

The genomic inflation factor lambda is calculated and displayed above the graph.
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5

Figure S3.9 QQplot displaying the distribution of actual p values compared to the expected distribution (red line) 
for lamotrigine. 

The genomic inflation factor lambda is calculated and displayed above the graph.
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Figure S3.10 Screeplot depicting the proportion explained variance per principal component. 

The numbers on the x axis correspond to the number of each principal components. 
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Supplemental material 3.2 

Due to the length of Supplemental material 3.2, only the first page of the top 1000 probes for carbamazepine is 
displayed here. The complete list is available online as a supplement to the article and can be obtained from the 
author on request. 

Probe	 MAPINFO 	 CHR       	logFC      	 P.Value 	 adj.P.Val
cg26039806	 71639257  	 11  	 0.18266910 	 8.934441e-06 	 0.2053849
cg24523000	 161273839   	 5  	 0.31284492 	 3.549399e-05 	 0.8159003
cg03776060 	 133972575   	 9  	 0.26183637 	 9.010746e-05 	 1.0000000
cg17818900	 105941190  	 14 	 -0.15041581 	 2.653458e-04 	 1.0000000
cg12766348	 178054039   	 5  	 0.15647049 	 3.485552e-04 	 1.0000000
cg01261503	 62493599  	 17  	 0.15652095 	 3.785217e-04 	 1.0000000
cg02260587	 140474248   	 5 	 -0.22313579 	 4.262647e-04 	 1.0000000
cg09447105	 15126020  	 12  	 0.12991776 	 4.316616e-04 	 1.0000000
cg13425637	 61788328  	 14  	 0.15849650 	 5.030361e-04 	 1.0000000
cg26767897	 31637348   	 2 	 -0.15540333 	 6.219644e-04 	 1.0000000
cg27003827	 120906953  	 12  	 0.12736193 	 6.509288e-04 	 1.0000000
cg16864658	 42306150   	 3 	 -0.21599284 	 6.977283e-04 	 1.0000000
cg22960185	 16772516  	 19 	 -0.15428807 	 7.257049e-04 	 1.0000000
cg18250832	 232395463   	 2  	 0.17612798 	 7.348156e-04 	 1.0000000
cg13986130	 186649330   	 1 	 -0.18423438 	 8.079960e-04 	 1.0000000
cg03627896	 30934334  	 16  	 0.15464420 	 8.189945e-04 	 1.0000000
cg23613177	 124739793  	 10  	 0.14991828 	 9.306037e-04 	 1.0000000
cg05417615	 147443478   	 4  	 0.22844968 	 9.527989e-04 	 1.0000000
cg17404605	 7968429  	 19 	 -0.17314762 	 9.728408e-04 	 1.0000000
cg12194493	 493061   	 4  	 0.13963742 	 1.015792e-03 	 1.0000000
cg21406461	 158978957   	 1 	 -0.21079107 	 1.028362e-03 	 1.0000000
cg20141013	 9186050  	 16 	 -0.13988631 	 1.087482e-03 	 1.0000000
cg07595943	 84224901  	 16 	 -0.23965676 	 1.103408e-03 	 1.0000000
cg02686769 	 106695932  	 12 	 -0.15537774 	 1.188572e-03 	 1.0000000
cg22496683 	 155702610   	 4 	 -0.52175756 	 1.190690e-03 	 1.0000000
cg26029248	 48594205   	 3 	 -0.12666289 	 1.241657e-03 	 1.0000000
cg21529807 	 42134478  	 19 	 -0.21256782 	 1.248559e-03 	 1.0000000
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The aim of the first part of this thesis was to define a psychotic subtype within the bipolar 
spectrum by investigating psychotic symptoms in relation to clinical, demographic and 
neuropsychological characteristics to improve psychiatric diagnostics. The second part 
explores three aspects of pharmacological treatment in bipolar disorder: 1) the effectiveness 
of lithium after a period of discontinuation, 2) the cognitive effects of medication and 3) the 
involvement of epigenetic mechanisms.  
The current chapter summarizes the main findings of the studies and discusses the 
implications of the findings. 

Summary part I: Psychotic symptoms in bipolar disorder
 
Diagnostic heterogeneity within psychiatric disorders is substantial, but the underlying 
reason for this heterogeneity is not fully understood (Cuthbert 2016). The overlap of 
psychotic symptomatology in schizophrenia and bipolar disorder may point to the presence 
of a diagnostic continuum with shared etiology (Van Os & Reininghaus 2016). This raises 
the question whether bipolar patients with a history of psychotic symptoms display similar 
types of psychotic symptoms as observed in schizophrenia patients and whether risk and 
outcome factors for these symptoms show a resemblance as well.  Chapter 2 reports on a 
large comprehensively characterized sample of 1,342 bipolar disorder type I patients and 
shows a high frequency of lifetime psychotic symptoms (73.8%) including delusions (68.9%), 
hallucinations (42.7%), mood incongruent symptoms (30.1%), Schneiderian symptoms 
(21.2%) and formal thought disorder (59.7%). Psychotic symptoms were associated with a 
more severe illness course, an earlier onset of disease and more frequent hospitalizations 
for a manic episode. 
The characteristics of patients with different types of psychotic symptoms showed 
considerable overlap, but were significantly different for the level of childhood maltreatment. 
Auditory hallucinations stood out as the psychotic feature that was associated with 
higher levels of childhood maltreatment. The results underscore the high frequency of 
psychotic symptoms in bipolar disorder type I, which are associated with a more severe 
disease course consisting of an earlier onset of disease and more frequent hospitalizations 
for a manic episode. In addition, the results emphasize the strength of the relationship 
between childhood maltreatment and hallucinations. The results did not distinguish a clear 
categorical psychotic subtype, but do support a differentiation in severity within BDI based 
on psychosis vulnerability. Interestingly, data from a recent genetic study, which this study 
contributed to, showed that bipolar patients with either psychotic symptoms, an earlier 
onset of disease or more frequent hospitalizations showed a greater genetic overlap with 
schizophrenia patients compared to patients without these features (Bipolar Disorder and 
Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018). Above all, a 
large heterogeneity of psychotic symptoms was reported in patients with bipolar disorder 
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type I. The role of distinct risk factors such as trauma in relation to specific psychotic 
symptoms provide an important lead in further unravelling the etiology of psychosis across 
psychiatric disorders. It is known that the presence of childhood trauma in schizophrenia 
patients is associated with hallucinations in later life as well (Varese et al. 2012). Trauma is 
therefore a prime example of a consistent relationship between a risk factor (trauma) and 
symptoms (psychosis) across diagnostic boundaries. Therefore this relationship is of interest 
to study the etiology of hallucinations independent from diagnosis.   

Discussion on psychosis subtypes in bipolar disorder (Part I): 

This study shows the potential of investigating specific symptoms within disease categories 
to unravel heterogeneity within psychiatric diagnostics. Bipolar patients with a history of 
psychotic symptoms had a more severe disease course including an earlier age of onset and 
more hospitalizations for a manic episode as compared to bipolar patients without a history 
of psychosis. This bipolar cohort contributed to a genome wide association study (GWAS) 
of over 100,000 bipolar and schizophrenia patients conducted by the Cross-Disorder Group 
of the Psychiatric Genomics Consortium (PGC) of which findings were recently published 
(Bipolar Disorder and Schizophrenia Working Group of the Psychiatric Genomics Consortium, 
2018). The study confirmed an extensive degree of genetic sharing between bipolar disorder 
and schizophrenia. Despite the degree of sharing, several loci significantly differentiated 
both disorders.  Interestingly, the results of GWAS demonstrated that bipolar patients 
with psychotic features have significantly higher schizophrenia polygenic risk scores than 
bipolar patients without psychotic features. Additional evidence showed that significantly 
higher polygenic risk scores for schizophrenia in bipolar patients is associated with a more 
severe illness course reflected by more frequent hospitalizations and an earlier onset of the 
disease (Bipolar Disorder and Schizophrenia Working Group of the Psychiatric Genomics 
Consortium, 2018). This is in line with our findings showing that bipolar disorder patients 
with a history of psychotic symptoms have an earlier disease onset and more hospitalizations 
for a manic episode versus patients without psychotic symptoms. Together, this suggests 
a differentiation within the bipolar spectrum that is clinically expressed with psychotic 
features and a more severe disease course and genetically shows a higher overlap with 
schizophrenia. The Cross-Disorder Group of the PGC demonstrated that psychotic features 
within bipolar disorder is an heritable trait. The Bipolar Disorder and Schizophrenia Working 
Group of the Psychiatric Genomics Consortium (2018) suggests that further investigation 
of psychosis across diagnostic boundaries can facilitate the search for genetic variants that 
contribute to specific symptom dimensions. Dissecting symptom heterogeneity among 
related disorders suggests that further work could aid in characterizing patients for more 
personalized treatment. A potential diagnostic model could consist of several symptom 
dimensions (i.e. manic, psychotic, cognitive etc.) across current diagnostic boundaries with 
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an overlapping genetic background which characterizes individual patient’s level and level 
of dysfunction. This can be used to inform disease course and optimal treatment of each 
individual patient. 
Whereas the majority of studies of psychosis in bipolar disorder focuses on psychosis as 
a binary trait, the objective of the study of this thesis was to disentangle the psychosis 
spectrum within bipolar disorder, by studying hallucinations, delusions, mood incongruent 
symptoms, Schneiderian symptoms and formal thought disorder as separate psychotic 
symptom groups. The findings show that bipolar type I patients suffering from these 
specific types of psychotic symptom groups showed some interesting differences with 
regards to demographic characteristics, childhood trauma and illness course, but overall 
reported a large overlap in all the other characteristics that were investigated. A history of 
psychotic symptoms was associated with differences in illness course consisting of an earlier 
disease onset and a manic disease profile (characterized by more manic hospitalizations). 
Interestingly, the subgroups of psychotic symptoms such as a history of delusions, 
hallucinations and disorganized speech were also associated with a more manic disease 
profile, whereas patients with mood incongruent and Schneiderian symptoms did not show 
differences in manic versus depressive profile. Against expectations with regard to the 
potential existence of a psychosis continuum, none of the five psychotic symptoms were 
associated with features that represented a more severe disease course or a lower level 
of functioning as well as cognitive functioning. The presence of a history of hallucinations 
stood out by the significant association with a higher level of childhood treatment.  The 
relationship of childhood trauma and psychosis is reported in schizophrenia and psychosis 
in general as well (Read et al. 2005; Varese et al. 2012), suggesting the relationship exists 
across diagnostic boundaries. This study emphasizes the strength of the relationship 
between childhood maltreatment and hallucinations which may be of great importance in 
further investigating the pathophysiology of psychosis. 
Future studies investigating childhood maltreatment and psychosis would benefit from 
including other risk factors as well such as genetic risk and substance abuse, and investigate 
a potential dose-response relation of trauma and psychosis. Besides investigation of genetic 
risk factors, epigenetic mechanisms are of great interest, because they may play an essential 
role in the link between exposure to trauma in early developmental stages of life and the 
increased risk for psychosis in later life. Moreover, the selection of patients across diagnostic 
boundaries with common symptom dimensions will greatly facilitate understanding the 
diagnostic heterogeneity within psychiatry. 

In summary, the stated hypothesis of this study that patients with a history of psychotic 
symptoms have a more severe illness course, lower level of global functioning, lower level 
of cognitive functioning and higher levels of childhood maltreatment compared to patients 
without the presence of a history of psychotic symptoms was not confirmed.  The results do 
not point to a clear categorical distinct psychotic subtype but do support a differentiation 
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in severity within BDI  based on psychosis vulnerability. The findings in this thesis show that 
the role of distinct risk factors such as trauma in relation to specific psychotic symptoms, 
combined with recent genetic insight, may provide progress in further unravelling the 
etiology of psychosis across disorders. 

Summary Part II: Pharmacological treatment in bipolar disorder

Pharmacological treatment is available for bipolar disorder. However still more than a third 
of the bipolar patients do not or only partly respond to pharmacological treatment (Perlis 
& Ostacher 2006; Geddes & Miklowitz 2013). The development of new effective treatments 
is hampered by the limited knowledge of disease etiology and the mechanisms of action of 
current available psychotropic medication. The second part of this thesis focuses on lithium, 
the current most often used mood stabilizer, and developments in the field of cognitive and 
epigenetic effects of mood stabilizers and antipsychotics.
The findings of the conducted review and meta-analysis of the four available studies to date 
in chapter 3 do not show convincing evidence for a decreased treatment effect of lithium 
after a period of discontinuation compared to continuous lithium treatment. In clinical 
practice there is no reason to assume that the effects of discontinuation are smaller. This 
sheds new light on a recurrent myth that lithium treatment is less effective after an episode 
of non-treatment. This is important from a clinical perspective, since discontinuation 
of lithium was suggested to have long-term effects on the subsequent course of illness. 
Nevertheless, this study does not rule out the possibility of the existence of discontinuation 
refractoriness in selected subgroups and it may be of interest to further investigate the 
characteristics of these subgroups.  
Chapter 4 presents a review of studies on; 1) the effects of cognitive enhancing agents in 
schizophrenia patients and 2) the cognitive effects of psychotropic medication in bipolar 
patients. 
In conclusion, cognitive enhancing agents for schizophrenia have not yet been developed 
with a clinical relevant effect and have hardly been studied in bipolar disorder. In bipolar 
disorder, findings on cognitive effects of medication must be interpreted with caution, due 
to relatively small sample sizes and mainly cross-sectional and natural designs. Nevertheless 
results point to a negative cognitive effect of lithium, anticonvulsants and antipsychotics. 
Prospective randomized studies are needed to increase the understanding of the effects of 
different types of medication on cognitive function in bipolar disorder.
To develop new treatment options in the future it is essential to search for new 
pharmacological targets. Epigenetic mechanisms are of great interest as they may play an 
important role in the pathophysiology of psychiatric disorders (Mill et al. 2008; Dempster 
et al. 2011). There are several studies showing that environmental factors, like stress, result 
in etiological changes in DNA methylation (Labonté et al. 2012; Vinkers et al. 2015; Jaffe et 
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al. 2016; Melka et al. 2014; Mill et al. 2008; Pidsley et al. 2014). The results described in 
chapter 5 show that use of psychotropic medication has a profound influence on cell-count 
and affects global blood DNA methylation patters in bipolar disorder patients. Across all six 
medication types examined (lithium, valproic acid, carbamazepine, lamotrigine, olanzapine 
and quetiapine), quetiapine and valproic acid were consistently associated with global 
changes in DNA methylation. These DNA methylation alterations were not only related 
to quetiapine and valproic acid use, but were also associated with an immune related 
methylation network, indicating inflammation reducing effects. This study underscores the 
importance to include the use of medication as a confounder in future epigenetic research. 
In addition, it can also increase the understanding of the underlying biological mechanisms 
of current medication. For the future, it is important to conduct longitudinal studies to 
distinguish pharmacological treatment effects from disease-related differences in DNA 
methylation and to further investigate other epigenetic underlying mechanisms. 

Discussion pharmacological treatment in bipolar patients (Part II):

The main findings of the second part of this thesis indicate that currently available 
psychopharmacological treatment of bipolar patients has cognitive and epigenetic effects. 
The three investigated topics are separately discussed below, starting with lithium, followed 
by cognitive and epigenetic effects of currently available psychopharmacological treatment 
and new developments in this field.    

1. Lithium treatment 
In chapter 3 the effect of lithium after a period of discontinuation was investigated, showing 
no evidence for the existence of lithium-discontinuation-induced-refractoriness, i.e. 
reduced effectiveness of lithium after discontinuation, in an unselected bipolar population. 
The reduced effect was thought to be driven by the neuroprotective and neurotrophic 
effects of lithium (Post 2012). The findings did not rule out the possibility of the existence 
of discontinuation refractoriness in selected subgroups, like excellent/complete lithium 
responders. The conducted meta-analysis did not provide data to investigate potential 
subgroups.  
Since the publication of the meta-analysis of chapter 3 in 2013, a new study investigating 
lithium-induced refractoriness was published by Cakir et al. in 2017. This study consisted 
of retrospective life chart data of 65 bipolar patients and showed that more than a 
quarter of patients had a poorer or deficient response to lithium in the second treatment 
phase following discontinuation compared to the first phase (Cakir et al. 2017). Against 
expectations, the acquired non-responsiveness was more often seen in those who initially 
showed a partial rather than excellent lithium response. This contradicts earlier findings 
that suggested a decreased response, when lithium was reinstituted in a subgroup of 
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patients with an excellent lithium response initially (Maj et al. 1995). Important to consider, 
the likelihood of finding an increase in reduced efficacy of reinstituted lithium treatment is 
present when a selection towards initial lithium responders is made. Due to the extreme 
first outcome, regression to the mean is likely to occur on the second measurement. 
In addition, the results of the study by Cakir et al. suggested that longer duration of lithium 
discontinuation was associated with decreased responsiveness to re-treatment (Cakir et al. 
2017). This observation is in line with earlier findings showing a negative effect of a longer 
period of discontinuation (Maj et al. 1995; Post et al. 1992). However, the studies of Maj et 
al. (1995) and Post et al. (1992) consisted of relatively small samples (respectively N= 54, N= 
4). Above all, the meta-analysis is by far the largest study published on this topic (N= 212) and 
did not select bipolar patients on initial lithium response. These factors are important when 
findings are translated to an advice in general clinical practice. To correctly inform patients 
and to make evidence based recommendations about the duration of lithium prophylaxis 
larger prospective studies are needed to finalize the debate on the phenomenon of lithium-
induced refractoriness.  

In summary, the hypothesis of this study was confirmed; when looking at an unselected group 
of bipolar patients, lithium-discontinuation-induced refractoriness does not exist which is 
consistent with general clinical experience where a high frequency of discontinuation and a 
successful reinstitution of lithium is general practice.  

2. Cognitive dysfunction and pharmacological treatment 
The cognitive effects of pharmacological agents (lithium, anticonvulsants and 
antipsychotics) in bipolar disorder, investigated in chapter 4, are inconsistent and point 
to mainly neuropsychological negative side effect. For instance lithium is associated with 
both neurotoxic and neuroprotective effects. It was suggested that negative cognitive 
effects of lithium are a function of duration of treatment and appear to be minor. At least 
in patients who do not have an optimal lithium response (Wingo et al. 2009; Pachet & 
Wisniewski 2003), because excellent lithium responders may be a subgroup in which this 
cognitive decline is not present (Rybakowski & Suwalska 2010). Therefore it is important 
to characterize neurocognitive subgroups as not all bipolar patients suffer from (the same 
level of) cognitive impairment. New cognitive enhancing agents currently investigated in 
bipolar patients are N-acetyl cysteine (NAC) and lurasidone which have shown promising 
results. A subgroup of psychotic bipolar patients together with schizophrenia patients 
treated with NAC as an add-on treatment for 6 months showed a significantly improved 
working memory performance (Rapado-Castro et al. 2017). This study emphasizes the 
relevance of research on cognitive heterogeneity to explore and obtain more valid and 
homogeneous neurocognitive phenotypes to make progress in developing cognitive 
enhancing agents. Another potential cognitive enhancing agent in bipolar disorder is 
lurasidone. Add-on treatment of Lurasidone in euthymic bipolar patients in an open-
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label pilot trial showed a significant improvement in global cognition score compared to 
treatment as usual (Yatham et al. 2017). The underlying mechanisms which causes the 
cognitive effects remains unclear, but might be due to the high affinity for 5-HT7 receptors.  
Despite the extensive efforts to develop cognitive enhancing drugs for schizophrenia patients, 
to date no medication with such properties have become available. The review in chapter 
4 suggests mild cognitive effects of antipsychotics (especially in first episode patients), 
dopamine agonists, glutamergic and cholinergic agents, but none of the cognitive effects 
are yet clinically relevant.  Recently a review on the D1 receptor agonist, dihydrexidine, was 
published by Arnsten et al. arguing promising effects for cognitive enhancement (Arnsten 
et al. 2017). The revised dopamine hypothesis suggests that decreased dopamine D(1) 
activity in the prefrontal cortex – clinically expressed as negative symptoms and cognitive 
dysfunction – leads to increased activity of dopamine at D2 receptors in the mesolimbic 
system – clinically expressed as psychosis (Davis et al. 1991). Indeed, decreased D1 receptor 
signaling in the prefrontal cortex has been linked to cognitive deficits in schizophrenia 
(Goldman-Rakic et al. 2004).  Results of D1 agonists are encouraging but studies are still 
limited by the pharmacokinetics of the drug.  The development of drugs with a more 
selective pharmacokinetic mechanism, i.e. functionally selective D1 ligands, are needed to 
enable translation to clinical practice (Arnsten et al. 2017). Most important, future research 
should focus on patients in an earlier phase of the illness, preferably when the first cognitive 
effects appear as these symptoms appear most frequent before the first psychotic episode. 

In summary, the hypothesis of this study was confirmed; currently there is medication 
with cognitive enhancing effects in schizophrenia, but not yet with clinical relevant results. 
Development of cognitive enhancing medication for bipolar disorder patients is still in the 
starting phase. 

3. Epigenetic effects of pharmacological treatment
The findings in chapter 5 provide evidence that psychopharmacological medication have 
epigenetic effects. The data show an immune-related genetic network based on DNA 
methylation differences that may well reflect the inflammation-reducing properties of 
valproic acid and quetiapine. Altered immune system responses and increased inflammation 
are frequently linked to psychiatric disorders (Réus et al. 2015). Valproic acid and quetiapine 
have indeed been related to anti-inflammatory properties (Watkins et al. 2014; Jaehne et al. 
2015; Bian et al. 2008). The immune-related network identified in this study, could reflect 
these inflammation-reducing properties.  Whether psychopharmacological medication can 
exert some of their therapeutic effects by altering DNA methylation in patients with bipolar 
disorder remains unknown. However, a study conducted by Dong et al. (2016) in prenatally 
stressed mice investigating schizophrenia-like behavioral phenotypes and brain derived 
neurotrophic factor (BDNF) transcript levels provided evidence for a therapeutic effect. The 
first main finding of their study showed a significant correlation between altered behavioral 
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phenotypes and BDNF transcript levels. It suggests that DNA methylation alterations underlie 
the schizophrenia like behavioral endophenotypic profile in these mice. Secondly, clozapine 
treatment in these mice reduced hypermethylation at the promotor region of the BDNF 
gene and enhanced transcription (Dong et al. 2016). The results reported in chapter 5 add 
to the growing evidence that psychotropic medication exert an effect on DNA methylation. 
It shows the importance of including medication as a confounder in epigenetic research. 
Further research is essential to learn more about potential drug mechanisms of the current 
available psychotropic medication, which will hopefully facilitate the development of 
epigenetic drugs for psychiatric disorders. 

In summary, the hypothesis of this study stating that psychopharmacological agents cause 
alterations in DNA methylation signatures is supported by the findings, which confirm that 
psychiatric drugs influence DNA methylation patterns. Whether psychiatric drugs exert some 
of their therapeutic effects by altering DNA methylation remains the question for further 
research.   

Methodological considerations:

There are limitations that need to be considered when interpreting the results described in 
this thesis. 
The strength of the study investigating psychotic symptoms in bipolar disorder type 
I (chapter 2) lies in the very comprehensive assessment in a large sample of bipolar 
disorder I patients. The most important limitation is the cross-sectional design. Moreover, 
the retrospective data collection poses an inherent limitation and can induce recall bias. 
Furthermore, despite multivariate analysis residual confounding may remain as adjustments 
for several unmeasured potentially confounding factors was omitted, such as the number of 
psychotic episodes, the age of onset of psychosis and comorbid disorders other than anxiety 
disorders. Also, whereas the current selection of clinical characteristics is comprehensive and 
constitutes the most relevant items, it is by no means exhaustive and other measures may 
have additional value for identifying distinct subgroups of patients. Finally, despite the large 
sample of 1,342 bipolar patients we cannot be sure that our population is representative. 
Although, there is also no reason to assume bias, particularly considering the predominantly 
non-clinical recruitment. 
The meta-analysis, described in chapter 3, included four studies investigating lithium-
induced-refractoriness and used a crude measure to establish the effect of discontinuation. 
In this way the duration of treatment and discontinuation periods are not taken into account. 
In addition, blood levels of lithium were not available and information on concomitant 
medication was not known in the selected studies. This complicates the assessment and the 
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basis for firm conclusions whether lithium discontinuation-induced refractoriness does or 
does not exist, especially in subgroups of patients.
The limitation of the review of cognitive enhancing medication (chapter 4) lies specifically 
in the paucity of studies of a prospective randomized controlled design in bipolar disorder. 
This applies especially to studies that investigated cognitive effects of antipsychotics and 
anticonvulsants in bipolar patients which makes it impossible to conclude if these drugs 
have a negative or positive influence on cognitive functioning. 
Caution is required when interpreting the results of the explorative cross-sectional DNA 
methylation study (chapter 5). The main limitations lie in the cross-sectional observational 
study design. In the absence of randomization, blinding, placebo control groups and a 
longitudinal set up, there remains a risk of selection bias, confounded by indication and the 
inability to infer causality. Residual confounding consists potentially of factors as genotype, 
nutrition, other medical conditions or concomitant use of non-psychotropic medication, that 
was not taken into account. In addition, participants in the study used several medication 
types at the same time. Therefore, it is impossible to fully disentangle selective effects of 
each medication type. Regarding the effects of polypharmacy (i.e. patients taking other 
types of medications) in this study population the use of other psychotropic medication is 
low and randomly distributed across the six main medication types. Even though we cannot 
completely exclude the influence of other medication types on our results, this suggests 
that psychiatric polypharmacy is probably not of significant influence. Another factor to 
consider in DNA methylation studies is tissue specificity, which particularly applies to DNA 
methylation differences between blood and brain tissue (Davies et al. 2012; Walton et al. 
2016). Several studies have pointed out that although there are vast differences between 
DNA from blood and brain (Davies et al. 2012; Walton et al. 2016), the differences between 
exposed and non-exposed individuals are often reflected in multiple tissues with larger effect 
sizes for the differences between individuals than for differences between tissues (Davies 
et al. 2012; Illingworth et al. 2015). Moreover, the results are relevant, because blood cells 
are also exposed to these drugs and many of the lymphocytes, such as B-, T- and NK-cells, 
express similar receptors (e.g. BDNF, dopamine, GABA) as neuronal cells (Gladkevich et al. 
2004) the results are likely to be of use. 

Future directions:

The findings described in this thesis underscore the relevance of investigating heterogeneity 
within psychiatric categories. Defining symptom groups with different risk factors beyond 
the boundaries of current diagnostic categories is essential in future research. This facilitates 
the detection of underlying biological mechanisms of these symptom groups. A new model 
in psychiatric diagnostics may consist of symptom dimensions across the current diagnostic 
boundaries like psychosis, cognition, manic or depressive profile that predict disease course 
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and outcomes of individual patients. To reach the goal of defining symptom groups across 
psychiatric disorders, it is essential to gather more detailed information on risk factors, 
disease course and outcomes of psychiatric patients. This thesis contributes to this goal by 
investigating psychosis as a symptom dimension within the bipolar spectrum.  Initiatives 
such as the Research Domain criteria (RDoC) of the US National Institute of Mental health 
(Cuthbert 2016) are the result of a wider felt need for transdiagnostic research approaches  
and  revisitation of the current diagnostic criteria.
Defining symptom groups with common underlying biological mechanisms could also 
help in developing new targets for pharmacological treatment, i.e. targeting cognitive 
functioning or development of better antipsychotics or mood stabilizers. This thesis suggests 
DNA methylation as a potential new target for treatment. The challenge for the future is to 
extend knowledge of DNA methylation and include other epigenetic mechanisms in research 
as these mechanisms as a whole can provide insight into the impact of environmental 
exposures on psychiatric disorders. These epigenetic mechanisms may play an essential role 
in the pathogenesis of psychiatric disorders. 

Conclusion: 

In this thesis the characteristics of psychosis in bipolar disorder were investigated. The 
results provide evidence that psychotic symptoms within bipolar disorder type I constitute 
a dimension of severity echoing recent genome wide association studies (Bipolar Disorder 
and Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018). 
Furthermore, it demonstrates that bipolar type I patients suffering from specific types of 
psychotic symptoms showed some interesting differences with regards to demographic 
characteristics, childhood trauma and illness course, but overall reported a large overlap 
in the investigated characteristics. Hallucinations stood out in the relation to childhood 
trauma and provides a lead for further research unravelling the etiology of psychosis across 
psychiatric disorders. 
With respect to pharmacological treatment the results of this thesis show that cognitive 
enhancing drugs for schizophrenia have not yet been developed with clinical relevant 
effects. Development of cognitive enhancing medication for bipolar disorder patients is 
still in the starting phase.  In addition, evidence is presented for an association between 
psychopharmacological treatment and DNA methylation levels. The precise nature of this 
association and whether psychiatric drugs exert some of their therapeutic effects by altering 
DNA methylation remains to be investigated in future longitudinal studies. 
Overall these studies contribute to the understanding of bipolar disorder and its complex 
heterogeneous phenotype and attempt to open new avenues for studying the role of 
psychosis across diagnostic boundaries.
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Dit proefschrift getiteld ‘Pharmacological treatment and determinants of psychosis in 
Bipolar Disorder’ bevat een aantal onderzoeken naar de medicamenteuze behandeling van 
bipolaire stoornis en verschillende determinanten van psychotische symptomen bij deze 
stoornis. 
Het eerste gedeelte van het proefschrift beschrijft de resultaten van onderzoek naar 
demografische, klinische en neurocognitieve determinanten in relatie tot het voorkomen 
van psychotische symptomen bij bipolaire patiënten (Deel I, Hoofdstuk 2). Het tweede deel 
van dit proefschrift beschrijft de resultaten van drie onderzoeken naar medicamenteuze 
behandeling van bipolaire stoornis; 1. De effectiviteit van lithium na een onderbreking van 
de behandeling (Hoofdstuk 3); 2. Cognitieve effecten van medicamenteuze behandeling 
(Hoofdstuk 4); 3. Epigenetische effecten van medicamenteuze behandeling (Hoofdstuk 5).    

Hoofdstuk 1 geeft een algemene introductie van bipolaire stoornis. De symptomen van 
bipolaire stoornis en de huidig beschikbare medicamenteuze behandelingen worden 
beschreven. 
Bipolaire stoornis, ook wel manisch-depressieve stoornis genoemd, is één van de grote 
psychiatrische ziektebeelden en kent een recidiverend beloop met episodes van depressie, 
hypomanie en manie, afgewisseld door kortere of langere symptoomvrije perioden.  
Binnen het bipolaire spectrum worden verschillende syndromen onderscheiden. In dit 
proefschrift wordt bipolaire stoornis type I onderzocht. De depressieve episoden van de 
bipolaire I stoornis gaan gepaard met de volgende symptomen: somberheid, anhedonie, 
slaapstoornissen, moeheid, verminderde concentratie, besluiteloosheid, gevoelens van 
waardeloosheid en suïcide gedachten. Bij de bipolaire I stoornis treden er naast depressieve 
episoden, ook manische episoden op, welke gepaard gaan met de volgende symptomen: 
voortdurend eufore stemming, toegenomen energie, expansieve en/of prikkelbare stemming 
en slapeloosheid. De bipolaire stoornis wordt geclassificeerd als een stemmingsstoornis, 
maar naast stemmingssymptomen zijn er ook frequent psychotische symptomen aanwezig. 
Psychotische symptomen kunnen zowel in een depressieve als manische stemmingsperiode 
voorkomen en bestaan uit wanen en hallucinaties. Psychotische symptomen treden ook op 
bij andere psychiatrische ziektebeelden zoals schizofrenie.  Schizofrenie is geclassificeerd 
als een psychotische stoornis en wordt geassocieerd met een algemeen lager functioneren 
en een ernstiger ziekte beloop met een lager cognitief functioneren in vergelijking met 
patiënten met een bipolaire stoornis (Bowie et al. 2010; Green 2006). Een belangrijke 
risicofactor voor het ontstaan van schizofrenie is jeugdtrauma. Jeugdtrauma vergroot de 
kans op de ontwikkeling van psychotische klachten later in het leven (Varese et al. 2012). 
Het huidige diagnostische classificatiesysteem (American Psychiatric Association 2013) 
maakt een duidelijk onderscheid tussen deze twee stoornissen. Echter symptomen als 
psychose of depressie kunnen bij beide ziekten voorkomen.  Mogelijk lijken de bipolair type 
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I patiënten waarbij psychotische symptomen voorkomen meer op schizofrenie patiënten 
dan bipolair type I patiënten waarbij deze symptomen niet voorkomen. De hypothese die in 
deel I van dit proefschrift wordt onderzocht luidt dan ook als volgt: Bipolaire type I patiënten 
waarbij psychotische symptomen zijn opgetreden vertonen een ernstiger ziektebeloop, 
een lager niveau van algemeen en cognitief functioneren en een frequentere historie van 
jeugdtrauma in vergelijking tot bipolaire type I patiënten, waarbij deze symptomen niet 
voorkomen. 

De eerste studie in deel II van dit proefschrift onderzoekt de stemmingsstabilisator lithium. 
Lithium is het oudste beschikbare middel voor de behandeling van bipolaire stoornis en 
is vandaag de dag nog steeds eerste keus. Deel II van deze thesis bevat onderzoeken naar 
nieuwe ontwikkelingen in de medicamenteuze behandeling van bipolaire stoornis. Er is 
een breed scala aan medicatie beschikbaar voor de behandeling van bipolaire stoornis 
bestaande uit stemmingsstabilisatoren, antipsychotica en antidepressiva. Echter bij meer 
dan een derde deel van de bipolaire patiënten leidt de behandeling met deze middelen niet 
of onvoldoende tot een verbetering (Perlis & Ostacher 2006; Geddes & Miklowitz 2013). 
Het exacte werkingsmechanisme van de meeste psychiatrische medicatie is nog grotendeels 
onbekend en voornamelijk gericht op reductie van stemmings- en psychotische klachten bij 
bipolaire stoornis, terwijl bij bipolaire patiënten ook cognitieve klachten voorkomen, die het 
algemeen functioneren kunnen beïnvloeden (Martínez-Arán et al. 2004; Bora et al. 2009; 
Vreeker et al. 2016). Samenvattend, is er nog veel vooruitgang te boeken op het gebied van 
medicamenteuze behandeling voor bipolaire stoornis. Dit proefschrift tracht daar aan bij te 
dragen door de volgende drie onderwerpen te onderzoeken: 1. De effectiviteit van lithium 
na een onderbreking van de behandeling (Hoofdstuk 3), 2. Cognitieve effecten van huidige 
en nieuwe ontwikkelingen in medicamenteuze behandeling voor patiënten met bipolaire 
stoornis en schizofrenie (Hoofdstuk 4), 3. Epigenetische effecten van medicamenteuze 
behandeling bij bipolaire stoornis (Hoofdstuk 5).    
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Deel I: Psychotische symptomen bij bipolaire stoornis 

Hoofdstuk 2 beschrijft het onderzoek naar de prevalentie van psychotische symptomen 
in een groot cohort bipolaire type I patiënten. Psychotische symptomen werden tevens 
onderzocht in relatie tot demografische, klinische en cognitieve karakteristieken met als doel 
een psychotisch subtype van bipolaire stoornis op te sporen. In deze cross-sectionele studie 
werden 1,342 bipolaire type I patiënten uitgebreid onderzocht op demografische en klinische 
factoren middels een SCID-I-interview (Structural Clinical Interview DSM-IV). Daarnaast 
werd het IQ getest en de prevalentie van jeugdtrauma in kaart gebracht. De relatie tussen 
psychotische symptomen en al deze karakteristieken werd geanalyseerd door multipele 
lineaire modellen. Psychotische symptomen waren ooit aanwezig geweest bij 73.8% van 
alle patiënten. Voor wanen en hallucinaties was dat in respectievelijk 68.9% en 42.6% van de 
patiënten het geval. Formele denkstoornissen, Schneideriaanse- en stemmingsincongruente 
symptomen kwamen respectievelijk bij 59.7%, 21.2% en 30.1% van de patiënten voor.  
Patiënten met psychotische symptomen hadden een ernstiger ziektebeloop, bestaande uit 
een significant jongere leeftijd waarop de ziekte zich openbaarde en een significant hoger 
aantal opnames voor een manische episode. Totaal IQ was vergelijkbaar tussen de groepen. 
Patiënten met hallucinaties hadden significant vaker jeugdtrauma in de voorgeschiedenis.
Het onderzoek naar psychotische symptomen in dit grote bipolaire type I cohort laat zien, 
dat het merendeel van de patiënten psychotische episoden doormaakt gedurende het 
ziektebeloop. Bipolaire patiënten met psychotische symptomen hebben een ernstiger 
ziektebeloop dan bipolaire patiënten zonder psychotische symptomen. Recent is deze 
associatie bevestigd in genetisch onderzoek. De data van dit onderzoek hebben daaraan 
bijgedragen. Het genetisch profiel van bipolaire patiënten met psychotische symptomen 
toonde meer gelijkenis met schizofreniepatiënten dan de bipolaire patiënten zonder 
psychotische symptomen. Ook hadden de bipolaire patiënten met een ernstiger ziekte 
beloop meer gelijkenis in genetisch proefiel met schizofreniepatiënten (Bipolar Disorder and 
Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018). Daarnaast 
benadrukt onze studie de relatie tussen jeugdtrauma en het voorkomen van hallucinaties 
later in het leven. De resultaten wijzen echter niet op het bestaan van een psychotisch 
subtype, maar laten juist zien, dat er sprake is van grote heterogeniteit van psychotische 
symptomen bij bipolaire stoornis.   
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Deel II: Medicamenteuze behandeling van bipolaire stoornis 

Hoofdstuk 3 beschrijft het onderzoek naar mogelijk verminderde effectiviteit van lithium 
als het herstart wordt na een onderbreking van de behandeling. Deze literatuurstudie en 
meta-analyse onderzoekt het risico op toename van terugval in een stemmingsperiode na 
herstart van lithium na een stop-periode in vergelijking tot continu lithium gebruik. Het 
literatuuronderzoek werd gedaan in de databases van Pubmed, Embase, Cochrane en 
PsychINFO. Vijf relevante studies werden gevonden, waarvan drie geschikt waren voor een 
meta-analyse van 212 patiënten. Twee studies rapporteerden dat lithium minder effectief 
was na een onderbreking van de behandeling en drie studies vonden geen verschil van 
effectiviteit. De resultaten van de meta-analyse rapporteerden geen verschil tussen het 
voorkomen van één of meer stemmingsperiode(n) na onderbreking van lithium behandeling 
in vergelijking tot continue lithium behandeling. Concluderend is er ondanks het lage 
aantal beschikbare studies geen evidentie dat lithium behandeling minder effectief is na 
onderbreking van de behandeling in vergelijking tot continue behandeling. 

Hoofdstuk 4 beschrijft een literatuuronderzoek naar 1) de effecten van medicijnen die het 
cognitief functioneren van schizofreniepatiënten verbeteren en 2) de cognitieve effecten 
van de huidig beschikbare medicatie voor bipolaire stoornis. Cognitief disfunctioneren is 
een kernsymptoom van schizofrenie (Kahn & Keefe 2013) en is ook aanwezig bij bipolaire 
stoornis, maar vaak in een minder ernstige vorm (Martínez-Arán et al. 2004; Vreeker et al. 
2016). Bij schizofreniepatiënten is er sprake van een afname van het cognitief functioneren 
reeds voordat de eerste psychotische symptomen zich openbaren (MacCabe et al. 2008; 
Reichenberg et al. 2010), terwijl bij bipolaire patiënten het cognitief functioneren pas 
vermindert na de start van de symptomen (Hedman et al. 2013). Ook al zijn er vele studies 
naar cognitie verbeterende medicatie bij schizofrenie verricht, een medicijn met een klinisch 
relevant cognitief verbeterend effect is tot op heden niet gevonden. Het is voor toekomstig 
onderzoek bij schizofreniepatiënten van belang om de focus te leggen op patiënten in de 
beginfase van hun ziekte, of zelfs voordat de eerste psychotische symptomen zich openbaren. 
Bij bipolaire stoornis zijn dergelijke onderzoeken naar cognitie verbeterende medicijnen nog 
nauwelijks verricht. Toekomstig onderzoek bij bipolaire patiënten zal zich moeten richten op 
de eerste fase van de ziekte, omdat dan de eerste cognitieve achteruitgang inzet. Mogelijk 
kan er op deze manier nieuwe effectieve medicatie worden ontwikkeld voor de invaliderende 
gevolgen van het cognitief disfunctioneren bij deze patiënten.  
 
Hoofdstuk 5 beschrijft een studie naar epigenetische effecten van medicatie voor bipolaire 
patiënten. Bloedmonsters van 172 bipolaire patiënten werden onderzocht op verschillende 
DNA methylatie patronen in relatie tot 6 soorten medicatie (lithium, olanzapine, quetiapine, 
valproïnezuur, carbamazepine en lamotrigine). De resultaten laten zien dat verschillende 
medicijnen globale DNA methylatie patronen in het bloed beïnvloedden. Dit benadrukt het 
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belang om in toekomstig DNA methylatie onderzoek bij psychiatrische stoornissen tevens te 
kijken naar medicatie effecten, omdat blijkt dat dit de resultaten kan beïnvloeden. Daarnaast 
duiden de medicatie gerelateerde verschillen in DNA methylatie wellicht op de onderliggende 
werkingsmechanismen van de medicatie. Van alle zes onderzochte medicatie types werden 
valproïnezuur, een stemmingsstabilisator, en quetiapine, een antipsychoticum, gerelateerd 
aan grote verschillen in globale DNA methylatie, die ook gelinkt waren aan functies van het 
immuunsysteem. Afwijkingen in het immuunsysteem en verhoogde ontstekingswaarden 
zijn vaker geassocieerd met psychotische stoornissen (Réus et al. 2015). Tevens is uit 
eerder onderzoek gebleken dat quetiapine en valproïnezuur ontstekingsremmend kunnen 
werken (Watkins et al. 2014). Meer onderzoek is nodig om te begrijpen hoe DNA methylatie 
patronen worden beïnvloed door deze medicijnen. Dit onderzoek kan verder helpen in het 
identificeren van onderliggende pathofysiologie van de ziekte en de kennis vergroten van 
de werking van psychiatrische medicatie. Eveneens kan epigenetisch onderzoek leiden tot 
een mogelijk nieuwe focus voor medicamenteuze therapie voor psychiatrische stoornissen. 

Hoofdstuk 6 geeft een samenvatting en discussie van de bevindingen van het uitgevoerde 
onderzoek, waarvan hieronder enkele belangrijke uitkomsten worden vermeld. 
Het onderzoek naar psychotische symptomen bij bipolaire stoornis (deel I) heeft 
aangetoond, dat het voorkomen van deze symptomen is geassocieerd met een ernstiger 
ziektebeloop. Specifieke psychotische symptomen laten interessante verschillen zien in 
relatie tot levensloop en demografische, klinische en neurocognitieve karakteristieken, 
waarvan de relatie tussen hallucinaties en jeugdtrauma de meest opmerkelijke is. Mogelijk 
biedt deze relatie inzichten voor verder onderzoek naar de onderliggende pathofysiologie 
van psychose, omdat deze relatie tevens gevonden is bij andere psychiatrische stoornissen 
zoals schizofrenie. 
De verrichte studies in deel II laten zien dat psychiatrische medicatie cognitieve en 
epigenetische effecten heeft. Het blijkt dat er nog geen medicatie is ontwikkeld voor het 
verbeteren van cognitief disfunctioneren bij schizofrenie met een klinisch relevant effect.  
Het onderzoek bij bipolaire stoornis op dit terrein is nog maar in de beginfase. Daarnaast 
laten de resultaten van dit proefschrift zien, dat psychiatrische medicatie geassocieerd is 
met veranderingen in het DNA methylatie patronen. Hoe deze veranderingen precies tot 
stand komen is nog onbekend. Verder onderzoek zal moeten uitwijzen of medicatie ook 
door epigenetische veranderingen zijn klinische effect bewerkstelligt. 
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afleiding.
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Arija Maat, oud-huisgenoot, vanaf mijn start in Utrecht ben jij mijn tutor en ik jouw pupil 
binnen het vakgebied. Ook buiten het vakgebied is er genoeg om met elkaar over te praten 
en te klagen, dank daarvoor! 

Pinot 2002 ♥, Carlijn en mijn nichtje Karin dank ik voor hun vriendschap. 

Mijn vriendinnen van het allereerste begin: Claire, Linde en Rachelle. Ik dank jullie voor de 
hechte en onvoorwaardelijke vriendschap die we hebben. Vroeger speelden we als kleine 
kindjes al samen. Nu gaan we (bijna) jaarlijks met onze vier gezinnen op vakantie naar Bono 
en spelen onze kinderen weer met elkaar. Dit vind ik heel bijzonder. Lieve Rachelle, dank 
voor je gezelligheid en positieve kijk op het leven. Lieve Claire, je humor, je attentheid, je 
steun waardeer ik enorm. 

Mijn paranimfen, Linde Scholten en Victorien van Verschuer. Lieve Lin, vanaf de 
peuterspeelzaal zijn wij vriendinnen en nu ook nog samen in het zelfde vakgebied beland. 
Jij al enkele jaren als gepromoveerd psycholoog. Ik dank je voor je steun die je geeft op de 
momenten dat het nodig is, ook in dit promotietraject. Als antwoord op jouw dankwoord; ik 
ga het halen; promoveren voor onze volgende lustrumreis met z’n vieren! 
Lieve Vic, de studie adviseur koppelde ons in het eerste jaar en we zijn altijd samen 
opgetrokken. Samen zijn we gereisd naar China en voor onze coschappen naar Oeganda. Ik 
dank je voor de steun die je gegeven hebt vanaf eerstejaars student tot aan gepromoveerd 
specialist. Je avontuurlijkheid en gedrevenheid bewonder ik en dat nu ook in combinatie 
met het moederschap. We raken nooit uitgepraat, over de perikelen van de wetenschap en 
klinische praktijk, maar vooral ook over al het andere wat ons bezig houdt.  
Dat jullie, beiden doctor in de wetenschap, als paranimfen naast mij staan vind ik bijzonder 
en geeft mij vertrouwen. 

Mijn lieve schoonfamilie, Emilie, Michiel en mijn fantastische drie schoonzussen, dank ik 
voor de interesse en steun in de afgelopen jaren. Ik voel me bij jullie thuis. 

Lieve Marjan en Otto. Ik ben trots op jullie. Als oudere zus en broer zijn jullie voor mij een 
voorbeeld. Dank lieve Tessa, Matthijs en alle kinderen voor jullie steun, gezelligheid en voor 
het onderdeel zijn van onze familie.
Lieve pap en mam; dank voor alles wat jullie hebben gedaan, wat er toe heeft geleid dat 
ik nu promoveer. Van jullie heb ik geleerd om door te zetten. Het gaat nu echt gebeuren, 
het is af!  Jullie hulp door het vele oppassen en de inhoudelijke correcties van pap in de 
late uurtjes hebben er voor gezorgd dat ik dit proefschrift heb kunnen afmaken. Mam, de 
interesse voor de medemens en psychiatrie heb ik van jou. De interesse voor de wetenschap 
heb ik van jou, pap. Veel dank voor de ondersteuning bij het voltooien van mijn proefschrift. 
Ik ben jullie enorm dankbaar!
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Lieve Hanna en Jan; sinds jullie komst stond dit proefschrift op de tweede en daarna derde 
plek. Dank dat jullie zulke lieve kindjes zijn en dat het toch mogelijk was om het af te maken. 
Jullie zijn mijn grote geluk. 

Lieve Tjerk; je gedrevenheid, je positieve instelling, je liefde en onvoorwaardelijke steun ook 
in dit traject, waardeer ik enorm. Wat hebben we een goed en gelukkig leven samen met 
familie en vrienden maar bovenal met onze lieve Hanna en Jan! HVJ 
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2009 behaalde zij het doctoraal examen. Zij volgde een keuze coschap tropengeneeskunde 
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In 2016 rondde Annet haar opleiding tot psychiater af en is sinds 2017 werkzaam als 
psychiater in het Rode Kruis Ziekenhuis te Beverwijk. 
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